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Abstract: 14 

This paper describes the use of thermodynamic modeling to predict the reaction products and 15 

properties of cementitious pastes containing fly ash.  A pore partitioning model is used to 16 

estimate the gel and capillary pore volumes.  The paste performance is predicted in terms of its 17 

porosity, compressive strength, formation factor, and deicing salt damage susceptibility. A 18 

model is proposed to quantify the pore refinement that occurs when fly ash is used. 19 

Comparisons are made between the predicted properties by the model and properties of 20 

experimentally measured cementitious pastes with two fly ashes at different water-to-binding 21 

ratios and varying replacement levels. The error in predicting porosity is 5%; compressive 22 

strength is 14% for OPC systems and 26% for OPC+FA systems; and formation factor is 23 

between 1-20% for OPC systems, 13-26% for the OPC+20%FA systems, and 18-46% for the 24 

OPC+40%FA systems. 25 

 26 
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1 INTRODUCTION 28 

A variety of empirical or quasi-theoretical approaches exist to predict the compressive 29 

strength of concrete [1-3].  These models typically use the water-to-binder ratio (𝑤𝑤/𝑏𝑏) as a 30 

surrogate for total porosity to estimate strength [4]; however, they typically do not explicitly 31 

consider the pore size distribution. This approximation is often limited to systems made with 32 

Ordinary Portland Cement (OPC). Several strength models have been proposed to account for 33 

the use of Supplementary Cementitious Materials (SCMs) in concrete. However, the SCM 34 

models often rely on empirical fitting to determine the extent of SCM reactions [5, 6], or use 35 

“activity factors” [7-10] and “efficiency factors” (also called “k-factors”) that are used to 36 

convert the mass of an SCM to an equivalent mass of OPC [11]. These approximations require 37 

experimental calibration for each SCM binder chemistry and reactivity, and may not yield 38 

accurate predictions of performance related properties (e.g., compressive strength) for most 39 

concrete mixtures. Further, they do not allow for determining other critical concrete properties 40 

such as porosity, electrical resistivity, formation factor, or time to critical saturation. 41 

Quasi-theoretical models, such as the one developed by Powers and Brownyard 42 

(henceforth call the “PB” model), can predict the volume fractions of different types of pores 43 

(e.g., gel pores, capillary pores, pores due to chemical shrinkage) as a function of the degree of 44 

hydration [12, 13]. Powers and Brownyard also used porosity predictions of their model to 45 

predict compressive strength using the gel-to-space ratio that can be obtained from the porosity 46 

calculations [12].  While initially developed for OPC systems, others have sought to extend 47 

this approach to systems containing SCMs such as silica fume [14] and fly ash [15], however, 48 

this is not straightforward as the chemical composition and reactivity of SCMs show a large 49 

degree of variability [16, 17].  50 

 51 
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Advancements in computational resources have also resulted in predictive modeling tools 52 

to compute the porosity of cementitious systems using numerical modeling techniques that are 53 

built on theoretical bottom-up (micron-scale to millimeter/centimeter scale) algorithms.  Such 54 

models include CEMHYD3D [18, 19], HYMOSTRUC [20, 21], DuCOM [22-24], and μic [25, 55 

26]. Many of these models predict the total porosity of cementitious systems on a small scale, 56 

but they often do not consider the wide range of SCM chemistries and reactivities, hence, also 57 

rely on empirical calibration.  58 

Thermodynamic modeling has also been used to predict the reaction products of hydration 59 

in cementitious systems [27-29].  Azad et al. [30] developed the Pore Partitioning Model (PPM) 60 

that could be used to estimate the volumes of gel pores and capillary pores for OPC-based 61 

pastes.  Glosser et al. [31] extended the PPM to include SCMs. Bharadwaj et al. [32] upscaled 62 

the PPM to concrete and developed the Pore Partitioning Model for Concrete (PPMC) [32]. 63 

The general framework of the PPMC is shown in Figure 1. The inputs to the model are the 64 

mixture proportions of the concrete (amounts of air, water, OPC, SCM), physical properties of 65 

the binder (specific gravity and fineness of the OPC and SCM(s) used), the chemical 66 

composition of the binder (OPC and SCM(s) used), and the maximum degree of reactivity of 67 

the SCM (DOR*), which is the amount of SCM that is available to react [16]. The model has 68 

the potential to predict several key performance parameters of concrete, such as the calcium 69 

hydroxide (CH) content, porosity, compressive strength, formation factor, and time to critical 70 

saturation. Previously, the PPMC model has been used to predict the porosity, formation factor, 71 

and time to critical saturation of concrete made with OPC [32]; however, there is a need for a 72 

comprehensive experimental study does to validate the predictions of the models for 73 

OPC+SCM systems. In addition, this work provides the predictions of CH, porosity, 74 

compressive strength, and formation factor using the PPMC model. The model results are 75 

compared to experimental data. Furthermore, it was assumed in the PPMC model that the 76 
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microstructures of OPC- and OPC+SCM-based systems are similar, while it has been 77 

established that pore refinement occurs in OPC+SCM systems [33-36]. Therefore, the 78 

limitations of these models with respect to their ability to consider pore refinement need to be 79 

examined experimentally. 80 

In this work, we compare the predictions of the PPM and PPMC frameworks to 81 

experimental data to explore the limitations of the models. Further, an empirical model is 82 

proposed to quantify the pore refinement by incorporating the consumption of CH due to the 83 

pozzolanic reactions of SCMs. The work involves tests that have been performed on systems 84 

containing OPC and OPC + fly ash at different w/b and fly ash replacement levels. Several 85 

performance parameters are examined using both experimental and theoretical approaches. 86 

These performance parameters include porosity, CH content, formation factor (before and after 87 

capturing the pore refinement), and the compressive strength. 88 

 

Figure 1. Outline of the PPMC, showing the inputs to the model, the outputs of the PPM, 89 
and the predictions of the PPMC (PPM scaled to concrete). Performance parameters such as 90 
porosity, formation factor (and its relation to transport), and compressive strength are explained 91 
in future sections. Information on other performance parameters can be found in reference [32]. 92 

 93 
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2 MODELING APPROACH 94 

2.1 Thermodynamic Calculations 95 

In this work, thermodynamic modeling of cementitious systems is performed using the 96 

GEMS3K [37, 38] software coupled with the CEMDATA database [39-41]. GEMS3K 97 

performs thermodynamic modeling by determining the phase assemblage of a cementitious 98 

system that minimizes its Gibbs Free Energy. The GEMS/CEMDATA framework can be used 99 

to calculate the molar amounts of solid, aqueous, and gaseous products of reactions and the 100 

activities of ions in the pore solutions at thermodynamic equilibrium. This framework has been 101 

used to obtain the phase assemblage and pore solution composition of OPC systems [28, 29], 102 

and OPC+SCM systems [42]. GEMS3K v3.5 was coupled with CEMDATA v18 [27] was used 103 

to predict the outputs of cementitious and pozzolanic reactions. The formation of some of the 104 

carbonate-ettringite, hydrotalcite, and hydrogarnet phases were blocked, based on evidence 105 

from the literature showing that these phases are frequently not observed to form in substantial 106 

quantities in cementitious systems at ambient temperatures (less than 60°C) [29, 40, 42, 43].  107 

