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Executive Summary 

 Construction projects using ready mix concrete require strict adherence to the established 

standards for specifying, ordering, mixing, delivering and curing; however, many newly 

constructed structures suffer from performance and long-term durability problems due to low-

quality concrete. The issue can be traced back to existing quality control (QC) and quality 

assurance (QA) protocols of concrete production, which mainly require the measurement of 

slump, unit weight and air content of fresh concrete. While these measurements have value, they 

do not provide direct links to long-term performance and durability indicators such as water 

content, porosity, strength or transport properties. The absence of a QC protocol that directly 

assesses performance at the time of delivery is a major limitation for the construction industry. 

Similarly, current QA procedures have drawbacks as they mainly rely on checking compressive 

strength of concrete, which is typically done weeks after concrete placement. This approach 

poses practical challenges in terms of the timing of the QA decisions, and it does not necessarily 

provide adequate information about the future performance of structures in terms of their 

durability because it mainly checks if the desired mechanical properties are satisfied.  

There is a need for improved and practical QC/QA protocols (1) to confirm that the fresh 

concrete delivered to the site is the concrete that is specified, ordered, and delivered to the 

construction site, (2) to ensure that the delivered fresh concrete mixture will satisfy the 

performance specifications for long-term durability.  

 Formation factor of fresh concrete is proposed as a parameter to address these two 

demands and to supplement existing QC/QA protocols.  Although it has been shown in past 

research that formation factor of hardened concrete can be used to predict long-term durability 

properties of concrete; the formation factor of fresh concrete has not been systematically 



vi 

investigated. This research aims to fill this gap by studying the formation factor of neat and 

blended cementitious materials in fresh state as a function of time from initial mixing and 

mixture design properties such as supplementary cementitious material (SCM) replacement 

level, water-to-binder ratio (w/cm), and superplasticizer dosage. 

 Formation factor of fresh cementitious pastes was investigated experimentally as a 

function of time from initial mixing and mixture design properties such as supplementary 

cementitious material (SCM) replacement level, water-to-binder ratio (w/cm), and 

superplasticizer dosage. SCM types included fly ash, slag and silica fume. A total of 54 paste 

mixtures were studied. The formation factor of each fresh paste was determined at the 30th, 60th, 

and 90th minutes from initial mixing. It was shown that for a given type of paste mixture (e.g. 

OPC plus silica fume), formation factor decreases if porosity or w/cm ratio increases, and this 

relationship can be well formulized by a power function. Although both paste and pore solution 

resistivity decrease with time in fresh cement paste mixtures until initial setting, their ratio 

(formation factor) remains relatively constant because it is only indicative of physical formation 

of solid particles in the pore solution. Formation factor of fresh cement paste is strongly 

correlated to its porosity through Archie's law, which implies that formation factor decreases if 

porosity increases. This decrease of formation factor is attributed to the smaller solid particles 

fraction (i.e., 1-φ) with high resistivity (i.e., lower amount of non-conductive component 

compared to conductive component). The tortuosity of paste affects the formation factor even at 

a constant porosity. Smaller size, angular shape, and more even distribution of particles increase 

the tortuosity of the paste. Slag and fly ash particles considerably decrease tortuosity; whereas 

silica fume incorporated pastes have almost the same tortuosity as OPC pastes. Superplasticizer 

addition significantly increases tortuosity through a better distribution of solid particles.
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Chapter 1 Introduction 

1.1 Introduction 

 Each year approximately 10 billion tons of concrete is produced, making concrete the 

largest manufactured product globally [1]. The majority of this production is in the form of ready 

mix concrete [2].  In the United States alone, there are about 5,500 ready mix concrete plants and 

about 55,000 ready mixed concrete mixer trucks that deliver concrete to the point of placement 

[2]. The quality control (QC) and quality assurance (QA) of this large operation have major 

economic, social and environmental implications. Construction projects using ready mix 

concrete require strict adherence to the established standards for specifying, ordering, mixing, 

delivering and curing, such as those defined by ASTM C94 [3], the Standard Specification for 

Ready-Mixed Concrete. Despite all efforts and streamlined procedures, many newly constructed 

structures suffer from performance and long-term durability problems due to low-quality 

concrete.  

The issue can be traced back to existing QC/QA protocols of concrete production. 

Current QC protocols require the measurement of slump, unit weight and air content of fresh 

concrete [3]. While these measurements have value, they do not provide direct links to long-term 

performance and durability indicators such as water content, porosity, strength or transport 

properties. The absence of a QC protocol that directly assesses performance at the time of 

delivery is a major limitation for the construction industry. Similarly, current QA procedures 

have drawbacks as they mainly rely on checking compressive strength of concrete, which is 

typically done weeks after concrete placement. This approach poses practical challenges in terms 

of the timing of the QA decisions, and it does not necessarily provide adequate information about 
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the future performance of structures in terms of their durability because it mainly checks if the 

desired mechanical properties are satisfied.  

