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Abstract: While fly ash is widely used as supplementary cementitious material (SCM) in 

concrete, the demands of fly ash have been increased in producing high-performance 

concrete. Fly ash can contribute to the strength gain and improve the durability of 

concrete because of its pozzolanic and cementitious properties. Even though fly ash can 

be classified either Class C or Class F based on the contents of CaO according to ASTM 

C618, this classification has not always shown to be useful to predict performance in 

concrete. Because of the unpredictability of the performance of fly ash this limits the 

amount of fly ash used in concrete. This study aims to develop predictive models for the 

compressive strength, electrical resistivity and apparent diffusion coefficient of fly ash 

concrete materials. A novel approach called the Particle Model is employed to construct 

the predictive models for different curing dates and replacement levels. This includes 

investigating thousands of fly ash particles using automated scanning electron 

microscopy (ASEM) and classifying them into nine distinct groups based on the 

characteristics of the individual particle with the help of machine learning. This work has 

given promising linear predictive equations and important insights into how different fly 

ash particles contribute to the compressive strength, electrical resistivity and apparent 

diffusion coefficient of concrete over time. These are an important step to build accurate 

predictive models for fly ash performance in concrete. In addition, the possibility of 

predicting the apparent diffusion coefficient using electrical resistivity was evaluated by 

investigating the practical relationship between two performances. The results in this 

dissertation could be of interest to a broad readership seeking more knowledge about the 

impacts of fly ash on compressive strength, electrical resistivity and apparent diffusion 

coefficient in concrete, usage of fly ash in concrete, and advanced technique for 

predicting the performances of concrete with by-products. 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1 Introduction 

Fly ash is currently being used in many places as one of the supplementary cementitious materials 

(SCMs) in concrete. Fly ash is fine spherical particles resulting from the combustion of 

pulverized coal in the power plants. About 12.5 million tons or 35% of the total fly ash produced 

in the United States in 2018 was used as a partial replacement of portland cement in concrete [1]. 

Any improvements to the utilization of fly ash or understanding of fly ash properties could help 

not only for the environment but also in economic impact. 

ASTM C618 [2] is widely used to classify fly ash as either Class C or F based on the bulk 

chemical composition, and past studies of the reactivity of fly ash largely relied on bulk 

characterization methods, such as X-ray fluorescence (XRF) or X-ray diffraction (XRD) [3-5]. 

While understanding the bulk chemical composition is useful, it only describes the average 

behavior of the system. Practically, each coal particle independently undergoes different physical 

and chemical changes during the combustion process at the power plant. Therefore, the 

composition of each individual particle of fly ash is a result of all these processes [6]. Because of 

this, there is no universal method to predict the performance of fly ash in concrete [2-5]. 
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However, there may be more to learn about the performance of fly ash by studying individual 

particles. A method for a better understanding of the characteristics of fly ash and its performance 

would greatly benefit in the concrete industry. 

A technique using automated scanning electron microscopy (ASEM) is able to rapidly measure the 

physical and chemical information of thousands of individual particles within a reasonable timeframe 

[6-11]. This can provide potential insights into the performance of fly ash in cement-based materials 

through the study of the individual fly ash particles. In addition, the ASEM allows the investigation of 

the impacts of particle size and chemical composition of fly ash in performances and helps to study 

the relationship among the performances. 

A novel approach called the Particle Model is introduced to predict the compressive strength of fly 

ash concrete [8]. The Particle Model uses a machine learning, self-organizing map (SOM), to classify 

thousands of fly ash particles in distinct groups based on the particle information and construct the 

linear model for predicting the performance of cement-based materials including fly ash. This can be 

applied to a specific period of hydration date and other concrete performance such as electrical 

resistivity and diffusion. Furthermore, the coefficients from the derived predictive models can provide 

important insights into the effectiveness of different fly ash particles over time into the performances 

of concrete materials. The work presented provides new insights into creating predictive models for 

the performance of fly ash in concrete. This could help users better characterize different fly ash 

sources and use even higher volumes of fly ash in concrete. 

1.2 Research objectives 

The main tasks of this dissertation are to: 

- Develop a statistical approach to classify the fly ash particles into distinct groups using a 

machine learning method based on the characteristics of the individual fly ash particles. 
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- Develop and extend the application of a novel approach to drive the predictive models for the 

compressive strength, electrical resistivity and diffusion coefficient of the cement-based 

materials including fly ash at different hydration times and replacement levels called the 

Particle Model. 

- Investigate the impacts of fly ash on each performance by using the determined groups of fly 

ash particles and the predictive models. 

- Study the correlation between electrical resistivity and the iodide diffusion coefficient. 

1.3 Overview of dissertation 

In this dissertation, work is presented in six chapters in the paper-based format including the first 

chapter which is the introduction of the dissertation. 

The second chapter presents the usefulness of the Particle Model to predict the compressive strength 

of fly ash concrete. The Particle Model uses machine learning through a Self-Organizing Map (SOM) 

algorithm to classify the thousands of fly ash particles into distinct groups. Predictive models for 

compression strength of 20% and 40% fly ash replacement levels are developed for seven different 

curing times between 3 and 180 days. This chapter in the present format was submitted for 

publication in Cement and Concrete Research. 

In the third chapter, the Particle Model is applied to predict the surface electrical resistivity of fly ash 

concrete. Predictive models for predicting the surface electrical resistivity are presented for each 20% 

and 40% fly ash replacement levels at seven different curing times between 3 and 180 days. This 

chapter in the present format was submitted for publication in Construction and Building Materials. 

The fourth chapter extends the use of the Particle Model to investigate the diffusion properties of fly 

ash-cement paste. Predictive models for predicting the apparent I diffusion coefficient for 20% fly ash 
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replacement level are developed at three different curing times which are 45, 90, and 135 days. This 

chapter in the present format was prepared for publication in Cement and Concrete Composites. 

The fifth chapter describes the empirical correlation between the surface electrical resistivity and the 

apparent iodide diffusion coefficient by employing the Nernst-Einstein equation for the concrete 

materials with partially replacing the cement to fly ash. The possibility of determining of apparent 

diffusion coefficient through the electrical resistivity is evaluated for service life prediction. This 

chapter in the present format was prepared for publication in Construction and Building Materials. 

Finally, in chapter six, the major conclusions of this dissertation are summarized followed by the 

recommendations for future research. 

The research presented in this dissertation is based on work performed by the author at Oklahoma 

State University. 

Contributors/co-authors to this study are: Dr. Mohammed Aboustait, Dr. Taehwan Kim, Jeffrey 

Davis, Dr. Qinang Hu, Zane Lloyd, and Dr. Tyler Ley. 

Dr. Aboustait developed the ASEM method to analyze the fly ash particles, and Dr. Kim improved 

the reliability of the ASEM method by employing the data correction process by using CalcZAF to 

complete the chemical analysis of the individual particles. The data of seven out of twenty-six fly ash 

sources were analyzed by Dr. Aboustait and Dr. Kim. Jeffrey Davis developed the SOM analysis with 

the R program for determining distinct groups of the fly ash particles and classifying the individual 

particles into the groups. Furthermore, he developed the code for multiple linear regression (MLR) 

modeling by using the R program to help derive the predictive models of fly ash concrete. Dr. Hu 

created the code using MATLAB for calculating the apparent iodide diffusion coefficient and surface 

concentration of the radiographs of the paste samples. Zane Lloyd measured and collected all the data 

of compressive strength and surface electrical resistivity for 40% fly ash concrete. Dr. Ley is the 
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advisor, and he guides the directions of the dissertation and papers. Their contributions are 

acknowledged and greatly appreciated. 
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CHAPTER II 
 

 

PREDICTING THE COMPRESSIVE STRENGTH OF FLY ASH CONCRETE WITH 

THE PARTICLE MODEL 

 

Abstract 

A novel approach called the Particle Model is used to predict the compressive strength of fly ash 

concrete. Thousands of fly ash particles are classified into the nine groups based on the chemical 

information of each particle based on the Particle Model. Predictive models for compression 

strength for 20% and 40% fly ash replacement levels are developed for seven different curing 

times between 3 and 180 days. The R-squared value for the compressive strength prediction of 

the Particle Model is ≈ 0.99, while the Class C and F classification model is < 0.50. Furthermore, 

the results show that the Particle Model is able to predict the compressive strength within +/- 10% 

for 95% of all measurements at 20% fly ash replacement and for 81% of all measurements at 40% 

replacement. The coefficients in the derived predictive models give important insights into the 

effectiveness of different fly ash particles over time. This work shows that the Particle Model is a 

promising method to make predictions of the performance of fly ash in concrete. 

Keywords: Fly ash; Concrete; Compressive strength; ASEM; Particle Model; SOM
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2.1 Introduction 

Fly ash is a fine powder from the combustion of pulverized coal. About 14.1 million tons or 36% 

of the total fly ash produced in the United States in 2017 was used as a partial replacement of 

portland cement in concrete [1]. Fly ash can improve the overall performance and economy of 

concrete [2-5]. Fly ash is typically used at a 15-35% replacement level by mass in concrete [6]. 