2.2 Kinetic Models 108 

Thermodynamic modeling allows the calculation of the phases in a system at equilibrium 109 

conditions. However, in reality, cementitious systems are in a transient state at any given time. 110 

As such, kinetic models are used along with thermodynamic modeling to model cementitious 111 

systems in a transient state. In a previous study, the Parrot-Killoh (PK) model for OPC was 112 

modified (Modified Parrot-Killoh, MPK, model) for OPC + Fly Ash (OPC+FA) systems [44] 113 

with improved kinetic parameters to account for SCMs [45]. The MPK model predicts the 114 

masses of clinker phases in cement (C3S, C2S, C3A, and C4AF) and oxide phases in the fly ash 115 

(SiO2, Al2O3, and CaO) that are available to react at a given age, i.e., the degree of reaction of 116 

the phase (𝐷𝐷𝐷𝐷𝐷𝐷𝑝𝑝ℎ). The inputs to the MPK model are the total mass of the clinker phases in 117 

the OPC, and the masses of amorphous SiO2, Al2O3, and CaO in the fly ash [45]. The 118 
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amorphous masses of SiO2, Al2O3, and CaO in the fly ash were determined using X-Ray 119 

Fluorescence and Quantitative X-Ray Diffraction [45]. The degree of reaction of the system 120 

(denoted by 𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠) is calculated as the mass normalized average of the degree of reaction of 121 

the clinker phases in the cement (C3S, C2S, C3A, and C4AF) and oxide phases in the fly ash 122 

(SiO2, Al2O3, and CaO), shown in equation (1): 123 

𝐷𝐷𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 =
∑ 𝐷𝐷𝐷𝐷𝑅𝑅𝑝𝑝ℎ𝑝𝑝ℎ ⋅ 𝑚𝑚𝑝𝑝ℎ

∑ 𝑚𝑚𝑝𝑝ℎ𝑝𝑝ℎ
 

(1) 

where 𝑚𝑚𝑝𝑝ℎ is the input mass of each phase in consideration. The 𝐷𝐷𝐷𝐷𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 is determined by 124 

matching the amount of non-evaporable water calculated using thermodynamic modeling to 125 

the non-evaporable water obtained from experiments. It should be noted that in a number of 126 

mixtures with large SCM replacements (and/or reactivities), pozzolanic reactions result in the 127 

full consumption of CH. It is possible that some CH remains inaccessible in the analysis 128 

timeframes of this work due to the formation of hydration products on the CH surface [46]; 129 

however, this was not considered in this work. 130 

2.3 The Pore Partitioning Model (PPM) 131 

Thermodynamic modeling, while powerful, indicates the total water present in 132 

cementitious systems (i.e., the total volume of pores). Thermodynamic modeling alone cannot 133 

quantify the spatial distribution of reacted products or distinguish the pore size or the volume 134 

of water in the various sized pores in cementitious systems. Recent work has shown that 135 

thermodynamic modeling can be synergistically combined with principles from the Powers-136 

Brownyard model [12, 13, 47] to determine the amount of gel water and capillary water in OPC 137 

systems [30], and then be extended to OPC+SCM systems [31]. This approach is referred to as 138 

the “Pore Partitioning Model” (PPM) that has been developed in [30, 31]. The PPM can be 139 

used to determine the volume fraction of unhydrated binder (𝑣𝑣𝑢𝑢𝑢𝑢), gel solids (𝑣𝑣𝑔𝑔𝑔𝑔), gel water 140 

(𝑣𝑣𝑔𝑔𝑔𝑔), capillary water (𝑣𝑣𝑐𝑐𝑐𝑐), and chemical shrinkage (𝑣𝑣𝑐𝑐𝑐𝑐) in cementitious pastes. 141 



7 
 

2.4 Predicted properties 142 

2.4.1 Calcium Hydroxide 143 

Calcium hydroxide (CH) in concrete provides the buffer capacity in concrete to stabilize its 144 

pH, which has implications for corrosion of steel in concrete [48], alkali-silica reaction (ASR) 145 

[36, 49], and carbonation of concrete [50]. In recent years, it has been documented that the CH 146 

content of cementitious systems is directly related to the potential for calcium oxychloride 147 

(CaOxy) formation in concrete, which has been linked to damage when deicing salts are used 148 

[46, 51-54].  149 

2.4.2 Porosity 150 

Cementitious pastes are porous materials with pores occupying a wide range of sizes. The 151 

porosity of cementitious pastes is defined as the sum of all voids in the system. The 152 

cementitious pastes are considered to be composed of two components: (1) pores in the 153 

hydrated cement paste (gel pores, capillary pores, and pores due to chemical shrinkage), which 154 

can be represented volumetrically by 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, and (2) entrapped air voids, which can be 155 

represented volumetrically by 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎. Consider a unit volume of the system (𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 = 1). 156 

The hydrated cementitious paste consists of other volumetric fractions: unhydrated binder 157 

(𝑣𝑣𝑢𝑢𝑢𝑢), gel solids (𝑣𝑣𝑔𝑔𝑔𝑔), gel water (𝑣𝑣𝑔𝑔𝑔𝑔), capillary water (𝑣𝑣𝑐𝑐𝑐𝑐), and pores due to chemical 158 

shrinkage (𝑣𝑣𝑐𝑐𝑐𝑐). As such, the porosity of the paste (𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) can be calculated as the sum of the 159 

gel water, capillary pores, pores due to chemical shrinkage, and the air voids. 160 

𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 + �𝑣𝑣𝑔𝑔𝑔𝑔 + 𝑣𝑣𝑐𝑐𝑐𝑐 + 𝑣𝑣𝑐𝑐𝑐𝑐� ⋅ 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (2) 

2.4.3 Compressive Strength 161 

The compressive strength of cement paste is a critical parameter in predicting the 162 

mechanical response of a concrete structure. While there are many models available in the 163 

literature to calculate compressive strength [1-4], in this work, the compressive strength is 164 
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calculated using the concept of the gel-to-space ratio proposed by Powers and Brownyard [12]. 165 

The gel-to-space ratio (𝑔𝑔𝑔𝑔𝑔𝑔) is defined as the ratio of the volume of hydrated cement gel in the 166 

system (𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔) to the space available for the gel to occupy in the system (𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠): 167 

𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=
�𝑣𝑣𝑔𝑔𝑔𝑔 + 𝑣𝑣𝑔𝑔𝑔𝑔�𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