There is a need for improved and practical QC/QA protocols (1) to confirm that the fresh 

concrete delivered to the site is the concrete that is specified, ordered, and delivered to the 

construction site, (2) to ensure that the delivered fresh concrete mixture will satisfy the 

performance specifications for long-term durability. Formation factor of fresh concrete is 

proposed as a parameter to address these two demands and to supplement existing QC/QA 

protocols.  Although it has been shown in past research that formation factor of hardened 

concrete can be used to predict long-term durability properties of concrete [4-15]; the formation 

factor of fresh concrete has not been systematically investigated. This papers aims to fill this gap 

by studying the formation factor of neat and blended cementitious materials in fresh state as a 

function of time from initial mixing and mixture design properties such as supplementary 

cementitious material (SCM) replacement level, water-to-binder ratio (w/cm), and 

superplasticizer dosage. 
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Chapter 2 Literature Review 

Porosity in a porous material such as rocks or soils is defined as the volumetric ratio of 

air voids and water to the total material (i.e., solid, air and water). In a fresh cement paste, all air 

voids (pores) are mostly filled with water, hence, the degree of saturation can be assumed 100%. 

Therefore, the volume of water is equal to that of air voids, and porosity in a cement paste is 

defined as the volumetric ratio of water content to that of water plus cementitious materials. As 

shown in Fig. 2.1, the porosity is the ratio of the space free of cementitious materials (white area) 

to the total volume (shaded area plus white area). As a result, increasing water content in unit 

volume of cement paste (i.e., higher w/cm ratio) will result in higher porosity [13, 16]. 

Electrical resistivity of porous materials such as sandstones has been investigated by many 

researchers [17-24], dating back as early as 1904 [17]. Fricke et al. [18] considered sandstones 

saturated with water as a two-component system composed of a non-conductive solid matrix and 

a conductive water phase.  

 

Figure 2.1 Schematic representation of cement paste structure in fresh state. 

 

 Since the electrical resistivity of solid particles is several orders larger than that of 

conductive water in sandstones [25], conductivity (or resistivity) of the sandstone was assumed 

to be mainly governed by the conductivity (or resistivity) of the water phase. A parameter, called 
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formation factor (F), was defined as the ratio of electrical resistivity of saturated sandstone (ρ0) 

to that of water contained in its pores (ρw) via [17, 18, 24]: 

0

w

F ρ
ρ

=
                                                                                                                              (2.1) 

 Different empirical equations were proposed by researchers to establish a relationship 

between formation factor, F, and volumetric fraction of conductive component (such as water in 

sandstones) defined mostly in terms of porosity [17, 23, 24, 26, 27], φ. For example, Maxwell 

[17] proposed the formation factor (F) as a function of porosity (φ) for spherical solid particles 

separated in a matrix by large distances compared to their radius as: 

3
2

F ϕ
ϕ
−

=
                                                                                                                          (2.2) 

 Similarly, Slawinski [24] derived an empirical relationship for spherical solid soil 

particles both in contact with each other and dispersed in the water/liquid matrix as follows: 

2(1.3219 0.3219 )F ϕ
ϕ
−

=
                                                                                                  (2.3) 

 The first version of the Archie's law, which is still widely used today, was first proposed 

in 1942 [26] while he was studying electrical resistivity of sandstones (rocks) 100% saturated 

with water as follows: 

0ρ ϕ
ρ

−= = m

w

F
                                                                                                                    (2.4) 

where m is a factor that depends on the type of the porous medium. Pirson [23] suggested that 

exponent m ranges from 1.3 to 2.2 for slightly and highly cemented rocks, respectively. Atkins 

and Smith [27] improved the Archie's equation (Eq. 2.4) for rocks with multi-size particles (e.g., 
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sands that are mixed with clays)by adding an empirical constant, A, to incorporate the effects of 

the shape and distribution of particles in the matrix via: 

mF Aϕ−=                                                                                                                           (2.5) 

where A was defined as the geometric tortuosity of a the porous material, which affects the 

connectivity of the pores within the matrix. 

 Application of Archie's law (Eq. 2.5) in cement-based materials such as concrete [9-12] 

and cement paste [13, 14] has been studied mainly in hardened state. It has been shown in past 

research that electrical properties of hardened concrete, such as its electrical resistivity or 

formation factor, can be used to predict durability properties of concrete [4-15]. One advantage 

of this approach is that electrical properties of concrete can be determined rapidly and related to 

other more time consuming and expensive tests such as rapid chloride penetration test (RCPT) 

[4-8]. Recently, methodology toward performance specifications was proposed to link electrical 

resistivity, RCPT and chloride transport in hardened concrete using formation factor [28]. 