This rate of fly ash replacement is typically limited to 20% as it is hard to predict the performance 

of fly ash in concrete and so this replacement level typically produces acceptable performance. 

Since fly ash is a waste product that would typically be landfilled if not used in concrete [7], 

higher replacement levels in concrete allow significant improvements in the sustainability of 

these mixtures. However, tools are needed to help practitioners realize when they can use higher 

replacement levels and how this might impact the properties and performance of the concrete. 

The bulk characterization methods such as X-ray fluorescence (XRF) has been used in the 

previous studies to investigate the properties of fly ash and predict performance [8-11]. 

Unfortunately, some fly ashes with similar bulk chemical compositions can have dramatically 

different performance [12]. Thus, the bulk chemical composition alone cannot fully explain the 

fly ash properties and cannot be used to predict the performance of fly ash concrete. Previous 

research showed that fly ash particles are not uniform but do have repeating patterns in 

composition [13, 14]. Further studies using scanning electron microscopy (SEM) and automated 

scanning electron microscopy (ASEM) with energy dispersive X-ray spectrometry (EDS) have 

identified nine repeating patterns in the chemical composition of fly ash particles [14-17]. 

After investigating thousands of particles from different sources a method to organize and predict 

the performance of the fly ash was developed called the Particle Model [18]. Fig. 2.1 provides an 

overview of the entire process. The Particle Model uses machine learning through a Self-

Organizing Map (SOM) algorithm to classify the numerous fly ash particles into nine distinct 
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groups [18]. The concrete performance was then measured and linear regression was used to 

construct a numerical model to predict the compressive strength of concrete that contains fly ash. 

This paper extends previous research to show that the Particle Model can be used to predict the 

compressive strength of fly ash concrete with 20% and 40% replacement and also for a wider 

range of materials. 

It is outside the scope of this paper to provide detailed explanations of why different fly ash 

particles impact the properties of the concrete, or to comprehensively predict the compressive 

strength of concrete in all cases. Instead, this work is aimed at showing the usefulness of the 

Particle Model to develop predictive tools to predict the performance of concrete and help users 

become more comfortable with using higher volumes of fly ash in their concrete. 

 

Fig. 2.1 The schematic diagram of the overall progress. 

2.2 Experimental Method 

2.2.1 Raw materials 

Twenty-six different fly ashes were investigated in this study. All the fly ash sources were 

produced in the United States from various coal sources, coal power plant designs, and collection 

methods. Fly ashes investigated in this study were classified into fifteen Class C and eleven Class 
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F fly ashes according to ASTM C618 [19]. The ASEM method was used to collect a large 

collection of data by analyzing each individual fly ash particle. ASTM C150 Type I [20] ordinary 

portland cement (OPC) was used for all concrete mixtures. Table 2.1 shows the chemical and 

phase composition of cement used in this study. Limestone and natural sand from the state of 

Oklahoma were used as coarse and fine aggregate, respectively. The specific gravities for the 

coarse and fine aggregate were the same as 2.60, and the absorptions were 0.64% and 0.55%, 

respectively. 

Table 2.1 Properties of Type I portland cement. 

Element Composition (%) Phase Composition (%) 

SiO2 20.77 

C3S 52.13 Al2O3 4.57 

Fe2O3 2.62 

CaO 62.67 

C2S 20.22 MgO 2.37 

SO3 3.18 

Na2O 0.19 

C3A 7.68 K2O 0.32 

TiO2 0.34 

P2O5 0.14 

C4AF 7.97 SrO 0.22 

BaO 0.07 

 

2.2.2 Fly ash particle investigation with the ASEM 

The ASEM method was used to investigate the properties of all twenty-six fly ashes. This method 

uses SEM-EDS (Aspex Explorer PSEM-EDS) with an image analysis operating system and has 

important advantages over the conventional analysis of bulk chemistry using conventional XRF 
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[13, 21, 22]. One of the primary advantages of the ASEM is that the method can investigate the 

chemical composition, size and shape of approximately 500 particles per hour without human 

intervention. This means that the ASEM can rapidly measure the physical and average chemical 

information of thousands of individual particles within a reasonable timeframe. Two thousand 

particles were examined from each fly ash and grouped based on the eleven elements. Two 

thousand particles have been shown to be a representative sample for fly ash [13]. 

Since fly ash particles are not flat this violates one of the fundamental assumptions of classical 

quantitative EDS analysis. The correction models have been developed by Armstrong and Love-

Scott [23, 24] and Armstrong – Buseck [25, 26] to take into account the shape of the particle and 

make corrections to the collected k-ratios of 11 elements (Si, Al, Fe, Ca, Mg, S, Na, K, Ti, P, and 

Sr). A previous study measured the chemical composition for 50 Class C fly ash particles three 

times. The results showed that the highest standard deviation (SD) was 1.60% [18]. This indicates 

the analysis results using ASEM was consistent. More detailed results for the consistency of the 

ASEM method can be found in Appendix A. The accuracy, reliability, and repeatability of the 

ASEM method when compared to XRF analysis have been presented in other publications and 

shown to be < 5% absolute difference for > 90% of comparisons [13, 18, 27]. This indicates that 

the two methods agree. Comparisons for the materials in this work are presented in Appendix B. 

Furthermore, the particle size distribution (PSD) has been compared between ASEM and acoustic 

attenuation spectroscopy and found to be similar [28]. More details over the ASEM method, 

sample preparation, analysis with ASEM and data processing, can be found in Appendix C. 

2.2.3 Sample preparation for compressive strength testing 

2.2.3.1 Concrete mixture design 

Twelve Class C and seven Class F were used for concrete mixtures. Fly ash sources were chosen 

based on a wide range of different chemical compositions. To investigate the fly ash 
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performances in a concrete mixture design, 0%, 20%, and 40% replacement rates by mass of 

cement were produced for each fly ash source. The 0% replacement mixture was prepared for the 

control specimens which contained 100% portland cement, and therefore no fly ash was included 

in the mixture. Table 2.2 shows the mixture proportions for the control specimens without fly ash, 

the mixture with 20% fly ash replacement, and the mixture with 40% fly ash replacement. A 

constant 0.45 water-to-cementitious material ratio (w/cm) was used for all the mixtures. No 

chemical admixtures were added to these mixtures to minimize the variables. 

Table 2.2 Mixture proportions for concrete compressive strength testing. 

Mix 

Design 

Cement 

(kg/m3) 

Fly Ash 

(kg/m3) 

Coarse Aggregate 

(kg/m3) 

Fine Aggregate 

(kg/m3) 

Water 

(kg/m3) 
W/CM 

Control 283 0 863 564 127 0.45 

20% 

Fly Ash 
227 57 862 562 127 0.45 

40% 

Fly Ash 
170 113 858 557 127 0.45 

 

2.2.3.2 Concrete mixing procedure and sample preparation 

The moisture content of both coarse and fine aggregate was investigated before the mixing 

process to correct the batch proportion for each mixture ingredient. Both coarse and fine 

aggregates were brought into the temperature-controlled mixing facility at least a day before and 

their batch weights corrected for the moisture content. All the mixes were conducted according to 

the following steps with the adjusted mixture proportion. First, before mixing, all aggregates were 

collected from outside storage piles and brought into a temperature-controlled room (23°C) for at 

least 24 hours. Aggregates were then placed in the mixer and spun, and then a representative 

sample was taken for moisture correction. The aggregates should be properly sealed to prevent 
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water loss until the mixing. At the time of mixing, all aggregate and approximately one half of the 

mixing water was loaded into the mixer and mixed for three minutes. This allows the aggregates 

to approach the saturated surface dry (SSD) condition and ensures that the aggregates were 

evenly distributed. Then, all the materials (the cement, fly ash, and the remaining water) were 

added into the mixer and mixed for three minutes. The mixture was rested for two minutes while 

the sides of the mixing drum were scraped. After this time, the mixer was started to mix the 

concrete for another three minutes. 

2.2.3.3 Sample preparation and testing  

The unit weight, slump, and air content were measured for each mixture [29-31]. The results are 

reported in other publications [32]. Using ASTM C31 [33], samples were cast in 100 mm x 200 

mm cylindrical containers and cured at 23°C and 100% RH for 24 hours in the curing room after 

sealing the container. The samples were then demolded and placed back into the curing room 

until the sample was ready for compressive strength testing according to ASTM C39 [34]. Three 

samples were tested at the curing times of 3, 7, 14, 28, 56, 90, and 180 days. 

2.2.4 Particle Model Development 

Two thousand particles were collected from each fly ash, and thus 52,000 fly ash particles from 

twenty-six fly ashes were collected by using ASEM. Each particle has 12 different variables, 

including eleven pieces of chemical composition data (Na2O, MgO, Al2O3, SiO2, P2O5, SO3, K2O, 

CaO, TiO2, Fe2O3, and SrO2) and its average diameter. This means that 624,000 pieces of data 

were collected through the ASEM particle analysis. 

The SOM analysis was completed 200 times to determine the distinct groups. The SOM method 

is a useful way to deal with a large database and find distinct groups [35]. A previous study found 
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a nine group geometry worked best for the clustering analysis [18], and therefore, a nine group 

geometry was continued to be used for this work.   