1 − 𝑣𝑣𝑢𝑢𝑢𝑢 ⋅ 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
=

�𝑣𝑣𝑔𝑔𝑔𝑔 + 𝑣𝑣𝑔𝑔𝑔𝑔�𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎  + �𝑣𝑣𝑔𝑔𝑔𝑔 + 𝑣𝑣𝑔𝑔𝑔𝑔 + 𝑣𝑣𝑐𝑐𝑐𝑐 + 𝑣𝑣𝑐𝑐𝑐𝑐�𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 
(3) 

Powers and Brownyard used a power law to relate the gel-space ratio to the strength of cement 168 

pastes (𝑓𝑓𝑐𝑐′) as shown in equation (4) [12]. 169 

𝑓𝑓𝑐𝑐′ = 𝑎𝑎1(𝑔𝑔𝑔𝑔𝑔𝑔)𝑎𝑎2 (4) 

where 𝑎𝑎1 and 𝑎𝑎2 are constants typically fit to experimental data.  170 

The calculation of compressive strength using equations (3) and (4) relies on the evaluation 171 

of the coefficients in the model (𝑎𝑎1 and 𝑎𝑎2). In this work, these coefficients are chosen to be 172 

𝑎𝑎1 = 138 MPa and 𝑎𝑎2 = 3 by curve fitting to the strength of pastes [55]. The value of the 173 

exponent 𝑎𝑎2 = 3 agrees well with Powers and Brownyard’s work on OPC mortars [12], and 174 

lies in the range of values observed by [55]. Various values of 𝑎𝑎1 have been determined by 175 

experimental work in literature, ranging from 110 MPa to 300 MPa [12, 56-59], and this is 176 

explained by Powers and Brownyard [12], who hypothesized that the value of 𝑎𝑎1 depends on 177 

the intrinsic strength of the gel. As such, the values of the empirical constants  𝑎𝑎1 = 138MPa 178 

and 𝑎𝑎2 = 3, are used in the rest of this work.  179 

2.4.4 Formation Factor 180 

The formation factor [60] of a porous system is a way to characterize its microstructure. 181 

The formation factor can be used as an indicator of its transport properties [61, 62]. Recent 182 

research has shown that the formation factor of concrete can be related to the rapid chloride 183 

permeability (RCPT) test [63], ionic diffusion coefficients [61, 64, 65], water permeability and 184 

secondary sorption [62, 66-68]. Therefore, the formation factor is an important property that 185 
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can be used to predict the durability in concrete [32, 69]. The formation factor of a cementitious 186 

paste is traditionally defined as the inverse product of bulk porosity (𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) and pore 187 

connectivity within the paste (𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝), as shown in equation (5) [66]: 188 

𝐹𝐹 =
1

𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ⋅ 𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 (5) 

The formation factor can also be defined in terms of the electrical properties of the 189 

cementitious system, as the ratio of the resistivity of the bulk system (𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) to the resistivity 190 

of the fluid filling the pores (𝜌𝜌𝑝𝑝𝑝𝑝) [60], as shown in equation (6): 191 

𝐹𝐹 =
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜌𝜌𝑝𝑝𝑝𝑝

 (6) 

The formation factor of a saturated porous medium (such as cement paste) can be 192 

calculated using equation (5) or equation (6). The PPMC framework [32] is used to calculate 193 

the formation factor of the cementitious pastes chosen for the study by computing the porosity 194 

and the pore connectivity and using equation (5).  Hydrated paste is assumed to consist of 195 

calcium silicate hydrate (C-S-H) and other hydration products as impermeable gel solids 196 

interspersed with pore solution occupying the gel and capillary pores. The pore connectivity of 197 

hydrated paste (𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) is assumed to be the summation of the pore connectivity of the gel and 198 

capillary pores, as shown in equation (7). 199 

𝛽𝛽𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝛽𝛽𝑔𝑔𝑔𝑔𝑔𝑔 + 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 (7) 

where 𝛽𝛽𝑔𝑔𝑔𝑔𝑔𝑔 is the pore connectivity of the gel, and 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 is considered to be the pore connectivity 200 

of the capillary phase. The formation factor of gel solids is considered to be constant at 400, 201 

based on evidence from literature [70-72]. The porosity of the gel (𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔) is computed using the 202 

pore partitioning model [30, 31], and this value typically ranges from 26-27% for OPC to 29-203 

38% for OPC+FA systems, consistent with the literature [12, 13, 31]. The pore connectivity of 204 
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the gel can be determined using the definition of formation factor applied to the gel phase, as 205 

shown in equation (8). 206 

𝛽𝛽𝑔𝑔𝑔𝑔𝑔𝑔 =
1

𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔 ⋅ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔
=

1
400 ⋅ 𝜑𝜑𝑔𝑔𝑔𝑔𝑔𝑔

 (8) 

Following the approach of [32], the capillary pore connectivity (𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐) may be determined 207 

using a model for pore connectivity proposed in [73], and shown in equation (9): 208 

𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐 =
1

�1 + 𝑏𝑏1 ⋅
1 − 𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

�𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝜙𝜙𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟�
𝑏𝑏2�

2 (9) 

where 𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the total porosity of hydrated cementitious paste, 𝜙𝜙𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟 is the percolation 209 

threshold of the medium, set to volume fraction of gel water (𝑣𝑣𝑔𝑔𝑔𝑔), and 𝑏𝑏1 and 𝑏𝑏2 are 210 

dimensionless empirical constants determined from experiments. The values of 𝑏𝑏1 and 𝑏𝑏2 were 211 

calibrated to data from the literature for OPC cement pastes [74], OPC mortars [62], and OPC 212 

concretes [66] and nearly consistent values of 𝑏𝑏1 = 2.4 and 𝑏𝑏2 = 0.85 were obtained. As such, 213 

these values are used for the prediction of the pore connectivity of hydrated pastes. With the 214 

pore connectivity of the gel and capillary phases known from equations (8) and (9), 215 

respectively, the pore connectivity of the paste may be calculated using equation (9).  Using 216 

information on the porosity from equation (4), the formation factor of the paste can be 217 

calculated using equation (5). 218 

3 EXPERIMENTAL STUDY 219 

An experimental program has been conducted to measure the non-evaporable water 220 

content, CH content, porosity, compressive strength, and, bulk resistivity (which was used to 221 

determine the formation factor) of cementitious pastes with different fly ash replacement and 222 

different fly ash reactivity.   223 
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3.1 Materials  224 

Table 1 lists the chemical and physical properties of OPC (ASTM C150-19) and fly ash 225 

used in this study. The ultimate degree of reactivity (DOR*) of the fly ashes used in this study 226 

was determined based on the measured heat released and CH consumed using the test method 227 

developed in [16]. The ultimate degree of reactivity (DOR*) of Fly Ash 1 was found to be 52%, 228 

and the DOR* of Fly Ash 2 was found to be 23%.  229 

Table 1. Chemical composition and physical properties of raw materials. Fly ash composition 230 
is determined using X-Ray fluorescence [75]. 231 