 Despite the progress in hardened concrete, formation factor in fresh state has not been 

investigated systematically. Specifically, the applicability of the formation factor equations 

proposed by other researchers for hardened porous materials (e.g. Eqs. 2.2, 2.3) have not been 

tested for fresh cement paste systems. For instance, as shown in Fig. 2.2, the estimated F values 

by Slawinski's equation (Eq. 2.3) cannot capture the actual F values obtained from experiments 

(Fexp) performed by the authors (R2 of the data fit to the 45oC line is less than 0.01). In addition, 

effects of size, shape and distribution of cementitious materials on formation factor of fresh 

cement paste have not been investigated. Therefore, additional studies are required to understand 

the variation of the formation factor in different types of fresh cement paste mixtures. 
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Figure 2.2 Formation factor values obtained from Eq. 2.3 (Slawinski’s equation) versus 
experimental data. R2 of the data fit to the 45o line, y = x, is less than 0.01. 

 

 In a cement paste mixture in fresh state, paste electrical resistivity depends on the pore 

solution electrical resistivity and physical formation of cementitious material particles (non-

conductive component) in the solution. The former is a function of the activity of the ions 

released into pore solution because of chemical reactions between cementitious materials and 

water. The latter represents the physical configuration of solid particles and their volumetric 

fraction (i.e., 1-φ) in the cement paste. Therefore, in this study the Formation factor (F) for the 

fresh cement paste system is defined as the ratio of the electrical resistivities of the paste (ρp) and 

the pore solution (ρps) at 25°C via: 

ρ
ρ

= p

ps

F
                                                                                                                             (2.6) 
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Chapter 3 Method 

3.1 Materials 

Cement paste mixtures were prepared by mixing cementitious materials (cm) and 

distilled water (w) in different ratios. The conductivity of the mixing water was 42.5 S/cm, 

indicating very low ionic contamination. Type I OPC and blended cements with low, medium 

and high mass replacement of SCMs (i.e., fly ash, silica fume and slag) were used as 

cementitious materials. Mass replacement levels of blended systems were 10%, 30%, and 50% 

for fly ash and slag, and 5%, 10%, and 15% for silica fume. The chemical and physical 

properties of these cementitious materials are presented in Table 3.1. 

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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Some of the mixtures included a polycarboxilate-based superplasticizer (BASF 

MasterGlenium 3030), which was added to distilled water in three dosages: 0.2%, 0.5%, and 

1.0% (by mass). The density of superplasticizer was reported by the manufacturer to be close to 

that of water at 25 °C (i.e., 1 g/cm3), and its conductivity was 5.42 mS/cm. Since the dosage of 

the superplasticizer was less than 1.0% (by mass) of the liquid phase, the conductivity of the 

mixing water after adding the superplasticizer was relatively low (102.7 S/cm for 1.0% dosage) 

assuring that the ionic contamination in the mix water due to the use of superplasticizer was not 

significant.  

3.2 Sample Preparation 

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. In total, 

54 different paste samples were prepared and tested. In addition, 17 replica pastes were made to 

test the reproducibility of the data obtained from the experiments. The water-to-cementitious-

material ratio, w/cm, of the mixtures ranged from 0.3 to 0.55 with 0.05 increments to cover a 

wide range of possible w/cm used in the construction industry. In Tables 3.2 to 3.6, the detailed 

proportions of all 54 cement paste mixtures used in this study are presented. In these tables and 

the paper, superplasticizer, fly ash, silica fume, and slag are denoted by SP, FA, SF, and SL, 

respectively. In the labeling convention, the w/cm and the SCM (or superplasticizer) replacement 

levels are designated; for instance, “P0.45-SF15” identifies a paste with a w/cm of 0.45 

containing 15% (mass) of silica fume (i.e., 85% by mass OPC). The exact times of adding water 

to the cementitious materials, and subsequent mixing time, were recorded. Blending of mixture 

continued until homogeneous paste was obtained after about 4 minutes. The fixed volume of 
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paste was then poured into a cylindrical mold with 75.0 mm diameter in a way that the height of 

fresh paste in the mold was 50.0 ±1.0 mm for all of the mixtures. 

 

Table 3.2 Mixture proportion of the OPC pastes. 
 

Paste ID w/cm 
OPC W  SCM/SP SP FA SL SF 

 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.35 0.35 800 280 0 0 0 0 0 
P0.4 0.4 700 280 0 0 0 0 0 
P0.45 0.45 600 270 0 0 0 0 0 
P0.5 0.5 500 250 0 0 0 0 0 

 
 

Table 3.3 Mixture proportion of the OPC pastes with superplasticizer. 
 