Each particle was grouped by using a spectral angle analysis. This has been discussed in previous 

publications and additional information is provided in Appendix D. A threshold or maximum 

spectral angle of 0.4 rad is used to exclude particles that do not fit any of the groups. Each 

particle was placed in the group with the lowest spectral angle. 

These nine groups were used to derive predictive models for the compressive strength at 3, 7, 14, 

28, 56, 90, and 180 days. The percentage of each group was used to conduct a multiple linear 

regression (MLR) analysis. In addition, the model analysis was applied not only for 20% but also 

for 40% fly ash replacement to predict the compressive strength. Therefore, the initial 

multivariable linear model equation was derived with the format of Eq.(2.1): 

Compressive Strength = {a(Group 1) + b(Group 2) + c(Group 3) + d(Group 4) + e(Group 5) 

 + f(Group 6) + g(Group 7) + h(Group 8) + i(Group 9)} / Z               Eq.(2.1)  

where Z is a conversion factor to determine the units of the compressive strength. The unit of 

strength is psi when the Z is 1 (one) and the value of Z is 145.03 if the desired units of strength 

are MPa. The lowercase letters represent the determined coefficients from the model analysis. 

Each of the coefficients reflects the effect of the individual groups on compressive strength at a 

specific curing time, where the potential influence of the remaining independent variables on the 

groups has been taken into account. 

The probability value (Pr(>|t|)) from the MLR was then used to determine the statistical 

significance of variables on the results. This was done because there were concerns of overfitting 

the data with these nine groups and the Pr(>|t|)  allowed the groups to be reduced to only those 

that are statistically significant. The R-squared value of each model was investigated for 20% and 

40% fly ash replacement concrete at all individual curing times to evaluate the linear fit to the 
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model. The detailed procedure of the MLR analysis is found in Appendix E. All the data and 

model processing was conducted using the R programming environment [36, 37]. 

2.2.5 Bootstrapping 

To evaluate the robustness of the derived predictive models, the bootstrap method was applied. 

Ideally, the data can be collected by repeating a large number of mixtures for the same 

experiment to evaluate the validity of the derived predictive models, but this is impractical. 

Instead, the bootstrap was implemented to investigate the robustness of the Particle Model over 

the R-squared value. The bootstrapping is a resampling method where the data are sampled with 

replacement from the original sample to generate simulated results [36]. This allows creating 

many R-squared values by running the predictive models with simulated samples in a timely 

manner. Furthermore, the results from the bootstrapping can be used to calculate a variety of 

sample statistics such as the mean (average) and SD of the created R-squared values to compare 

the R-squared value of the original model. 

The size of the bootstrapping sample was the same as the original dataset and is chosen at random 

from the existing data set. This means that some data points can be chosen multiple times in the 

simulated sample while others may not be selected at all. This procedure has been used by others 

[38]. The bootstrapping was conducted with 500 times for each model. Then, the mean of the R-

squared values from the bootstrapping was investigated and compared with the R-squared value 

of the derived predictive model. This was applied to each curing time for both 20% and 40% 

replacement. 

2.3 Results and discussion 

2.3.1 PSD and bulk chemical composition of raw fly ash from ASEM 
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Fig. 2.2 shows the cumulative PSDs of fifteen Class C and eleven Class F fly ashes investigated 

in this study. Most of the fly ash particles ranged between 0.5 μm and 30 μm in diameter. The 

range of D50 for Class C fly ashes is between 1.5 μm to 3 μm while Class F is between 1.5 μm to 

2.5 μm. Previous research investigated the effect of fly ash mean particle size on the compressive 

strength at 7d, 28d, and 120d, and the results showed that there were no significant changes in the 

compressive strength for fly ash with a mean particle size between 2 to 5 μm [39]. The largest 

and smallest mean particle size in this study is 4.3 μm (C10) and 1.9 μm (C1). Because of this, 

the particle size information of the fly ashes was not included in the model. 

 

(a) Cumulative PSDs for Class C fly ashes 

 

(b) Cumulative PSDs for Class F fly ashes 

Fig. 2.2 Comparison of the particle size distribution by number fraction of (a) Cumulative PSDs 

for fourteen Class C fly ashes and (b) Cumulative PSDs for eleven Class F fly ashes. 

All the fly ashes are classified as either Class C or F fly ash according to ASTM C618. This 

means that Class C fly ash has > 18% of CaO while Class F fly ash has < 18% of CaO [19]. Table 

2.3 shows the bulk chemical composition result from the ASEM method for twenty-six fly ash 
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sources. The fly ashes with “C#” and “IC#” represent Class C fly ash while the fly ashes with 

“F#” and “IF#” represent Class F fly ash. 

Table 2.3 Bulk chemical composition from the ASEM method. 

Source SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

C1 36.20 21.72 5.35 23.15 5.38 0.67 3.58 1.01 0.80 1.90 0.23 

C2 35.82 19.18 5.60 26.88 5.49 0.98 3.00 0.88 0.73 1.25 0.18 

C3 25.32 19.26 5.22 32.50 7.76 2.60 3.42 0.63 1.08 1.89 0.32 

C4 36.70 22.82 4.53 22.45 4.33 1.19 3.44 0.95 1.28 1.09 1.22 

C5 31.25 22.46 5.38 26.06 5.95 0.56 4.30 0.84 0.84 2.11 0.23 

C6 27.66 22.88 4.23 21.54 4.52 2.55 12.61 0.76 1.27 0.67 1.32 

C7 35.28 20.61 4.74 24.72 4.93 0.74 4.26 1.23 1.64 0.82 1.00 

C8 40.11 22.61 4.54 19.45 5.72 0.76 3.74 0.91 0.64 1.42 0.10 

C9 31.49 24.02 5.96 25.71 5.35 0.99 3.72 0.61 0.94 1.12 0.10 

C10 36.04 19.30 5.06 22.70 7.77 1.97 4.78 0.57 1.03 0.32 0.47 

C11 30.96 20.77 6.38 27.15 7.14 1.59 3.45 0.73 0.78 0.83 0.23 

IC1  31.82 22.87 5.68 28.24 5.52 1.08 2.28 1.02 0.78 0.46 0.25 

IC2 25.15 21.20 6.22 30.47 7.78 1.04 4.02 0.56 1.22 2.18 0.15 

IC3 29.66 21.03 5.92 30.29 5.35 1.87 2.22 0.55 1.04 1.61 0.46 

IC4 29.85 17.66 4.73 31.75 9.32 1.19 2.57 0.76 0.83 1.08 0.24 

F1 48.76 23.79 7.39 12.53 2.97 0.48 0.86 2.05 0.78 0.09 0.29 

F2 50.40 20.91 3.89 17.09 3.69 0.54 1.04 1.37 0.70 0.05 0.32 

F3 48.81 26.62 6.65 9.30 1.95 0.28 1.75 1.93 1.46 0.14 1.10 

F4 45.34 27.39 4.00 14.61 3.59 0.70 1.48 0.65 1.09 0.37 0.76 

F5 53.18 25.36 11.21 2.06 0.19 0.89 0.97 4.43 0.71 0.03 0.96 

F6 51.87 25.71 12.32 2.50 0.32 0.67 1.61 4.13 0.66 0.05 0.16 

F7 51.92 26.31 8.01 3.28 0.54 1.69 4.04 2.53 0.87 0.61 0.14 

F8 56.90 23.94 3.38 6.21 2.11 0.10 4.05 1.70 0.34 1.20 0.07 

F9 48.27 25.01 5.86 12.59 3.32 0.49 1.33 1.77 1.12 0.18 0.06 
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F10 53.59 27.76 2.79 10.53 2.50 0.47 0.33 1.27 0.45 0.28 0.02 

IF1 58.33 21.87 6.87 3.67 1.42 0.59 2.17 4.25 0.22 0.36 0.24 

 

2.3.2 Data processing 

2.3.2.1 Determination of distinct groups 

Table 2.4 shows the nine different groups were found with unique chemical compositions. The 

standard error of each group after 200 independent SOM analyses is < 0.10%. This is quite low, 

indicating that the nine different groups are representative compositions obtained from 52,000 

particles. More details about the SOM analysis and error analysis are found in Appendix F. 

Table 2.4 Chemical composition in percent of the nine groups from the SOM analysis. 

Group SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

Group 1 10.56 5.42 77.81 2.80 0.72 0.98 0.91 0.18 0.28 0.20 0.10 

Group 2 8.35 33.41 6.35 33.71 6.62 2.06 0.47 0.01 0.81 6.96 1.14 

Group 3 8.67 15.83 8.17 42.63 9.34 6.21 0.23 0.03 2.00 6.49 0.28 

Group 4 38.35 31.09 4.48 6.65 2.89 1.29 12.13 1.95 0.56 0.20 0.37 

Group 5 36.16 26.69 4.64 20.99 6.55 0.43 2.35 0.13 1.29 0.30 0.43 

Group 6 23.86 21.54 4.80 34.81 7.90 1.54 0.45 0.01 1.70 2.90 0.43 

Group 7 48.75 32.36 6.39 3.82 1.65 0.42 2.97 2.85 0.43 0.02 0.32 

Group 8 60.58 14.82 4.75 7.11 2.75 0.33 5.90 2.83 0.46 0.04 0.39 

Group 9 84.46 5.43 2.03 2.19 0.51 0.20 2.62 2.06 0.10 0.00 0.38 

 

Fig. 2.3 shows a graphical comparison of the different particle groups. All individual groups 

show a unique composition of the eleven oxides. For example, Group 1 shows extremely high 

contents of Fe2O3 (77.81%) while Group 9 is mainly composed of SiO2 (84.46%) which is 
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presumably crystalline quartz. More details about different groups will be discussed later in the 

paper. 