 Cement Fly Ash 1 Fly Ash 2 
 Chemical composition (in weight %) 
SiO2 20.4 28.9 40.0 
CaO 63.2 27.3 21.2 
Al2O3 4.7 14.8 16.8 
Fe2O3 3.3 4.7 6.2 
MgO 2.5 3.8 4.3 
SO3 2.8 11.9 0.8 
Na2Oeq 0.54 0.94 1.4 
Limestone 
(87% CaCO3) 

3 - - 

Loss on 
ignition (LOI) 

1.4 3.2 1.1 

 Bogue phase calculation (in weight %) * 
C3S 53 - - 
C2S 17 - - 
C3A 7 - - 
C4AF 9 - - 
 Physical and mechanical properties 
Fineness /  
Particle size 

401 m2/kg d50 = 12.8µm 
d90 = 43.4µm 

d50 = 23.7µm 
d90 = 59.8µm 

*Cement chemistry notation used here, C=CaO, S= SiO2, A = Al2O3, F = Fe2O3. 232 

3.2 Sample preparation  233 

Fifteen cementitious paste mixtures were prepared with varying fly ash content for two 234 

different fly ashes. The mixture proportions are shown in Table 2. The pastes were mixed using 235 

the following procedure [76]. Dry cement and fly ash were mixed for 90 seconds at 300 236 

revolutions per minute (rpm) in a programmable vacuum mixer (Renfert Inc.) at a 70% vacuum 237 

level to ensure a good dispersion of fly ash within the binder powder. De-ionized water was 238 



12 
 

then added to the powder, and the vacuum mixer was operated at 400 ± 5 rpm for 90 seconds. 239 

The mixer was then stopped for 15 seconds, and any paste that may have collected on the sides 240 

and roof of the mixing bowl was scraped back into the bulk of the mixing bowl. The paste was 241 

then vacuum mixed for another 90 seconds at 400±5 rpm.  242 

The paste was cast into molds and sealed with their lids and duct tape to prevent the loss 243 

of moisture. Two sizes of molds were used depending on the experiments: 25.4mm × 50.8mm 244 

(1in × 2in) and 50.8mm × 101.6mm (2in × 4in), as described in Table 3. Immediately after 245 

sealing the molds, all cement paste samples were rotated for 24±2 hours on a roller at a speed 246 

of 50 rpm at 23±2°C to minimize bleeding. After rolling, the samples were cured in a sealed 247 

condition in an oven at 50±2°C for 18 days (equivalent to 56 days curing at 23°C, as calculated 248 

using the Arrhenius equation [77]).  249 

Table 2. Mixture proportions (weight percentage) of the cement paste samples 250 

Mixture 
Number 

Water to 
binder ratio 

(w/b) 

Cement 
(mass %) 

Fly Ash 
(mass %) 

Fly Ash 
name 

1 0.35 100 0 -N/A- 
2 0.35 80 20 Fly Ash 1 
3 0.35 60 40 Fly Ash 1 
4 0.45 100 0 -N/A- 
5 0.45 80 20 Fly Ash 1 
6 0.45 60 40 Fly Ash 1 
7 0.55 100 0 -N/A- 
8 0.55 80 20 Fly Ash 1 
9 0.55 60 40 Fly Ash 1 
10 0.35 80 20 Fly Ash 2 
11 0.35 60 40 Fly Ash 2 
12 0.45 80 20 Fly Ash 2 
13 0.45 60 40 Fly Ash 2 
14 0.55 80 20 Fly Ash 2 
15 0.55 60 40 Fly Ash 2 

 251 
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3.3 Experimental program 252 

The experimental program conducted in this study is summarized in Table 3. The details 253 

of each experiment will be described in the following sections.  254 

Table 3. Experimental program 255 

Measured 
parameters  Experiment name Number of 

samples tested  
Size of the 
cylindrical molds  

Non-evaporable 
water  

Thermogravimetric 
analysis (TGA) [78] 5 25.4 mm in diameter  

50.8 mm in height  

CH content  
Thermogravimetric 
analysis (TGA) 
following [78] 

5 25.4 mm in diameter  
50.8 mm in height 

Porosity  
Vacuum saturation 
following AASHTO 
TP 135-20 [79] 

5 50.8 mm in diameter  
101.6 mm in height 

Bulk resistivity 
Uniaxial measurements 
using AASHTO TP 
119-20 Option A [80] 

5 50.8 mm in diameter  
101.6 mm in height 

Compressive 
strength  ASTM C-39  5 50.8 mm in diameter  

101.6 mm in height 
 256 

3.4 Quantification of non-evaporable water and CH content  257 

Thermogravimetric analysis (TGA) was performed to determine the amount of non-258 

evaporable water as well as the CH content in the cementitious pastes.  The sample for the 259 

TGA consisted of a powder sample of 20-30 mg taken from the hydrated cement paste that was 260 

ground and passed through a 75-micron sieve. The sieved powder was placed in a platinum 261 

crucible and loaded in the TGA instrument. The sample was first kept at 23°C for 3 minutes 262 

and then heated up to 990°C at 10°C/min under a nitrogen purge [78]. The mass loss was 263 

recorded at 0.5 second intervals during the experiment. The non-evaporable water content was 264 

quantified using equation (10): 265 

𝑤𝑤𝑛𝑛 =
𝑚𝑚105°𝐶𝐶 − 𝑚𝑚1000°𝐶𝐶 × (1 + (1 − 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆) ⋅ 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 ⋅ 𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎ℎ)

𝑚𝑚1000°𝐶𝐶 × (1 + (1 − 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆) ⋅ 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 ⋅ 𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎ℎ)  
(10) 
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where 𝑚𝑚105°𝐶𝐶 and 𝑚𝑚1000°𝐶𝐶 are the sample masses recorded by the TGA at 105°C and 1000°C 266 

respectively, 𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐿𝐿𝐿𝐿𝐿𝐿𝑎𝑎𝑎𝑎ℎ  represent the loss on ignition of the cement and fly ash used 267 

respectively (listed in Table 1), and ‘𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆’ is the mass replacement of cement with fly ash in 268 

the cementitious system.  269 

The mass of CH is computed using equation (11) [78].  270 

𝑚𝑚𝐶𝐶𝐶𝐶 =
74.1
18

×
𝑚𝑚𝐶𝐶𝐶𝐶
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝐶𝐶𝐶𝐶

𝑒𝑒𝑒𝑒𝑒𝑒

𝑚𝑚𝑏𝑏
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 +

74.1
100

× �
100
44

×
𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

𝑒𝑒𝑒𝑒𝑒𝑒

𝑚𝑚𝑏𝑏
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 � 
(11) 

where 𝑚𝑚𝐶𝐶𝐶𝐶
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑚𝑚𝐶𝐶𝐶𝐶

𝑒𝑒𝑒𝑒𝑒𝑒
 are the sample masses (g) recorded during the TGA at the start point 271 

(365 ± 7°C) and the endpoint (445 ± 7 °C) of decomposition of Ca(OH)2 respectively, 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  272 

and 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3
𝑒𝑒𝑒𝑒𝑒𝑒  are the sample masses (g) recorded during the TGA at the start point (576 ± 13°C) 273 

and the endpoint (661 ± 12°C) of decomposition of CaCO3 respectively, 𝑚𝑚𝑏𝑏
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the initial 274 

anhydrous mass of the binder in the TGA, and 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the initial CaCO3 content of the binder 275 