Paste ID w/cm 
OPC W  SCM/SP SP FA SL SF 

 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.35-SP0.2 0.35 800 278.4 0.2 1.6 0 0 0 
P0.4-SP0.2 0.4 700 278.6 0.2 1.4 0 0 0 
P0.45-SP0.2 0.45 600 268.8 0.2 1.2 0 0 0 
P0.5-SP0.2 0.5 500 249 0.2 1 0 0 0 
P0.3-SP0.5 0.3 800 236 0.5 4 0 0 0 
P0.35-SP0.5 0.35 750 258.75 0.5 3.75 0 0 0 
P0.4-SP0.5 0.4 700 276.5 0.5 3.5 0 0 0 
P0.45-SP0.5 0.45 600 267 0.5 3 0 0 0 
P0.3-SP1.0 0.3 800 232 1 8 0 0 0 
P0.35-SP1.0 0.35 750 255 1 7.5 0 0 0 
P0.4-SP1.0 0.4 700 273 1 7 0 0 0 
P0.45-SP1.0 0.45 600 264 1 6 0 0 0 
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Table 3.4 Mixture proportions of the OPC pastes with fly ash. 
 

Paste ID w/cm 
OPC W  SCM/SP SP FA SL SF 

 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.35-FA10 0.35 720 280 10 0 80 0 0 
P0.4-FA10 0.4 675 300 10 0 75 0 0 
P0.45-FA10 0.45 630 315 10 0 70 0 0 
P0.5-FA10 0.5 540 300 10 0 60 0 0 
P0.35-FA30 0.3 560 240 30 0 240 0 0 
P0.35-FA30 0.35 525 262.5 30 0 225 0 0 
P0.4-FA30 0.4 490 280 30 0 210 0 0 
P0.45-FA30 0.45 420 270 30 0 180 0 0 
P0.5-FA30 0.5 420 300 30 0 180 0 0 
P0.35-FA50 0.3 400 240 50 0 400 0 0 
P0.35-FA50 0.35 375 262.5 50 0 375 0 0 
P0.4-FA50 0.4 350 280 50 0 350 0 0 
P0.45-FA50 0.45 300 270 50 0 300 0 0 
P0.5-FA50 0.5 300 300 50 0 300 0 0 

 
 

Table 3.5 Detailed mixture proportion of the OPC pastes with silica fume. 
 

Paste ID w/cm 
OPC W  SCM/SP SP FA SL SF 

 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.4-SF5 0.4 760 320 5 0 0 0 40 
P0.45-SF5 0.45 712.5 337.5 5 0 0 0 37.5 
P0.5-SF5 0.5 665 350 5 0 0 0 35 
P0.55-SF5 0.55 570 330 5 0 0 0 30 
P0.4-SF10 0.4 720 320 10 0 0 0 80 
P0.45-SF10 0.45 675 337.5 10 0 0 0 75 
P0.5-SF10 0.5 630 350 10 0 0 0 70 
P0.55-SF10 0.55 540 330 10 0 0 0 60 
P0.4-SF15 0.4 680 320 15 0 0 0 120 
P0.45-SF15 0.45 637.5 337.5 15 0 0 0 112.5 
P0.5-SF15 0.5 595 350 15 0 0 0 105 
P0.55-SF15 0.55 510 330 15 0 0 0 90 
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Table 3.6 Detailed mixture proportion of the OPC pastes with slag. 
 

Paste ID w/cm 
OPC W  SCM/SP SP FA SL SF 

 (g)  (g)  (%) (g)  (g)  (g) (g) 

P0.35-SL10 0.35 720 280 10 0 0 80 0 
P0.4-SL10 0.4 675 300 10 0 0 75 0 
P0.45-SL10 0.45 630 315 10 0 0 70 0 
P0.5-SL10 0.5 540 300 10 0 0 60 0 
P0.3-SL30 0.3 560 240 30 0 0 240 0 
P0.35-SL30 0.35 525 262.5 30 0 0 225 0 
P0.4-SL30 0.4 490 280 30 0 0 210 0 
P0.45-SL30 0.45 420 270 30 0 0 180 0 
P0.3-SL50 0.3 400 240 50 0 0 400 0 
P0.35-SL50 0.35 375 262.5 50 0 0 375 0 
P0.4-SL50 0.4 350 280 50 0 0 350 0 
P0.45-SL50 0.45 300 270 50 0 0 300 0 

 

3.3 Electrical Resistivity Measurements 

3.3.1 Paste 

Electrical resistivity of fresh paste was monitored during the first 2 hours after mixing. 

AC impedance spectroscopy (using Giatec RCONTM [29]) was employed to obtain resistivity of 

fresh pastes. The schematic illustration of the test setup is given in Fig. 3.1. A constant AC 

current of 10 μA was applied through two electrodes and corresponding impedance was 

recorded. The internal temperature of paste was also recorded to consider temperature change 

due to heat release as a result of hydration of OPC and pozzolanic reactions of SCMs. The 

equation, which was shown to be applicable to fresh concrete, mortars and cement paste [12, 30-

34], was used to normalize the resistivity values to a reference temperature of 25 °C: 

( )1 ( ) TTθρ α θ ρ= + −                                                                                                        (3.1) 
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where ρT and ρθ are resistivities of concrete at T (°C) and θ(°C), respectively; and α (°C-1) is the 

temperature coefficient of resistivity. In this study, α was experimentally obtained to be 

0.013 °C-1.  