 

Fig. 2.3 The cumulative plot for chemicals of determined nine groups. 

The amount of each group in the twenty-six fly ash sources is shown in Table 2.5. The results 

indicate that this approach is able to sort > 91% for each fly ash source into one of the nine 

groups. Excluded particles are not used in the compressive strength models. 

Table 2.5 Comprehensive group composition result of the twenty-six fly ash sources. 

Source 
Group 

1 

Group 

2 

Group 

3 

Group 

4 

Group 

5 

Group 

6 

Group 

7 

Group 

8 

Group 

9 
Total 

C1 0.50 8.75 16.20 13.10 21.00 21.75 4.55 5.40 5.35 96.60 

C2 0.15 8.25 23.80 18.70 12.80 17.65 1.40 6.80 7.60 97.15 

C3 0.30 8.55 32.20 10.30 11.80 21.25 0.25 4.90 2.90 92.45 

C4 0.10 8.65 15.70 21.40 21.00 19.00 4.00 2.95 3.05 95.85 

C5 0.25 7.70 27.90 21.80 12.90 16.95 0.90 3.20 4.05 95.65 

C6 0.30 11.85 7.20 37.80 13.55 13.60 0.00 5.30 1.80 91.40 

C7 0.15 10.05 22.90 17.25 11.95 18.55 2.40 6.35 7.50 97.10 

C8 0.20 9.35 6.85 18.35 25.65 18.95 4.15 7.30 5.05 95.85 
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C9 0.20 11.65 10.00 20.15 25.85 21.05 0.70 3.50 3.05 96.15 

C10 0.20 14.40 14.35 10.75 15.85 26.70 0.90 5.75 5.60 94.50 

C11 0.15 12.60 19.85 13.80 15.50 22.75 1.30 4.95 5.10 96.00 

IC1 0.25 5.75 15.30 11.70 20.70 20.45 11.00 6.70 5.15 97.00 

IC2 0.00 10.75 22.40 13.95 15.35 25.40 0.05 5.15 3.30 96.35 

IC3 0.25 6.70 26.00 16.70 14.50 19.45 4.65 4.15 4.05 96.45 

IC4 0.05 7.60 30.25 5.95 11.35 30.10 0.80 3.60 2.65 92.35 

F1 1.10 0.95 7.15 0.50 22.60 11.75 39.85 8.65 6.10 98.65 

F2 0.40 0.60 6.55 0.40 22.30 13.75 36.70 11.30 6.15 98.15 

F3 5.80 0.60 2.55 0.35 15.40 4.05 51.15 11.85 1.85 93.60 

F4 0.30 5.05 11.95 1.65 18.45 13.15 37.45 4.30 3.90 96.20 

F5 1.80 0.15 0.25 0.05 1.05 0.30 75.20 7.50 8.60 94.90 

F6 2.55 0.35 0.55 0.10 1.30 0.70 71.80 8.60 8.70 94.65 

F7 1.80 0.10 0.15 36.00 1.00 0.55 43.15 4.70 6.50 93.95 

F8 0.80 0.95 0.30 6.50 8.50 1.60 48.80 13.45 12.35 93.25 

F9 0.50 2.55 6.45 0.85 20.40 13.00 37.55 7.50 7.90 96.70 

F10 0.25 0.55 1.50 0.35 14.70 4.45 56.90 10.25 7.65 96.60 

IF1 1.80 0.35 0.75 0.85 2.45 1.70 51.95 20.90 11.15 91.90 

 

2.3.2.2 Predicting compressive strength 

The ASTM C618 [19] classification method is widely used to approximately compare the 

performance of different fly ashes despite this not being recommended. Fig. 2.4 shows the 

comparison between the measured strength and the average values for Class C or F fly ash at 20% 

and 40% replacement rates. The actual measured values were shown as points on the plot with the 

same color as the matching trend line. Despite having similar bulk chemical classification as per 

ASTM C618 the strength performance was variable. This further shows the challenge of using 

ASTM C618 classification methods to predict the compressive strength of concrete containing fly 

ash. 
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(a) 20% fly ash replacement (b) 40% fly ash replacement 

Fig. 2.4 Comparison results between actual and predicted compressive strength with the type of 

fly ash used: (a) 20% fly ash replacement concrete and (b) 40% fly ash replacement concrete. 

To highlight the benefits of using the different particle group classification, a comparison is made 

between the compressive strength results for fly ash with similar bulk chemistry but different 

compressive strengths and the results are shown in Fig. 2.5. The difference in the oxide contents 

(%) from each comparison in Fig. 2.5(a), C1 vs. C2 and F5 vs. IF1, is < 5% in all eleven oxides. 

On the other hand, the particle group composition of these four ashes varied for all nine groups in 

Fig. 2.5(b), and some groups showed quite big differences. For example, the differences in group 

composition for Group 3 and Group 5 between C1 and C2 are 7.6% and 8.3%, respectively. 

Furthermore, the differences in group composition for Group 7 and Group 8 between F5 and IF1 

are 25.9% and 17.6%, respectively. 

The compressive strength results at 20% and 40% fly ash replacement are presented in Fig. 2.5(c) 

and Fig. 2.5(d), respectively. The results of 20% fly ash replacement are shown as solid lines 

while 40% fly ash replacement results are shown as dashed lines. The results show that concrete 

with 40% replacement of fly ash C1 and C2 had a difference at 180d of 9.7 MPa but similar 

results with 20% replacement. In addition, fly ash F5 and IF1 at 20% replacement shows a 

difference of 9.7 MPa at 180d and similar results with 40% replacement. Again, the bulk 

chemical composition of C1 is quite similar to C2, and that of F5 is quite similar to IF1. This 
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indicates that the compressive strength is not accurately predicted by bulk chemical composition 

in this example. More in-depth analysis is needed to compare how the fly ash groups perform. 

 

(a) Bulk chemical composition 

 

(b) Particle groups 

 

(c) Compressive strength change for 

two Class C fly ashes 

 

(d) Compressive strength change for 

two Class F fly ashes 

Fig. 2.5 Comparisons of (a) Bulk chemical composition, (b) Particle groups, (c) Compressive 

strength change for C1 vs. C2, and (d) Compressive strength change for F5 and IF1. 

2.3.3 Accuracy of the Particle Model 

Fig. 2.6 shows the relationship between the measured and predicted value using the Particle 

Model for all curing times on 20% and 40% fly ash replacement. The detailed results of the 

predictive models for 20% and 40% fly ash replacement at different hydration time is found in 

Appendix G. The slope of the trend line for 20% and 40% replacement are 1.00 and 0.99 

respectively, and the R-squared value of each trend line for 20% and 40% replacement are 0.95 
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and 0.93. This shows the compressive strength is accurately predicted by using the Particle Model 

for each curing time. 

According to ASTM C39, the acceptable range of three individual cylinder strengths for the test 

of 100 by 200 mm (4 by 8 inch) cylinders made from a well-mixed sample of concrete under 

laboratory conditions is 10.6% [34]. This is a helpful number to evaluate the accuracy of the 

Particle Model. Values of +/- 10% are shown in Fig. 2.6 as dashed red lines. For the 20% fly ash 

replacement shown in Fig. 2.6(a), 127 out of 133 measurements or 95% of all measurements are 

within +/- 10%, and the remaining 6 predictions are within +/- 15%. For the concrete with 40% 

fly ash replacement in Fig. 2.6(b), 108 out of 133 or 81% of the measurements are within +/- 10% 

and the 94% predictions are within +/- 15%. This indicates that the Particle Model works well, 

and the derived equations are reliable to predict the compressive strength from periods between 

3d and 180d with both 20% and 40% replacement. 

 

(a) 20% fly ash replacement 

 

(b) 40% fly ash replacement 

* Red dash line: The range of +/‒ 10% of the predicted and measured strength. 

Fig. 2.6 The relationship between the predicted and measured value for strength by using the 

Particle Model for (a) 20% fly ash concrete and (b) 40% fly ash concrete. 
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With the Particle Model, a model based on the current ASTM C618 classification method (Class 

C or F) was created for each day of hydration. It should be noted that Class C and F model did not 

use any of the fly ash particle data from ASEM or the nine groups. The R-squared value of Class 

C and F classification model was investigated for 20% and 40% fly ash replacement concrete at 

all individual curing time and compared to the R-squared value from Particle Model. Table 2.6 

shows the R-squared value comparison results between Class C and F model and Particle Model 

results for all the analyses. Low R-squared value indicates a weak linear fit for the model while 

high R-squared value indicates the model explains all the variability of the response data around 

its mean. The R-squared value for all the Particle Models is close to 0.99 while the Class C and F 

classification model had R-squared values < 0.50 for all the measurements. These high R-squared 

values show that the Particle Model closely matches the measured compressive strength results. 