(in g/gbinder). The start and endpoint of decomposition of both CaCO3 and Ca(OH)2 were 276 

determined based on the second derivative curve of the sample’s weight loss recorded during 277 

the TGA test with respect to temperature [78]. For the decomposition of each compound 278 

(Ca(OH)2, CaCO3), the second derivative curve displays one major positive peak and one major 279 

negative peak. The start point of the decomposition is the start point of the positive peak, and 280 

the endpoint of the decomposition is the endpoint of the negative peak. The ratio of 74.1/18 is 281 

the ratio of the molar mass of Ca(OH)2 and the molar mass of water. The ratios of 74.1/100 282 

and 100/44 are the molar weight ratios of Ca(OH)2 to CaCO3 and CaCO3 to CO2, respectively. 283 

3.5 Porosity Tests 284 

Porosity samples were demolded after the curing period and saturated with a simulated 285 

pore solution at 7 ± 2 torr (933 ± 27 Pa) in a vacuum saturator according to the procedure 286 

described in AASHTO TP 135-20 [79]. The simulated pore solution consists of 7.6g/L NaOH 287 
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(0.19M), 10.64g/L KOH (0.19M) and 2g/L Ca(OH)2 (0.027M). The hardened paste samples 288 

were kept immersed in the solution for 48 ± 4 hours after being removed from the vacuum 289 

saturator. 290 

The porosity of the paste (𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) is then calculated according to equation (12). 291 

𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  =  
𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑤𝑤𝐷𝐷𝐷𝐷𝐷𝐷

𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑤𝑤𝐴𝐴𝐴𝐴𝐴𝐴 
 (12) 

where 𝑤𝑤𝑆𝑆𝑆𝑆𝑆𝑆 is the saturated surface-dry weight, 𝑤𝑤𝐴𝐴𝐴𝐴𝐴𝐴 is the weight of the sample measured 292 

underwater (also called apparent weight), and 𝑤𝑤𝐷𝐷𝐷𝐷𝐷𝐷 is the oven-dry weight of the sample, 293 

obtained by keeping the samples in an oven at 105 ± 2°C until a constant mass was reached 294 

(i.e. the difference between any two successive values collected at least 24 hours apart is less 295 

than 0.1 % of the lowest value obtained).  296 

3.6 Compressive Strength Tests 297 

The compressive strength was determined in accordance with ASTM C39/C39M-18. Five 298 

cylinders were tested to determine the compressive strength of the mixtures. The cylinders were 299 

loaded at a rate of 241±14 kPa/s (35±2 psi/s) in a 3111 kN (700 kip) hydraulic compression 300 

machine, utilizing neoprene end caps when tested 301 

3.7 Bulk Resistivity Tests 302 

Uniaxial resistivity measurements were tested after the saturation at a single frequency of 303 

1 kHz according to AASHTO TP 119-20 Option A [80]. The geometry of the sample, the 304 

temperature, and the phase angle were recorded during the resistance measurements [81]. The 305 

bulk resistivity (𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) is calculated according to equation (13).  306 

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = ��𝑅𝑅𝑠𝑠
𝐴𝐴
𝐿𝐿
� cos(𝛷𝛷)� 𝑒𝑒�

𝐸𝐸𝐴𝐴−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅 �1𝑇𝑇−

1
𝑇𝑇0
�� 

(13) 

where 𝑅𝑅𝑠𝑠 is the measured bulk resistance of the sample (in Ω), 𝐴𝐴 is the cross-sectional area of 307 

the sample (in m2), and 𝐿𝐿 is the length (m) of the sample, Φ is the measured phase angle (in 308 
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radians), 𝐸𝐸𝐴𝐴−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the activation energy of conduction (considered to be 15 kJ/mol [82]), 𝑅𝑅 309 

is the universal gas constant (8.314 J/mol-K), 𝑇𝑇 is the sample temperature (in K), and 𝑇𝑇0 is the 310 

reference temperature (298.15 K). Since the samples were vacuum saturated, the resistivity of 311 

the pore solution was known (𝜌𝜌𝑝𝑝𝑝𝑝 = 0.127Ωm), and the saturated formation factor (𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆) can 312 

be calculated according to equation (6) [65, 83].  313 

4 RESULTS AND DISCUSSION 314 

The results presented here are intended to demonstrate the predictions of performance 315 

parameters through the developed model and their comparison to experimental data. 316 

Furthermore, the effect of fly ash addition on pore refinement is discussed. 317 

4.1 Non-Evaporable Water 318 

As explained in section 2.2, the degree of reaction of the system (DORsys) was estimated 319 

based on the non-evaporable content as measured using mass change from the TGA. Figure 2 320 

shows the non-evaporable water for the two fly ashes used in this study as well as the 321 

determined DORsys. As the w/b increases, the non-evaporable water content increases due to 322 

an increase in both, the hydration of OPC and the reaction of fly ash in the system. This is also 323 

seen as an increase in the DORsys. It should be noted that while Fly Ash 1 seems to deviate 324 

from this trend (i.e., there is a slight decrease in the non-evaporable water) at a replacement of 325 

20% for w/b 0.45 and w/b 0.55, the measured values of non-evaporable water (and sthe 326 

calculated values of DORsys) lie within the standard error of measurement. The observed 327 

difference between the means of the two measured values of non-evaporable water are 328 

0.7g/100gbinder (and the corresponding difference in the DORsys is 3%), lower than the standard 329 

experimental error (which is 1.0g/100gbinder corresponding to a DORsys of 3%). For the fly ash 330 

of higher reactivity (Fly Ash 1), as the replacement level is increased, the non-evaporable water 331 

remains nearly constant due to increased hydration due to the filler effect compensating the 332 



17 
 

dilution. This is also seen as the DORsys increasing due to an increase in the degree of hydration 333 

of cement and the degree of reaction of the fly ash. As the replacement of cement with ash 334 

increases, the non-evaporable water content for the fly ash of lower reactivity (Fly Ash 2) 335 

decreases due to dilution of OPC with a lower reactive material. This is also seen as the 336 

decrease in the DORsys. 337 

  