 

Figure 3.1 Schematic illustration of the test setup for electrical resistivity measurements. 
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The electrical resistivity of a cement paste (ρp) can be obtained from its measured 

electrical impedance. Electrical impedance of paste is equal to its resistance (Rp) when phase 

angle between current and potential approaches zero. The electrical resistivity of paste can then 

be calculated by calibrating the apparatus with an ionic solution of known conductivity and 

applying equation:  

ρ ρ= p
p ref

ref

R
R                                                                                                                (3.2) 

where ρp is the electrical resistivity of the paste (Ω-m); ρref is the known electrical resistivity of 

the reference solution (Ω-m); Rp is the measured electrical impedance of the specimen (Ω); and 

Rref is the measured electrical impedance of the reference solution in the specimen holder (mold) 

(Ω). 

3.3.2 Pore Solution 

Direct measurement of pore solution resistivity/conductivity requires the extraction of 

pore solution from the fresh paste. In this study the extraction process was conducted at the 30th, 

60th and 90th minute after mixing the materials. The liquid phase of the fresh paste (i.e., pore 

solution) can be separated out with different methods such as using 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. The pressure during the extraction process was constant 600 mmHg. 

Also, an Erlenmeyer flask with a side port, a funnel, sealing rubber and 3 layers of WhatmanTM 

filter papers with pore size of 20-25 μm (i.e., one larger with 185 mm diameter to cover the 

entire internal wall of funnel and confine the paste sample, and two smaller 50 mm diameter at 

the bottom of the funnel to avoid tearing up as a result of stress concentration at that point) were 

used in the setup shown in Fig. 3.2 to perform the extraction process.  
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Figure 3.2 Test setup to apply suction through vacuum pump for pore solution extraction: a) 
actual experimental setup; b) schematic diagram. 

 

The suction/extraction process was around 6 minutes on average for collecting about 20 

ml of pore solution, but highly depended on the w/cm of the paste samples. The pore solutions 

were stored in plastic tubes (with little to no top air space) with air-tight lids to prevent 
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carbonation and other forms of contamination. A conductivity meter, SymPHony SP90M5, was 

used to measure conductivity of pore solution samples. It had a temperature sensor and was set to 

directly give the conductivity at a reference temperature of 25°C. 

3.3.3 Selection of Effective Frequency 

AC impedance analyzer measures the impedance, rather than the electrical resistance, of 

the paste sample between the two electrodes as shown in Fig. 3.1. In order to convert the 

impedance measurements to resistance, the capacitance effect should be eliminated, which 

occurs when the phase angle between the signals of applied current and recorded voltage of AC 

impedance analyzer becomes zero, as in the case of a pure resistor. In order to determine the 

resistance of a fresh paste, a preliminary study was conducted to determine the effective 

frequency corresponding to the lowest phase angle (i.e., closest to zero). In this study, the 

frequency of the measurements was swept from 1 to 30,000 Hz to obtain the impedance 

spectrum of the cement paste system (Figure 3.3). Fig 3.3 shows the variation of impedance and 

phase angle with frequency in a typical paste mixture (OPC, w/c=0.45). Each sweeping cycle 

took around 3 minutes. The impedance spectra were recorded during the first two hours after 

mixing the materials. Fig. 3.3 indicates that the rate of change in impedance after 1,000 Hz is 

negligible. In addition, the phase angle decreases with increasing the frequency up to 10 kHz and 

then it becomes stable. 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 

(values on secondary vertical axis) was around 4 degrees. 
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Figure 3.3 Measured impedance and phase angle in one cycle of frequency sweep. Although 
measurements were taken at different times of fresh state, for clarity, data from only two sweeps 

(at 30 minutes and 2 hours) are shown. 
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Chapter 4 Results and Discussion 

4.1 Formation factor variation with time 

To explore the effect of paste age (i.e., time) on formation factor during the fresh state, a 

paste with w/cm ratio of 0.45 was selected in our study because w/cm ratio of 0.45 resulted in the 

most homogenous and non-segregated paste. Furthermore, medium dosage mass replacement 

(MR) of SCMs in cementitious materials as well as superplasticizer was selected for each type of 

paste mixture. The average results of paste and pore solution resistivity from repetitive tests at 

30th, 60th, and 90th minute of paste age are shown in Fig. 4.1; and the error bars with one standard 

deviation are also plotted on the curves. Using Eq. 6, the formation factor values were then 

calculated which are shown in Fig. 4.2. 