Table 2.6 R-squared value from C and F classification model and Particle model at different 

curing times on different mixtures. 

Days of 

hydration 

20% replacement 40% replacement 

C-F Model Particle Model C-F Model Particle Model 

3 days 0.494 0.997 0.458 0.992 

7 days 0.423 0.996 0.495 0.989 

14 days 0.478 0.998 0.438 0.988 

28 days 0.256 0.997 0.397 0.991 

56 days 0.065 0.997 0.365 0.992 

90 days 0.000 0.996 0.184 0.993 

180 days 0.000 0.996 0.318 0.993 

 

Table 2.7 shows the results of the bootstrapping for the Particle Model over the R-squared value. 

The mean of 500 R-squared values through the bootstrap method is compared with the R-squared 

value of the derived predictive model in Table 2.6 at each measurement time for both 20% and 
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40% fly ash concrete. It should be noted here again that this helps to determine the robustness of 

the Particle Model. The results present that the mean R-squared value from the bootstrapping 

shows the same or almost the same each other to the R-squared value of the derived predictive 

model. The maximum, minimum and SD are also investigated over the R-squared values from the 

bootstrapping. It shows that the range of difference between the maximum and minimum R-

squared value is from 0.002 to 0.014 which is quite narrow. Furthermore, all the investigated SDs 

are under 0.003 which indicates the variance of the bootstrap results is quite small. Thus, the 

Particle Model can be considered as a robust tool to predict the compressive strength of fly ash 

concrete for the materials investigated. 

Table 2.7 The results of the bootstrapping for the Particle Model over the R-squared value. 

Mixture 
Days of 

hydration 

The mean of the 

R-squared values 
Max Min SD 

20% 

Fly ash 

3 days 0.997 0.999 0.995 0.0006 

7 days 0.997 0.998 0.994 0.0007 

14 days 0.998 0.999 0.997 0.0004 

28 days 0.997 0.999 0.994 0.0007 

56 days 0.997 0.999 0.995 0.0006 

90 days 0.997 0.999 0.995 0.0007 

180 days 0.997 0.999 0.994 0.0008 

40% 

Fly ash 

3 days 0.993 0.997 0.987 0.0014 

7 days 0.990 0.995 0.984 0.0016 

14 days 0.988 0.996 0.981 0.0026 

28 days 0.991 0.996 0.988 0.0013 

56 days 0.992 0.996 0.986 0.0015 

90 days 0.993 0.997 0.989 0.0013 

180 days 0.993 0.997 0.990 0.0013 

 



26 

 

2.3.4 Effects of each individual group on compressive strength 

Fig. 2.7 and 2.8 show the coefficients of each group for the linear model used to predict the 

compression strength between 3 and 180 days for 20% and 40% replacement. The value of > 0 

indicates that the group helps to increase the compressive strength while ages without a value for 

a coefficient mean that those groups did not affect the strength at that time period. For example, 

since Group 6 and 8 have a coefficient of zero between 7 and 56 days for 20% fly ash 

replacement, these groups are found to not be statistically significant during these periods of time 

(from 7 days to 56 days). The numerical value for each group shows how significant it is at each 

time. Positive values are shown to increase strength and negative values will decrease strength. 

Further discussion over the contribution of each group will be discussed later in this paper. 

The impacts of Group 2, 3, 5, 7, and 9 for both 20% and 40% replacement show a steady increase 

over time. This means that these groups continue to contribute to strength over time. At 20% 

replacement Group 4 did not show an improvement in strength after 3 days, and at 40% 

replacement, it did not contribute to strength. Groups 6 and 8 show either no meaningful 

contribution or a decrease in strength for both 20% and 40% replacement. Finally, Group 1 shows 

a difference in performance at 20% and 40% replacement. At 20% replacement Group 1 shows an 

increase in contribution up to 56 days and then a decrease in strength after that, but no 

contribution of Group 1 was found at 40% replacement. 
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Fig. 2.7 The coefficient comparison for 20% replacement of fly ash within a concrete mixture.   

 

Fig. 2.8 The coefficient comparison for 40% replacement of fly ash within a concrete mixture. 

2.3.4.1 Discussion of Group 2, 3, 5, and 7 

These groups are likely composed of reactive glasses. Group 2 and 3 have high contents of Al2O3 

and CaO with relatively small SiO2 contents (about 8%). Furthermore, Group 5 has a high content 

of SiO2, Al2O3, and CaO while Group 7 has high contents of SiO2 and Al2O3 with relatively small 

CaO. 

Group 2 and 3 have relatively higher contents of P2O5 and MgO than other groups, and these 

materials may form magnesium phosphate and aluminum phosphate. The magnesium phosphate 
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can decrease set, increase early strength, and show good durability including resistance to 

chemical attack and permeation [40]. Aluminum phosphate will also increase strength [41]. 

It is also possible that several glassy phases can exist in these four groups such as calcium-rich 

aluminosilicates, aluminosilicate and calcium silicates. Those glassy phases have been found in 

fly ash in several previous studies and suggested as reactive glassy phases [5, 42-45]. Durdziński 

et al. [43] studied the reactivity of four glassy phases in fly ash for 365 days of hydration. They 

have shown calcium-rich aluminosilicates were the most reactive, and the aluminosilicates also 

had a high reactivity [43]. It is well known that the calcium-rich glassy phases are much more 

reactive than those with low or moderate calcium content phases [43, 45]. Thus, Group 2, 3, 5 and 

7 are likely more reactive phases than other groups. 

2.3.4.2 Discussion of Group 9 

Group 9 has ≈ 85% SiO2 content. Previous studies over fly ash have shown a silicon-rich phase 

containing almost no impurities was mainly observed as crystalline silica which is quartz [46, 47]. 

Quartz is commonly observed in fly ash [5]. Furthermore, on both 20% and 40% fly ash concrete, 

Group 9 relatively has a high impact on the compressive strength than other groups for the first 

180d of hydration. Further, the impact was almost constant after 56d of hydration. 

Popovics has suggested the strength increase on the fly ash concrete could be either attributed to 

the reduction in initial porosity of the paste by fine particles of fly ash and quartz powder, or to 

the acceleration of hydration of the cement phase due to nucleation effects from fly ash particles 

for C-S-H gel [48]. It is also possible that some soluble silica exists in Group 9. The soluble silica 

could react with the aluminum to form a C-A-S-H gel with a dense microstructure. This would 

lower the porosity and create a finer gel pore system [49]. 
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2.3.4.3 Discussion of Group 4, 6, and 8 

The particles in these groups show a poor reactivity. Even though these groups have a similar 

chemical composition to the calcium-rich alumino-silicate (Group 6) and aluminum silicate 

(Group 4 and 8), there may be some reason that these particles have a poor reactivity. Previous 

studies have found low reactive materials such as mullite (a crystalline aluminosilicate) in low 

calcium fly ashes [50]. Group 4 has a high percentage of SiO2 and Al2O3 with a CaO content of 

about 6%. Therefore, Group 4 may contain high amounts of mullite. Group 8 contains high SiO2 

(≈ 60%) and some Na2O and K2O. This material is more likely a conglomerate of non-reactive 

phases like feldspar (K, Na)A1Si3O8, mullite, and quartz [51]. 

Group 6 has higher CaO and MgO content than the other groups and also has some SiO2 and 

Al2O3. Group 6 seemed to have a similar chemical composition to Group 3 but there is about a 

15% difference in SiO2 content. The chemical composition of Group 6 could be gehlenite 

Ca2Al(AlSiO7) and akermanite Ca2Mg(Si2O7) which have shown to not be chemically active in 

concrete [5]. Merwinite (Ca3Mg(SiO4)2), a non-reactive phase that is commonly found in high-

calcium fly ash may also be found in Group 6 [5]. It is also possible that the MgO causes an 

unsoundness problem in the concrete. This might be why these materials are observed to have a 

negative coefficient or a loss in strength over time. 

2.3.4.4 Discussion of Group 1 

Group 1 contains 77.81% of Fe2O3 content and this particle has the largest coefficient for 3, 7, 14, 

28, and 56 days on 20% replacement while there is no impact at all to the strength over time for 

40% replacement. Furthermore, the impact of Group 1 at 20% fly ash replacement concrete 

decreases after 56d while the impact of other groups increases. Previous studies used Fe-rich 

materials such as iron powder and iron waste as the partial replacement of cement to investigate 

the impact on the compressive strength [52-55]. The studies have found that the Fe-rich material 
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increased the first 28 days of hydration. One reason for this may be the strong electrostatic 

attractive forces of the Fe-rich particle. This has been suggested as a cause for the increase in 

strength at early ages [52]. This work went on to show that there is no impact on the properties 

after the optimum amount of Fe-rich material was reached [52]. Thus, it is possible that a 40% 

replacement of fly ash provides an excessive amount of this material and so there is no impact on 

the measured strength. 