Figure 2. Non-evaporable water content in the cementitious systems studied. 338 

4.2 Calcium Hydroxide 339 

Figure 3 shows the predicted CH content in the systems studied, and the experimentally 340 

determined mass of CH. For both fly ashes, as the w/b of the system increases, the mass of CH 341 

in the system increases (with the exception of Fly Ash 1 w/b 0.55 40% fly ash). This can be 342 

attributed to the increased degree of reaction of the system at a given time in systems with 343 

higher w/b. As the replacement of cement with fly ash increases, the mass of CH in the paste 344 

decreases. This is a result of the pozzolanic reactions of the ash, which consume CH. This is 345 

supported by the data, which shows the more reactive fly ash (Fly Ash 1) consuming more CH 346 

than the lower reactivity fly ash (Fly Ash 2).  347 
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The model predicts the masses of CH with an error of 3.1g/100gbinder (≈16%) for OPC 348 

systems and 5.2g/100gbinder (≈39%) for the OPC + 20% Fly Ash systems, and 6.1g/100gbinder 349 

(≈91%) for the OPC + 40% Fly ash systems studied.  It is worth noting that the model 350 

underpredicts the mass of CH in the system, with an increase in the error between the model 351 

and the experiments at higher replacement levels. This is likely a result of the combination of 352 

(i) the calculation of the DORsys from experimentally determined non-evaporable water (the 353 

GEMS/CEMDATA v18 framework predicts a higher amount of 𝑤𝑤𝑛𝑛 than what is measured in 354 

experiments [37, 84]). (ii) Some studies have also shown that the CH is never truly depleted in 355 

even mature OPC+SCM systems which have been hydrated for over a year ([85-88]), which 356 

could corroborate the hypothesis that the CH might not be fully available to react, which might 357 

contribute to the overprediction of the CH consumption because the thermodynamic 358 

calculations assume that all CH is available to react [46]. 359 

 

Figure 3. A Comparison between the predicted mass of CH in the system and the mass of 360 

CH measured using TGA for the two fly ashes chosen for the study.  361 
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4.3 Porosity 362 

The total porosity of hydrated cement pastes (𝜙𝜙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) may be calculated using equation 363 

(2) as the sum of volumes of gel water, capillary water, pores due to chemical shrinkage and 364 

air voids. In this work the pastes were vibrated until all the air voids were removed, and as 365 

such, the volume of entrapped air is set to 0%.  Figure 4 shows the results of the model as 366 

compared with the experimentally measured values.  367 

An increase in the w/b causes an increase in the total porosity of the system. This is due to 368 

the higher volume of capillary pores in the system. An increase in the replacement of cement 369 

with fly ash also causes the porosity of the system to increase, which is consistent with the 370 

literature [32, 89-92]. This is due to an increase in the volume of capillary pores in the system 371 

due to dilution effects, which is caused by the substitution of highly reactive OPC with a less 372 

reactive binder component (fly ash). This is further supported by the Figure 4, where Fly Ash 373 

2 (the fly ash of lower reactivity) shows a higher increase in porosity with an increase in 374 

replacement than Fly Ash 1 (higher reactivity fly ash).  375 

The model predicts the porosity with a percentage error of 5%. The percentage error for 376 

OPC systems is 5%, for OPC + 20% FA systems is 6% and for OPC + 40% FA systems is 5%. 377 

In most cases, the porosity predicted by the model is lower than that predicted by experiments, 378 

consistent with the literature [30]. This is likely due to the GEMS/CEMDATA framework used. 379 

In the model, for a given C/S ratio of C-S-H, the H/S of the C-S-H is higher than what is seen 380 

in the experiments [37, 84]. A higher H/S in the model means that the model predicts more 381 

bound water in the C-S-H, which results in a lower predicted volume of gel water, and 382 

consequently, the model predicts a lower porosity.  383 

 384 
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(a) 

 

(b) 

 

(c) 

Figure 4. Impact of replacement of cement by fly ash on the paste porosity for (a) high 385 

reactivity ash (DOR* = 52%) and (b) low reactivity ash (DOR* = 23%). 386 

 387 

 388 
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4.4 Compressive Strength 389 

As discussed in Section 2.4.3, Powers and Brownyard’s gel-to-space ratio is used to 390 

calculate the compressive strength of cementitious systems. Figure 5 plots a comparison 391 

between the predicted strength and the experimentally obtained values of compressive strength. 392 

An increase in the w/b from 0.45 to 0.55 decreases the compressive strength of the system 393 

consistent with the trends predicted by the model. This is due to the more significant fraction 394 

of capillary pores (which are larger in size than gel pores). However, the sample with the lowest 395 

w/b (0.35) deviated from the model predictions due to possible insufficient consolidation (lack 396 

of using a water reducer or a dispersion agent); the model predicts an increase in the 397 

compressive strength while the experiments show that the compressive strength remains nearly 398 

constant as the w/b is decreased from 0.45 to 0.35. The system may contain entrapped air – 399 

which is not included in thermodynamic calculations. This could be a reason for why the model 400 

constantly underpredicts the porosity by 1-3% (Figure 4(c)). As the replacement of OPC with 401 

Fly Ash 2 (DOR*=23%) increases, the compressive strength decreases. This can be explained 402 

by the replacement of highly reactive OPC with a binder of lesser reactivity. One seeming 403 

exception to this is the paste made of Fly Ash 2, w/b 0.35, where the strength increases and 404 

then decreases, which is hypothesized to be due to the low w/b preventing the formation of a 405 

significant volume of large capillary pores. For the higher reactivity fly ash (Fly Ash 1, 406 

DOR*=52%), except for the w/b 0.35 mixtures (where consolidation issues are suspected), an 407 

increase in replacement of OPC with the fly ash causes an increase in the compressive strength. 408 

This is hypothesized to be due to the pozzolanic reactions causing a decrease in the size of 409 

capillary pores in the system (as evidenced by literature on OPC+SCM systems [34, 35]). In 410 

other words, while the total volume of capillary pores increases, the volume fraction of larger 411 

capillary pores decreases, and the volume fraction of smaller pores increases (also known as 412 

“pore refinement”).  413 
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The model captures the behavior of the pastes with an error of 11.7 MPa (≈23%). The error 414 

for OPC systems is 6.2MPa (≈14%), for OPC + 20% FA systems is 12.2MPa (≈25%), and for 415 