Figure 4.2 shows that for each type of paste mixture (e.g. P0.45-SP0.5) during fresh state, 

the formation factor does not change significantly over time considering the errors associated 

with each data. Therefore, although both paste and pore solution resistivity decrease with time 

(see Fig. 4.1) during fresh state [35, 36], the ratio of electrical resistivity of the paste to pore 

solution, i.e., formation factor, does not vary during fresh state and is almost constant. As 

discussed earlier, the formation factor indicates the physical formation of the paste; i.e., fraction 

of solid particles in the paste mixture, their shape, size and distribution in the pore solution. 

Since in a given paste mixture with a constant w/cm ratio determined in the mixture design, the 

type of cementitious materials (i.e., solid particles) does not change over time, the fraction of 

solid particles in the paste, their shape, size and distributions do not also vary over time during 

fresh state. However, the formation factor varied when the SCMs or superplasticizer were added 

to the mixture (Fig. 4.2) as these additives would change the fraction of solid particles, their 

shape, size and distributions in the paste .  
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Figure 4.1 Resistivity variation with time for the paste mixtures with w/cm ratio of 0.45 during 
fresh state: a) paste electrical resistivity; b) pore solution electrical resistivity. 



19 

 

Figure 4.2 Formation factor versus time after mixing the cement paste (age) for mixtures with 
w/cm of 0.45 and medium dosage replacement of SCMs or superplasticizer. 

 

Most importantly, the stable behavior of formation factor revealed that no significant 

amount of hydration products such as C-S-H formed during fresh state (around 2 hours for w/cm 

of 0.45) before setting time of the cementitious materials. It is expected that at the initial setting 

time of paste mixture, which is onset of solidification, the formation factor starts to rise sharply. 

Fig. 4.3(a) schematically shows the initial setting time (ti) point determined on an F-Time curve. 

The extracted data from Sant et al. [36] research in Fig. 4.3(b) is an example which shows the 

sharp increase in formation factor around 100 minutes after mixing the materials. Therefore, 

monitoring the formation factor development with time can be used as an effective tool to 

determine the initial setting of cement-based materials which has always been a challenge [9, 37] 
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given that traditional Vicat penetration method [38] is time-consuming and fairly dependent on 

technician's skill. 

 

Figure 4.3 Determination of initial setting time (ti) of cement-based materials on Formation 
factor-Time curve: applicability of the method in a cement paste mixture with w/cm of 0.3 [35]. 

4.2 Formation factor versus porosity 

Porosity is defined as volumetric fraction of liquid phase (water plus superplasticizer) in 

the paste mixture, whereas w/cm ratio is the weighted ratio of liquid phase (w) to total 

cementitious materials (cm). Accordingly, porosity φ can be expressed as follows: 

w w

w cm w OPC SCM

V V
V V V V V

ϕ = =
+ + +                                                                                         (4.1) 

where Vw, VOPC, and VSCM are the volume of the liquid phase, ordinary portland cement, and 

supplementary cementitious material, respectively. The density of water and superplasticizer at 

25 °C were reported as 1.00 g/cm3. Given the density of the cementitious materials at 25°C and 

SCMs replacement, Eq. 4.1 can be rewritten as:  
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/
(1 )/

OPC SCM

w cm
MR MRw cm

D D

ϕ =
−

+ +
                                                                                         (4.2)    

(1 )
1 1

/
OPC SCM

MR MR
D D

w cmϕ

−
+

= +
                                                                                                 (4.3) 

where DOPC and DSCM are the particle density of OPC and supplementary cementitious material 

(see Table 3.1), respectively; and MR is the SCM mass replacement ratio to the total 

cementitious materials; e.g. MR is 0.1 for 10% silica fume incorporated paste mixture. Eq. 4.3 

which is obtained by inversing both sides of Eq. 4.2 exhibits that porosity and w/cm ratio are 

directly proportional when DSCM and MR are constants; i.e., the greater the designated w/cm, the 

higher the paste porosity for a particular paste mixture. 

If a fresh paste is modeled as a circuit with two parallel resistors (pore solution resistance, 

Rps, and solid cementitious particle resistance, Rs), the resistance of paste (Rp) as equivalent 

resistance of the electrical circuit can be expressed via: 

×
=

+
s ps

p
s ps

R R
R

R R                                                                                                                   (4.4) 

Since resistance of solid particles are several orders higher than that of pore solution (i.e., 

Rps/Rs→ 0), dividing numerator and denominator of Eq. 4.4 by Rs, Rp can be approximated as: 

P PSR R≈                                                                                                                           (4.5) 

Equation 4.5 indicates that in a simplified two-parallel-resistor model, all electrical 

charge transfer occurs in pore solution. Defining Eq. 4.5 in terms of resistivity, considering the 

geometry of parallel resistor model, results in:  

ρ ρ× ×
=p p ps ps

p ps

L L
A A                                                                                                          (4.6) 
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where Lp and Lps are the average lengths of electrical charge pathways for the paste and pore 

solution, respectively; and Ap and Aps are the sectional areas of the paste and pore solution, 

respectively. Therefore, considering the definition of porosity in Fig. 2.1 (i.e., Aps/Ap=φ) and 

tortuosity (i.e., the relative length of electrical charge transfer pathway), Eq. 4.6 can be rewritten 

as follows: 