2.3.5 Practical Implications 

This work builds on previous studies to show that understanding the reactivity of the individual 

fly ash particles is a helpful tool to predict and ultimately understand the performance of fly ash 

within concrete. The Particle Model takes this concept and creates a numerical tool for prediction. 

This work has given useful predictive equations that can be used at both 20% and 40% 

replacement volume of fly ash within the concrete and should help build confidence in the use of 

higher replacement levels of fly ash. This work also shows that it is possible to build accurate 

predictive models for fly ash performance in concrete. 

Because of the change in coal-fired power plant emissions, the supply of fly ash has been reduced 

in some regions. Because the Particle Model is performance-based then it may allow greater 

usage of fly ash that does not meet current specifications. Further, the Particle Model may be able 

to serve as the basis for a performance-based classification system for fly ash beyond the current 

bulk composition analysis in ASTM C 618. 

2.4 Conclusion 

Twenty-six fly ash sources were investigated by using the ASEM to collect the properties of 

52,000 fly ash particles. The Particle Model was used to investigate the fly ash concrete with 

nineteen fly ash sources and predict compressive strength at 20% and 40% replacement in 



31 

 

concrete after 3, 7, 14, 28, 56, 90, and 180 days of curing. Insights about each fundamental type 

or group are made as well as their contribution to the compressive strength over time.  

The following contributions were made: 

1. Over 91% of the fly ash particles can be classified into nine groups based on the chemical 

composition data. 

2. The Particle Model is able to predict the compressive strength within +/- 10% for 95% of 

all measurements at 20% fly ash replacement and for 81% of all measurements at 40% 

replacement.  

3. The R-squared value for the compressive strength prediction of the Particle Model is ≈ 

0.99, while the Class C and F classification model is < 0.50 for the time periods 

investigated and for 20% and 40% fly ash replacement. 

4. Group 2, 3, 5, 7, and 9 are correlated with strength gain for both 20% and 40% fly ash 

replacement and show similar trends at both replacement levels.  

5. Group 4, 6, and 8 have a poor contribution or a reduction to the compressive strength for 

20% and 40% replacement.  

6. Group 1 showed the largest contribution coefficient over the first 56 days for 20% 

replacement while there is no impact for the compressive strength for 40% replacement. 

This paper presents a useful approach to fly ash classification and accurate prediction of 

performance in concrete at 20% and 40% replacement levels. This work also shows that these 

contributions depend on the replacement levels, the chemical composition of each type of 

particle, and the age of curing. 
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CHAPTER III 
 

 

USING THE PARTICLE MODEL TO PREDICT ELECTRICAL RESISTIVITY 

PERFORMANCE OF FLY ASH IN CONCRETE 

 

Abstract 

The electrical resistivity performance of fly ash in concrete is not easy to predict due to the 

diverse sources of fly ash and their varying reactivity. This paper aims to develop predictive 

models for the electrical resistivity of fly ash concrete by applying the Particle Model. The 

Particle Model rapidly examines individual fly ash particles without human intervention and is 

used to derive predictive models for 20% and 40% fly ash replacement levels in concrete at seven 

different periods of hydration. The R-squared values of predictive models in the Particle Model 

show significant improvement over using the classification method based on Class C and F for 

both fly ash replacement at all investigated time periods. The derived predictive models are able 

to accurately estimate the electrical resistivity within +/- 10% for 80% of all measurements at 

20% fly ash replacement and within +/- 10% for 75% of all measurements at 40% fly ash 

replacement. These investigations provide important insights into how the Particle Model can 

help predict the electrical resistivity of fly ash concrete at different mixtures and hydration times. 

Keywords: Electrical resistivity; Fly ash; Concrete; ASEM; Particle Model; Grouping; SOM 
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3.1 Introduction 

Electrical resistivity gives direct insight into the rate of corrosion within concrete once the 

chloride threshold level has been exceeded and corrosion has been initiated [1]. Furthermore, the 

corrosion process of steel in reinforced concrete can be evaluated with the help of electrical 

resistivity of concrete, and the correlations between the electrical resistivity of concrete and the 

corrosion have been found in other studies [2-6]. Electrical resistivity is also being evaluated as a 

means to evaluate mass transport into concrete and has been proposed as a quality control tool for 

concrete [7-9]. Several factors influence the performance of electrical resistivity including: 

cement chemistry, the cement content, water-to-cement ratio, admixtures, and supplementary 

cementitious materials such as fly ash [10]. 

Fly ash is used as a partial replacement of the portland cement to improve the overall durability of 

concrete [11-14] and is generally used at 15-35% replacement of cement by mass because this 

range has been found to be an acceptable level of replacement without major negative effects on 

the performance [15]. Previous studies have investigated the impacts of fly ash in concrete and 

tried to predict the performance of fly ash by using bulk chemical characterization methods such 

as X-ray fluorescence (XRF) [16-19]. However, fly ash sources with similar bulk chemistry can 

have dramatically different performance [20]. This indicates that bulk chemical characteristics are 

not always useful to predict the properties of concrete. Furthermore, it is hard to predict the 

performance of higher replacement levels of fly ash in concrete. These higher replacement levels 

can reduce the overall cost, possibly increase durability, and improve the sustainability of the 

concrete [13]. Thus, a technique is needed to provide accurate predictions for the electrical 

resistivity performance of fly ash concrete. This has the ability to increase the usage of fly ash in 

concrete and improve the service life of concrete structures. 
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While bulk chemistry does not provide predictable insights into the performance of the fly ash in 

concrete, studies with scanning electron microscopy (SEM) and automated scanning electron 

microscopy (ASEM) show that there are repeating patterns in chemical composition found within 

fly ash particles [21, 22]. To gain more insights, a method called the Particle Model is developed 

in a previous study to produce predictive models for compressive strength [23]. This is based on 

using an ASEM to classify thousands of individual fly ash particles [23-28] and then machine 

learning with the Self-Organizing Map (SOM) algorithm was applied to classify the fly ash 

particles into nine distinct groups based on these few major repeatable patterns of chemical 

compositions [23]. These groups are then able to predict the compressive strength at different 

times with 90% of the predicted values within +/- 10% of the measured values [29].  

The current work expands the application of the Particle Model by predicting electrical resistivity 

as demonstrated in Fig. 3.1. The aim of this work is to provide important insights into how the 

application of the Particle Model can be extended on the electrical resistivity prediction at 20% 

and 40% replacement by mass at different hydration times. This paper provides some important 

insights to evaluate the impact of fly ash in concrete and improve the durability of concrete, 

although a full investigation is outside the scope of this work. 

 

Fig. 3.1 The schematic diagram of the overall procedure of the work in this study. 
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3.2 Experimental Method 

3.2.1 Materials 

An ASTM C150 Type I ordinary portland cement (OPC) [30] was used in this study. The 

chemical and phase composition of the cement is presented in Table 3.1. Crushed limestone 

meeting ASTM C33 #57 was used as a coarse aggregate and ASTM C33 natural river sand was 

used as a fine aggregate [31]. The specific gravity for the coarse and fine aggregate was the same 

as 2.60, and the degree of absorptions for the aggregates was 0.64% and 0.55%, respectively. 

Twenty-six different fly ashes were investigated. All of the fly ash sources were produced in the 

United States from various coal sources, power plant designs, and collection methods. These fly 

ashes were classified into fifteen Class C and eleven Class F fly ashes in accordance with ASTM 

C618 [32]. 

Table 3.1 Properties of the cement. 

Element Composition (%) Phase Composition (%) 

SiO2 20.8 C3S 52.1 

Al2O3 4.6   

Fe2O3 2.6 C2S 20.2 

CaO 62.7   

MgO 2.4 C3A 7.7 

SO3 3.2   

Na2O 0.2 C4AF 8.0 

K2O 0.3   

 

 

 



43 

 

3.2.2 Investigation of fly ash particles with the ASEM 

The ASEM was used to investigate the properties of fly ash and to collect thousands of individual 

fly ash particle data. The ASEM method used SEM-EDS (Aspex Explorer PSEM-EDS) with the 

image analysis operating system. Two thousand particles were analyzed from each fly ash 

because this amount of particles has been shown to be a representative sample for fly ash [25]. 

One of the important advantages of the ASEM over the conventional analysis of bulk chemistry is 

the effectiveness of measurement time [25, 33, 34]. The ASEM method enabled researchers to 

investigate the chemical composition, size, and shape of approximately 500 particles per hour 

without human intervention. This means that the ASEM can rapidly measure the physical and 

average chemical information of thousands of individual particles within a reasonable timeframe. 

One challenge with the ASEM method was that the fly ash particle has a spherical shape, but not 

a flat shape; so this violated one of the assumptions of the classical quantitative EDS analysis. 