OPC + 40% FA systems is 15.0MPa (≈28%).  It can also be seen that in most cases, the model 416 

underpredicts the compressive strength, and the error increases as the replacement of OPC with 417 

fly ash increases. This is likely because the value of the constant (𝑎𝑎1 = 138MPa) used in 418 

equation (4) for calculating the strength from the gel-to-space ratio is kept the same for OPC 419 

and OPC+FA systems. Powers and Brownyard [12] hypothesized that the value of 𝑎𝑎1 depends 420 

on the intrinsic strength of the gel. The value of 𝑎𝑎1 could vary as different hydration products 421 

form in OPC+FA systems as different pore size distributions occur [34, 35]. As such, more 422 

work is needed in predicting the strength of OPC+FA systems where the pore size distributions 423 

are likely to deviate from plain OPC systems, and micromechanical approaches show 424 

promising results [55, 93, 94]. 425 

 

Figure 5. A Comparison between the predicted compressive strength (using the gel-space 426 

ratio) and the experimentally determined strength of the pastes for the two fly ashes chosen for 427 

the study. 428 
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4.5 Pore Connectivity and a Proposed Model to Quantify its Refinement 429 

The pore connectivity of the cementitious system is a measure of transport properties of 430 

porous materials. It is used to calculate the formation factor using equation (5). The PPMC 431 

model predicts the formation factor by calculating the porosity (using equation (2)), and then 432 

uses the determined pore volumes to predict pore connectivity (using equations (7) to (9)). One 433 

assumption of the existing PPMC model is that the constants (𝑏𝑏1 and 𝑏𝑏2 in equation (9)), which 434 

are used to predict the pore connectivity of cementitious pastes, have the same values for both 435 

OPC and OPC+FA systems. Practically speaking, this assumption means that the pore size 436 

distributions are assumed to remain the same for both pastes made of OPC and pastes made of 437 

OPC+SCMs. It has been shown in the literature that in systems with SCMs such as fly ash, the 438 

pore structure becomes more refined [33, 35, 36, 95, 96]: the volumes of coarser capillary pores 439 

reduce, and finer capillary pores increase. In this work, we provide an empirical equation to 440 

quantify the extent of pore refinement as a function of CH consumption (which can be related 441 

to DOR* and the replacement level of OPC with SCM). 442 

Figure 6 (a) is a plot of the ratio of the inverse of the experimentally measured pore 443 

connectivity of OPC+FA systems to the inverse of the experimentally measured pore 444 

connectivity of OPC systems as a function of CH consumption. An increase in the consumption 445 

of CH causes an increase in the ratio of the pore connectivity of OPC to the pore connectivity 446 

of OPC+FA systems. This means that as more CH is consumed (such as when a more reactive 447 

fly ash is used), the pore structure becomes more refined, and the pore connectivity of the 448 

OPC+FA system decreases. The x-axis of Figure 6 (a) is the CH consumed and is, therefore, a 449 

measure of the extent of the pozzolanic reaction that occurs. An increase in the amount of ash 450 

causes more consumption of CH due to the presence of a higher volume of reactive silica. 451 

Higher reactivity fly ash consumes more CH at the same replacement level than lower 452 

reactivity fly ash, due to the increase in the amount of silica available to react with the CH. 453 
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(a) 

 

(b) 

Figure 6. (a) A measure of pore refinement as a function of the CH consumed (b) An 454 

approximate way to estimate the pore refinement using the fly ash reactivity, weight 455 

replacement, and fly ash chemistry. 456 
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Figure 6 (a) also shows a proposed empirical modification to determine the pore connectivity 457 

using the PPMC model (the dashed line in the plot) to capture the extent of pore refinement, 458 

shown mathematically in equation (14). The line was obtained by visual fitting to the 459 

experimental data points.  460 

𝜒𝜒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟 =
1/𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂+𝑆𝑆𝑆𝑆𝑆𝑆

1/𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂
= 0.625𝑚𝑚𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≥ 1 

(14) 

where 𝜒𝜒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟 denotes the extent of pore refinement in the system, 𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂+𝑆𝑆𝑆𝑆𝑆𝑆 is the pore 461 

connectivity of the OPC+SCM system, 𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂 is the pore connectivity of the OPC system made 462 

of the same w/b at the same age, and 𝑚𝑚𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the mass of CH consumed (due to 463 

pozzolanic reactions).  464 

From Figure 6 (a), it can be seen that pore refinement occurs beyond 2-4 g of CH 465 

consumption per 100 g binder. This could be because a certain amount of minimum pozzolanic 466 

reaction is necessary for pore-discontinuity to occur. In the model, owing to the overprediction 467 

of CH consumption by up to 4g/100gbinder, pore refinement was considered to occur if the mass 468 

of CH consumed in the system was greater 4.5g/100gbinder.  469 

In this work the mass of CH consumed in the OPC+FA pastes was measured by 470 

determining mass change using the TGA. An alternate method to estimate the pore refinement 471 

is also shown in Figure 6 (b). The figure shows a plot of a measure of pore refinement plotted 472 

against the product of the reactivity of the ash, the mass replacement of OPC with fly ash, and 473 

the mass ratio of SiO2 to SiO2+Al2O3 in the ash, which yields a quantity that is related to CH 474 

consumption. Since all the components forming this quantity are either easily measurable or 475 

can be obtained from mill certifications, the plot provides a practical tool to relate pore 476 

connectivity to CH consumption without the need to measure CH consumption. An 477 

approximate model to calculate the extent of pore refinement using these parameters is also 478 

plotted (black dashed line), shown in equation (15) below. 479 
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 𝜒𝜒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟 =
1/𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂+𝑆𝑆𝑆𝑆𝑆𝑆

1/𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂
= 30 ⋅ 𝐷𝐷𝐷𝐷𝑅𝑅∗ ⋅ 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 ⋅

𝑚𝑚𝑆𝑆𝑆𝑆𝑂𝑂2
𝑚𝑚𝑆𝑆𝑆𝑆𝑂𝑂2 + 𝑚𝑚𝐴𝐴𝑙𝑙2𝑂𝑂3

≥ 1 
(15) 

where 𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂+𝑆𝑆𝑆𝑆𝑆𝑆 is the pore connectivity of the OPC+SCM system, 𝛽𝛽𝑂𝑂𝑂𝑂𝑂𝑂 is the pore 480 

connectivity of the plain OPC system made of the same w/b at the same age, 𝐷𝐷𝐷𝐷𝑅𝑅∗ is the 481 

measured reactivity of the fly ash, 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 is the mass replacement of OPC with fly ash, and 𝑚𝑚𝑆𝑆𝑆𝑆𝑂𝑂2 482 

and 𝑚𝑚𝐴𝐴𝑙𝑙2𝑂𝑂3 are the mass fractions of SiO2 and Al2O3 respectively in the fly ash (which can be 483 

obtained from the mill certificate of the ash). Figure 6 (b) also shows the predicted typical 484 

upper and lower bounds for the pore refinement when the mass ratio of SiO2 to SiO2+Al2O3 485 

varies in a fly ash for any given DOR* and replacement level, represented by the pink dotted 486 

line. The mass ratio of SiO2 to SiO2+Al2O3 typically lies between 60% and 75% [16, 17, 75, 487 