( )( )PSP P

PS P PS

L AF
L A

ρ
ρ

= =
                                                                                                    (4.7) 

For each type of paste mixture in this study including OPC pastes with or without SCMs 

(e.g. silica fume, fly ash, slag) and superplasticizer, the electrical resistivity of the paste and 

associated pore solution at 30th min after mixing the materials at the reference temperature of 

25 °C were obtained. The formation factors were then calculated. Although the measurements 

were conducted at 30th minute, based on the discussion made in the last section, formation factor 

results are almost equal at any time during the fresh state. 

To investigate applicability of the Archie's law in fresh cement paste mixture, variation of 

formation factor with porosity was plotted for each type of paste mixture including OPC pastes 

incorporated with silica fume, fly ash, slag and superplasticizer. The results are shown in Fig. 

4.4. 

The graphs in Fig. 4.4 indicate that the relationship between formation factor of fresh 

cement paste and its porosity can be (i.e., R2 values are quite high and close to 1) defined using 

Archie's law (i.e., power function). By using a power regression analysis, the associated 

parameters A and m of Archie's equation were found for each type of paste mixture and 

presented in Table 4.1; e.g. A and m for OPC paste mixture are 0.847 and 1.93, respectively. 

From purely mathematical viewpoint, the m which is called shape factor indicates the sensitivity 

of formation factor to variation in porosity (the slope of the curve); i.e., the higher the m value of 
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a paste mixture, the more drop in formation factor value per unit increase in porosity. However, 

the experimental constant A (i.e., tortuosity) is more representative of magnitude of formation 

factor in general and will be discussed in detail later.  

In addition, in Fig. 4.5, all the obtained formation factor (F) data for various mixtures  

were plotted to evaluate whether a unified simple equation can be used for all types of cement 

paste mixtures in this study with a reasonable accuracy. R2 value of 0.845 indicated that even by 

considering one equation for all types of the mixtures, rather good correlation still exists between 

the formation factor and  porosity even though with less correlativity. 

 

Table 4.1 Parameters of Archie's law obtained from regression analysis for each type of paste 

mixture. 

Paste 
mixture A m R2 

OPC 0.847 1.93 0.99 
OPC+SP0.2 0.497 2.86 1.00 
OPC+SP0.5 0.490 2.81 0.97 
OPC+SP1.0 0.523 2.71 0.98 
OPC+FA10 0.695 2.18 0.98 
OPC+FA30 0.848 1.69 0.99 
OPC+FA50 0.689 1.98 0.97 
OPC+SF5 0.736 2.21 0.99 
OPC+SF10 0.700 2.25 0.96 
OPC+SF15 0.695 2.30 0.93 
OPC+SL10 0.710 2.14 0.99 
OPC+SL30 0.713 2.05 0.99 
OPC+SL50 0.568 2.18 0.93 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4.4 Formation factor versus porosity of fresh cement pastes: a) OPC; b) OPC plus 
superplasticizer; c) OPC plus fly ash; d) OPC plus silica fume ; e) OPC plus slag. 
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Figure 4.5 Formation factor versus porosity of fresh OPC paste with or without superplasticizer, 
silica fume, fly ash and slag. 

 

4.3 Tortuosity 

As schematically shown in Fig. 4.6, tortuosity of a paste mixture qualitatively indicates 

the average length of electrical charge transfer pathways in the pore solution which depends on 

the distribution, size and shape of the cementitious material particles. Therefore, higher 

tortuosity shows that ions in the pore solution must take more convoluted pathways due to the 

presence of solid particles. All the mentioned effects on the movement of ions through solid 

particles can be schematically seen in Fig. 4.6. It shows that even for a same porosity (i.e., the 

shades area is fixed in all figures of a, b, c and d), better distributed, smaller, and more angular 

solid cementitious particles result in higher tortuosity (longer pathway for ions/charge transport). 
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Figure 4.6 Schematic of charge transfer in the pore solution and the solid cementitious particles 
with the same porosity: a) normal distribution of particles; b) aggregated particles; c) round 

shape particles; and d) small size particles. 

 

The tortuosity of a paste mixture can be experimentally quantified using Archie's law  

through the coefficient A and the formation factor-porosity curves such as those shown in Fig. 

4.4. However, using the regression analysis to compare the tortuosity values of different types of 

paste mixtures requires to set a constant m  as a reference for all of them to eliminate the effect 
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of porosity variation on formation factor; i.e., when two different paste mixtures have the same 

porosity, formation factor difference between them is purely affected by their tortuosity.  