The correction models developed by Armstrong and Love-Scott [35, 36] and Armstrong – Buseck 

were used to address this [37, 38]. These models took into account the shape of the particle and 

make corrections in the collected k-ratios of eleven investigated elements (Na, Mg, Al, Si, P, S, 

K, Ca, Ti, Fe, and Sr). Furthermore, the particle size distribution (PSD) was compared between 

ASEM and acoustic attenuation spectroscopy and found to be similar [39]. The consistency of the 

ASEM method was discussed in the previous study [23], and details can be found in Appendix A. 

The accuracy, reliability, and repeatability of the ASEM method when compared to XRF analysis 

were presented in other publications and shown to be less than a 5% absolute difference for > 

90% of comparisons [23, 25, 40]. More details over the ASEM method, sample preparation, 

analysis with ASEM, and data processing can be found in Appendix C. 
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3.2.3 Concrete specimen preparation 

3.2.3.1 Concrete mixture design 

Based on a wide range of different chemical composition, twelve Class C and seven Class F fly 

ash sources were chosen for concrete mixtures. The 20% and 40% fly ash replacement rates by 

mass of cement were produced for each fly ash source to investigate the fly ash performances in a 

concrete mixture design. In addition, a concrete mixture with 100% portland cement or 0% of fly 

ash replacement was prepared as the control specimens for performance. Table 3.2 shows mixture 

proportions for the mixtures with different fly ash replacement levels. A constant 0.45 water-to-

cementitious material ratio (w/cm) was used for all the mixtures. To minimize the variables, no 

chemical admixtures were used in any mixtures. 

Table 3.2 Mixture proportions for concrete specimens. 

Mixture 

design 
W/C 

Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Water 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

Control 0.45 283 0 127 863 564 

20% fly ash 0.45 227 57 127 862 562 

40% fly ash 0.45 170 113 127 858 557 

 

3.2.3.2 Concrete mixing procedure and sample preparation 

The moisture content for both coarse and fine aggregates was determined before the mixing 

process and the batch proportions for the aggregates and water were adjusted. Both aggregates 

were brought into the temperature-controlled mixing facility at least a day before conducting the 

moisture correction, and their batch weights were corrected for the moisture content. After 

adjusting the mixture proportion, all the mixtures were mixed according to the following steps. 

All aggregates were collected from the outside storage piles, and they were stored in a 
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temperature-controlled room (23°C) for at least 24 hours. The aggregates were then placed in the 

mixer and spun; after that, a representative sample was taken for moisture correction. It should be 

noted here that aggregates have to be properly sealed to prevent water loss before the mixing. At 

the time of mixing, all aggregates and approximately one half of the mixing water were loaded 

into the mixer; they were being mixed for three minutes. This allowed the aggregates to approach 

the saturated surface dry (SSD) condition and to ensure that the aggregates were evenly 

distributed. All the materials (the cement, fly ash, and the remaining water) were added into the 

mixer and were being mixed for three minutes. Then the mixture was rested for two minutes 

while the sides of the mixing drum were scraped. After that, the mixer was started to mix the 

concrete for three more minutes as well. 

3.2.4 Testing of concrete samples 

The unit weight, slump, and air content were measured for each mixture [41-43]. The results were 

reported in the previous publication [44]. Concrete samples were then formed in 100 mm by 200 

mm cylindrical containers according to ASTM C31 [45]; they were being cured at 23°C and 

100% RH for 24 h in the curing room after sealing the container. The samples were demolded and 

placed into the curing room until the samples were ready for the surface resistivity test. 

 A non-destructive surface resistivity test, the four-point Wenner probe, was performed to 

measure the electrical resistivity of the concrete according to AASHTO T358 [46] at 3, 7, 14, 28, 

56, 90, and 180 days of hydration. Before the measurement, four lines were marked on the 

circular face of each concrete cylinder at 0, 90, 180, and 270 degrees for measurement. Three 

cylinders were measured so that twelve measurements were collected for each fly ash concrete at 

each chosen curing time. The average value of twelve measurements was used as the 

representative electrical resistivity for each fly ash at specific curing time. All the specimens were 

in the saturated surface dry (SSD) status while the resistivity test was conducted. 
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3.2.5 The Particle Model development 

The SOM algorithm and the maximum spectral angle method were used for the model 

development process of the Particle Model. The SOM helped to determine nine distinct groups of 

fly ash particles with unique chemical makeup. The data of the 52,000 particles were extracted 

from twenty-six sources of fly ashes, and each particle had eleven pieces of chemical composition 

data (Na2O, MgO, Al2O3, SiO2, P2O5, SO3, K2O, CaO, TiO2, Fe2O3, and SrO2). The maximum 

spectral angle method helped to classify the fly ash particles into the determined nine groups. 

More details of the maximum spectral angle method can be found in the previous publication [18] 

and Appendix D.   

A multiple linear regression (MLR) analysis was conducted by using the percentage of each of 

the nine groups found within fly ash to derive predictive models for the electrical resistivity at 3, 

7, 14, 28, 56, 90, and 180 days of hydration. This model analysis was applied to both 20% and 

40% fly ash replacement of the concrete. The initial linear model to predict the electrical 

resistivity was derived as the format of Eq.(3.1): 

Resistivity (kΩ·cm) = a(Group 1) + b(Group 2) + c(Group 3) + d(Group 4) 

 + e(Group 5) + f(Group 6) + g(Group 7) + h(Group 8) + i(Group 9)          Eq.(3.1)  

Where, lowercase from “a” to “i” in the equation indicates the coefficient of each group 

determined from statistical analysis. The group # indicates the percentage of each group of fly 

ash. 

The initial model was evaluated with the probability value (Pr(>|t|)) from the MLR to 

determine the statistical significance of the variables. The R-squared value of each model was 

investigated for 20% and 40% fly ash replacement concrete at all individual curing times to 
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evaluate the linear fit to the model. More details can be found in Appendix H. All the data and 

model processing was conducted within the R programming environment [47, 48]. 

3.2.6 Bootstrapping 

The robustness of the derived predictive models was evaluated with the help of the bootstrap 

method. Ideally, the data can be collected by repeating a large number of mixtures for the same 

experiment to evaluate the validity of the generated predictive models, but this is impractical. 

Instead, bootstrapping was used to investigate the robustness of the Particle Model over the R-

squared value. Bootstrapping is a resampling method where the data are sampled with 

replacement from the original sample to generate simulated results [47]. This allowed creating 

numerous R-squared values by running predictive models with simulated samples. Furthermore, 

the results from the bootstrapping were used to calculate a variety of sample statistics such as the 

mean (average) and standard deviation (SD) of the created R-squared values to compare the R-

squared value of the original model. 

The size of the bootstrapping sample was the same as the original dataset and is chosen at random 

from the existing data set. This means that some data points can be chosen multiple times in the 

simulated sample while others may not be selected at all. This procedure has been used in 

previous publications [49, 50]. The bootstrapping was conducted with 500 times for each model. 

Then, the mean of the R-squared values from the bootstrapping was investigated and compared 

with the R-squared value of the derived predictive model. This was applied to each curing time 

for both 20% and 40% replacement. 
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3.3 Result and Discussion 

3.3.1 Investigation of bulk chemical composition 

Table 3.3 shows the result of the bulk chemical composition involving the use of ASEM for 

twenty-six fly ashes. The fly ashes with “C#” and “IC#” represent Class C fly ash, while the fly 

ashes with “F#” and “IF#” represent Class F fly ash. The fly ash that has greater than 18% of CaO 

is classified as Class C and the fly ash that has 18% or less of CaO is attributed to Class F 

according to ASTM C618 [32]. 

Table 3.3 ASEM bulk chemical composition of each fly ash source. 

Source SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

C1 36.2 21.7 5.4 23.2 5.4 0.7 3.6 1.0 0.8 1.9 0.2 

C2 35.8 19.2 5.6 26.9 5.5 1.0 3.0 0.9 0.7 1.3 0.2 

C3 25.3 19.3 5.2 32.5 7.8 2.6 3.4 0.6 1.1 1.9 0.3 

C4 36.7 22.8 4.5 22.5 4.3 1.2 3.4 1.0 1.3 1.1 1.2 

C5 31.3 22.5 5.4 26.1 6.0 0.6 4.3 0.8 0.8 2.1 0.2 

C6 27.7 22.9 4.2 21.5 4.5 2.6 12.6 0.8 1.3 0.7 1.3 

C7 35.3 20.6 4.7 24.7 4.9 0.7 4.3 1.2 1.6 0.8 1.0 

C8 40.1 22.6 4.5 19.5 5.7 0.8 3.7 0.9 0.6 1.4 0.1 

C9 31.5 24.0 6.0 25.7 5.4 1.0 3.7 0.6 0.9 1.1 0.1 

C10 36.0 19.3 5.1 22.7 7.8 2.0 4.8 0.6 1.0 0.3 0.5 

C11 31.0 20.8 6.4 27.2 7.1 1.6 3.5 0.7 0.8 0.8 0.2 

IC1  31.8 22.9 5.7 28.2 5.5 1.1 2.3 1.0 0.8 0.5 0.3 

IC2 25.2 21.2 6.2 30.5 7.8 1.0 4.0 0.6 1.2 2.2 0.2 

IC3 29.7 21.0 5.9 30.3 5.4 1.9 2.2 0.6 1.0 1.6 0.5 

IC4 29.9 17.7 4.7 31.8 9.3 1.2 2.6 0.8 0.8 1.1 0.2 

F1 48.8 23.8 7.4 12.5 3.0 0.5 0.9 2.1 0.8 0.1 0.3 

F2 50.4 20.9 3.9 17.1 3.7 0.5 1.0 1.4 0.7 0.1 0.3 
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F3 48.8 26.6 6.7 9.3 2.0 0.3 1.8 1.9 1.5 0.1 1.1 