97-100]. As seen, most data points lie within a margin of error within the predicted bounds. 488 

Figure 6 (b) also shows the range of expected values of pore refinement for concrete made of 489 

fly ashes (typically DOR* of fly ashes are between 20% and 75% [16, 17, 75, 97-100], and 490 

typical mass replacement levels are considered to be between 20%-40% [101]. 491 

4.6 Formation Factor 492 

The formation factor is calculated from the original PPMC model proposed in [32] and  493 

after applying the empirical pore refinement model (equation (14)). Figure 7 (a) and (b) plot 494 

the impact of replacement of cement by fly ash on the formation factor of hydrated paste for 495 

the two fly ashes chosen for the study, with the thinner dotted lines representing the PPMC 496 

model (without pore refinement), and the thicker lines representing the model with the pore 497 

refinement. As shown in Figure 7 (a) and (b), as the w/b increases, the formation factor 498 

decreases. This is attributed to the increase in porosity and pore connectivity in systems with 499 

higher w/b. For both ashes, as the replacement of cement with fly ash increases, the formation 500 

factor first stays nearly constant, then increases, and then decreases. This can be explained by 501 

a combination of the effects of dilution, lack of reaction of fly ash, and pore refinement. At low 502 
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replacement levels, the amount of CH consumed is not enough to cause any significant pore 503 

refinement in the system. As the replacement of cement with fly ash is increased, capillary 504 

porosity of the system increases (as seen in Figure 4 (a) and (b)), but there is also a significant 505 

amount of pore refinement occurring because of the redistribution of porosity caused by 506 

pozzolanic reactions. Beyond a certain replacement level however, the dilution of cement with 507 

fly ash causes a significant increase in the capillary porosity, and the complete consumption of 508 

CH prevents any further pore refinement from occurring. Therefore, the formation factor at 509 

high replacements of cement with fly ash are quite low. 510 

Another important use of the developed model is the potential to determine the optimal 511 

replacement of cement with fly ash in an OPC+FA system. The formation factor may be 512 

maximized at a certain replacement level for a given w/b, for example, in the case of Fly Ash 513 

1, the optimal replacement level of cement with fly ash at a w/b of 0.45 appears to be 30%. It 514 

must be noted that the simulations were run at every 10% intervals, and running the model over 515 

smaller intervals may yield more accurate values.  516 

The original PPMC model which was proposed [32] was used to predict the formation 517 

factor of the mixtures.  The original model appears to work reasonably well for the OPC 518 

systems, with an error in prediction of 12% for the OPC systems, and 19% for the OPC + 20% 519 

FA systems. At higher replacement levels (OPC + 40% FA) the error in predicting the 520 

formation factor is higher at 72%. The proposed modification to the PPMC, to quantify pore 521 

refinement, significantly reduces the error (from 72% to 52%).  It should be noted that the 522 

apparently high error is observed for the formation factor in OPC+20% FA mixtures with a 523 

w/b of 0.55 may be due to the overprediction of CH consumption. Note that this work also only 524 

considers the chemical effects and the reactivity of the fly ashes in the study, and further work 525 

is needed to assess the influence of other parameters such as the packing effects and 526 

heterogeneity of mixing on the pore connectivity and formation factor of cementitious systems. 527 
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(a) 

 

(b) 

 

(c) 

Figure 7. Impact of replacement of cement by fly ash on Formation Factor for (a) high 

reactivity ash (DOR = 52%) and (b) low reactivity ash (DOR = 23%). (c) Comparison of the 

experimentally determined and predicted formation factor for all mixtures. 

 528 

 529 
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5 CONCLUSIONS 530 

This paper describes an approach to use thermodynamic modeling and a pore partitioning 531 

model to predict the CH content, porosity, strength, and formation factor of hydrated pastes 532 

made of OPC and OPC + Fly Ash. Two ashes were chosen for the study with two different 533 

reactivities. The CH content is predicted to within 4g/100gbinder for all ashes, and any errors 534 

appear to be mostly due to the physical availability of the CH in the experiments. An increase 535 

in the replacement of OPC with fly ash decreases the CH content in the pastes. A higher 536 

reactivity fly ash depletes more CH in the OPC + fly ash pastes than a lower reactivity fly ash. 537 

A pore partitioning model is also used with thermodynamic models to predict the porosity 538 

and pore volumes of OPC and OPC + fly ash systems. The predictions of porosity are within 539 

5% error for the two fly ashes chosen for the study and are consistent with the trends observed 540 

in the literature. An increase in w/b increases the total porosity of the paste, as does an increase 541 

in the fly ash replacement level. 542 

A framework to couple thermodynamic modeling with Powers and Brownyard’s gel-space 543 

ratio to determine the compressive strengths of cementitious systems is also outlined. The 544 

compressive strength is predicted with an RMS error of 11.5 MPa (the error for OPC systems 545 

is 6.2MPa (≈14%), for OPC + 20% FA systems is 12.2MPa (≈25%), and for OPC + 40% FA 546 

systems is 15.0 MPa (≈28%)). An increase in w/b decreases the compressive strength of 547 

hydrated paste. For a higher reactivity ash, an increase in replacement increases strength. For 548 

an ash of low reactivity, the compressive strength decreases due to an increase in the total 549 

capillary porosity of the system. As such, work is needed in this area to predict strengths more 550 

accurately, and micromechanical models show promising results. 551 

 552 



30 
 

This paper describes a method to predict the formation factor of hydrated pastes made of 553 

OPC and OPC + fly ash. An empirical model to quantify pore refinement when a SCM such as 554 

fly ash is used is also proposed based on experimental data. The error in the predictions of 555 

formation factor using the proposed approach (PPMC + pore refinement) for the w/b of 0.35 556 

and 0.45 is between 1-20% for OPC systems, 13-26% for the OPC+20% FA systems, and 18-557 

46% for the OPC+40% FA systems. The errors for the w/b = 0.55 system are higher, especially 558 

with higher volumes of ash that requires additional research.  It seems that the higher errors are 559 

associated with an overprediction in the mass of CH consumed. An increase in the w/b 560 

decreases the formation factor. As the replacement of cement with fly ash increases, the 561 

formation factor first remains nearly constant, then increases and then decreases. This is 562 

possible due to the competing effects of dilution (mainly an increasing capillary porosity) and 563 

pore refinement as more fly ash is added to the system. At low replacement levels, there is not 564 

enough pozzolanic reaction to cause pore refinement. As the amount of fly ash increases, the 565 

pozzolanic reactions increase, and this causes a significant amount of pore refinement to occur. 566 

At high replacement levels, the formation factor decreases due to an increase in capillary 567 

porosity. A framework is also outlined to optimize the use of fly ashes in cementitious mixtures 568 

to maximize the formation factor.  569 
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