The reference m for our analysis was selected from the curve which gave the best 

agreement with data from all different types of paste mixtures used in our study. The trend line in 

Fig. 4.5 shows that 1.99 was the most suitable value and thus was chosen as our reference m to 

find tortuosity. To find the corresponding coefficient A using the value of 1.99 for m, φ-1.99 was 

replaced by φʹ to obtain a linear equation: 

1.99F A Aϕ ϕ− ′= =                                                                                                             (16) 

Using the linear regression analysis while setting intercept to 0, the tangent of linear trend 

line provided the coefficient A of each paste mixture. 

The typical illustration of this analysis to calculate tortuosity for OPC paste is shown in Fig. 4.7, 

which yielded a coefficient A of 0.820. The results of such analysis to find the coefficients of all 

various paste mixtures in this study are shown in Fig. 13.  

Fig. 4.8 shows the variation of tortuosity values for different paste mixtures  indicating 

the complexity of electrical conduction in pore solution in the presence of various cementitious 

materials (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 the pore solution.  
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Figure 4.7 Finding tortuosity coefficient of OPC paste from formation factor (F) and porosity 
(φ) data using linear regression analysis. 

 

The OPC particles have the average size around 10 μm (see Table 3.1) and they are rather 

spherical. Although the amount of superplasticizer dosage is relatively small (around 1/1000th of 

the cement mass), the data in Fig. 4.8 indicates that it increases the tortuosity value of the paste. 

The increase in tortuosity is attributed to the distribution effect of superplasticizer on cement 

particles. The cement particles naturally have a tendency to aggregate while mixing with water 

due to electrostatic charge and thus always a small portion of them sticks together. However, 

superplasticizer physically separates them by yielding electrostatic repulsion when absorbed to 

the cement particles. Consequently, a more complex pathway for charge transfer is made due to 

the better distribution of cement particles in water, which results in higher tortuosity. 

Fig. 4.8 illustrates that fly ash considerably reduced the tortuosity of the paste at fresh 

state. The average size of fly ash particles used in this study was about 15 μm that was a bit 

larger than cement particles (10 μm) which resulted in less tortuosity, because less number of fly 
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ash particles was involved in the movement of ions compared to the cement particles. 

Furthermore, 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 that has more angular/broken shape yields a higher tortuosity.  

 

Figure 4.8 Tortuosity coefficient of various paste mixtures at fresh state. 

 

Silica fume particles average size is around 0.1 μm which is 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 the 
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tortuosity. Figure 4.8 shows that these two opposing effects compensated each other in a way 

that the resultant tortuosity from the addition of silica fume did not change significantly 

compared to that of the OPC mixture and had no trend with increase in silica fume dosage. 

Although it was expected because of very small size of silica fume particles, tortuosity increased, 

the roundness and aggregation effect decreased the tortuosity and none of these influential 

factors was dominant.    

Fig. 4.8 shows that the addition of 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 decreased and consequently, the tortuosity significantly decreased 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 was not dominant 

and the tortuosity value was governed by quite larger size of slag particles.  The more the slag 

particles present in the paste mixture, the less the corresponding tortuosity would be. 
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Chapter 5 Conclusions and Recommendations 

The main conclusions from this study can be highlighted as follows: 

• For a given type of paste mixture (e.g. OPC plus silica fume), formation factor decreases 

if porosity or w/cm ratio increases, and this relationship can be well formulized by a 

power function.  

• Although both paste and pore solution resistivity decrease with time in fresh cement paste 

mixtures until initial setting, their ratio (formation factor) remains relatively constant 

because it is only indicative of physical formation of solid particles in the pore solution.  

• Formation factor of fresh cement paste is strongly correlated to its porosity through 

Archie's law, which implies that formation factor decreases if porosity increases. This 

decrease of formation factor is attributed to the smaller solid particles fraction (i.e., 1-φ) 

with high resistivity (i.e., lower amount of non-conductive component compared to 

conductive component).  

• The tortuosity of paste affects the formation factor even at a constant porosity. Smaller 

size, angular shape, and more even distribution of particles increase the tortuosity of the 

paste. 

• Slag and fly ash particles considerably decrease tortuosity; whereas silica fume 

incorporated pastes have almost the same tortuosity as OPC pastes. Superplasticizer 

addition significantly increases tortuosity through a better distribution of solid particles. 

• The proposed model can adequately estimate the formation factor of fresh OPC paste 

mixtures with fly ash, silica fume, slag or superplasticizer. The formation factor-time 
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curve can be utilized as a new method to determine the initial setting time of cement-

based materials.  

It is recommended that the following topics are investigated further: 

• The experimental tests of this study were conducted on cement paste. However, the 

presence of aggregates in concrete and mortar affect both the tortuosity and pore solution 

conductivity, which needs to be systematically studied. 

• The cement used in this study was Type I or II Ordinary Portland Cement. The electrical 

resistivity characteristics of other types of cements (e.g. Type III or Type V) also need to 

be investigated.  

• Only the effect of one type of super-plasticizer 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.  
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