F4 45.3 27.4 4.0 14.6 3.6 0.7 1.5 0.7 1.1 0.4 0.8 

F5 53.2 25.4 11.2 2.1 0.2 0.9 1.0 4.4 0.7 0.0 1.0 

F6 51.9 25.7 12.3 2.5 0.3 0.7 1.6 4.1 0.7 0.1 0.2 

F7 51.9 26.3 8.0 3.3 0.5 1.7 4.0 2.5 0.9 0.6 0.1 

F8 56.9 23.9 3.4 6.2 2.1 0.1 4.1 1.7 0.3 1.2 0.1 

F9 48.3 25.0 5.9 12.6 3.3 0.5 1.3 1.8 1.1 0.2 0.1 

F10 53.6 27.8 2.8 10.5 2.5 0.5 0.3 1.3 0.5 0.3 0.0 

IF1 58.3 21.9 6.9 3.7 1.4 0.6 2.2 4.3 0.2 0.4 0.2 

 

3.3.2 Investigation of the PSD 

Fig. 3.2 displays the cumulative PSDs of all twenty-six fly ashes that are investigated using 

ASEM. The diameter of most fly ash particles ranges from 0.5 to 20 μm. Table 3.4 shows the 

results of D50 or the average particle size and the SD of two thousand particles for each fly ash 

source in this study. The range of D50 for Class C fly ashes is from 3.1 μm to 1.5 μm, while the 

range of D50 for Class F is from 2.4 μm to 1.6 μm. Therefore, the overall range of particle size 

for Class C fly ashes was slightly wider than the Class F fly ashes in this study. 
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Fig. 3.2 Comprehensive cumulative particle size distribution for fifteen Class C fly ashes and 

eleven Class F fly ashes. 

Table 3.4 D50 and SD for twenty-six fly ash sources. 

Class C D50 (μm) SD (μm) Class F D50 (μm) SD (μm) 

C1 1.4 1.5 F1 1.6 1.7 

C2 1.6 1.6 F2 2.3 2.3 

C3 1.3 1.0 F3 2.3 1.6 

C4 1.6 2.0 F4 1.7 2.1 

C5 1.3 1.7 F5 2.3 2.4 

C6 1.6 1.6 F6 2.1 2.0 

C7 1.7 1.4 F7 2.1 1.7 

C8 1.7 1.5 F8 2.0 1.7 

C9 1.4 1.6 F9 1.7 1.7 

C10 3.1 4.0 F10 2.1 1.6 

C11 1.8 1.7 IF1 2.4 3.0 

IC1 1.5 1.7 
  

 

IC2 1.5 1.2 
  

 

IC3 2.0 2.1 
  

 

IC4 1.6 1.6 
  

 

 

Fig. 3.3(a) and 3.3(b) describes the relationship between the D50 and the measured resistivity of 

nineteen sources of fly ash concrete at different curing times comprised of 20% and 40% fly ash 

replacement rates, respectively. R-squared values of the linear trend line for each relationship are 

presented below the legend of each hydration time in the figures. All the R-squared values except 

for 180 days are shown as < 0.5 for 20% fly ash replacement concrete which means the 

relationship between D50 and the measured electrical resistivity is quite poor. The R-squared 

values of the linear trend line appear to be < 0.3 for seven curing times in the case of the 40% fly 
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ash replacement concrete. Thus, the particle size information of the fly ash is not regarded as 

significant in this study. This means the analysis will focus on the different groups of fly ash 

particles. 

 

(a) 20% fly ash replacement 

 

(b) 40% fly ash replacement 

Fig. 3.3 Relationship between the D50 and the measured electrical resistivity from concrete with 

nineteen fly ash sources at different times: (a) 20% and (b) 40% fly ash replacement concrete. 
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3.3.3 Determination of distinct groups of fly ash particles 

The nine determined groups with unique chemical compositions are summarized in Table 3.5, 

and the graphical comparison of the different groups is presented in Fig. 3.4. For example, Group 

2 and 3 show the smallest content of SiO2 (only 8% for each group), while Group 9 shows the 

highest content of SiO2 (84.46%). The value of standard error is investigated for 200 different 

SOM results, and all the values are < 0.1. More details about the SOM process to find the nine 

groups and the result of a standard error can be found in Appendix F. 

Table 3.5 The chemical composition in percent of the nine distinct groups by mass from the 

SOM analysis. 

Group 

(%) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

Group1 10.6 5.4 77.8 2.8 0.7 1.0 0.9 0.2 0.3 0.2 0.1 

Group2 8.4 33.4 6.3 33.7 6.6 2.1 0.5 0.0 0.8 7.0 1.1 

Group3 8.7 15.8 8.2 42.6 9.3 6.2 0.2 0.0 2.0 6.5 0.3 

Group4 38.4 31.1 4.5 6.7 2.9 1.3 12.1 2.0 0.6 0.2 0.4 

Group5 36.2 26.7 4.6 21.0 6.6 0.4 2.4 0.1 1.3 0.3 0.4 

Group6 23.9 21.5 4.8 34.8 7.9 1.5 0.4 0.0 1.7 2.9 0.4 

Group7 48.8 32.4 6.4 3.8 1.7 0.4 3.0 2.9 0.4 0.0 0.3 

Group8 60.6 14.8 4.8 7.1 2.8 0.3 5.9 2.8 0.5 0.0 0.4 

Group9 84.5 5.4 2.0 2.2 0.5 0.2 2.6 2.1 0.1 0.0 0.4 
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Fig. 3.4 The cumulative plot of the chemical composition of the nine distinct groups. 

Table 3.6 shows the comprehensive result of the group composition for the twenty-six fly ash 

sources. The average of the sum is 95.4% and so, roughly 5% of fly ash particles cannot be 

considered as one of the nine groups, and are not used in further model analysis. 

Table 3.6 Group composition in percent of the twenty-six fly ash sources. 

Source 
Group 

1 

Group 

2 

Group 

3 

Group  

4 

Group 

5 

Group 

6 

Group 

7 

Group 

8 

Group 

9 
Total 

C1 0.5 8.8 16.2 13.1 21.0 21.8 4.6 5.4 5.4 96.6 

C2 0.2 8.3 23.8 18.7 12.8 17.7 1.4 6.8 7.6 97.2 

C3 0.3 8.6 32.2 10.3 11.8 21.3 0.3 4.9 2.9 92.5 

C4 0.1 8.7 15.7 21.4 21.0 19.0 4.0 3.0 3.1 95.9 

C5 0.3 7.7 27.9 21.8 12.9 17.0 0.9 3.2 4.1 95.7 

C6 0.3 11.9 7.2 37.8 13.6 13.6 0.0 5.3 1.8 91.4 

C7 0.2 10.1 22.9 17.3 12.0 18.6 2.4 6.4 7.5 97.1 

C8 0.2 9.4 6.9 18.4 25.7 19.0 4.2 7.3 5.1 95.9 

C9 0.2 11.7 10.0 20.2 25.9 21.1 0.7 3.5 3.1 96.2 

C10 0.2 14.4 14.4 10.8 15.9 26.7 0.9 5.8 5.6 94.5 
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C11 0.2 12.6 19.9 13.8 15.5 22.8 1.3 5.0 5.1 96.0 

IC1 0.3 5.8 15.3 11.7 20.7 20.5 11.0 6.7 5.2 97.0 

IC2 0.0 10.8 22.4 14.0 15.4 25.4 0.1 5.2 3.3 96.4 

IC3 0.3 6.7 26.0 16.7 14.5 19.5 4.7 4.2 4.1 96.5 

IC4 0.1 7.6 30.3 6.0 11.4 30.1 0.8 3.6 2.7 92.4 

F1 1.1 1.0 7.2 0.5 22.6 11.8 39.9 8.7 6.1 98.7 

F2 0.4 0.6 6.6 0.4 22.3 13.8 36.7 11.3 6.2 98.2 

F3 5.8 0.6 2.6 0.4 15.4 4.1 51.2 11.9 1.9 93.6 

F4 0.3 5.1 12.0 1.7 18.5 13.2 37.5 4.3 3.9 96.2 

F5 1.8 0.2 0.3 0.1 1.1 0.3 75.2 7.5 8.6 94.9 

F6 2.6 0.4 0.6 0.1 1.3 0.7 71.8 8.6 8.7 94.7 

F7 1.8 0.1 0.2 36.0 1.0 0.6 43.2 4.7 6.5 94.0 

F8 0.8 1.0 0.3 6.5 8.5 1.6 48.8 13.5 12.4 93.3 

F9 0.5 2.6 6.5 0.9 20.4 13.0 37.6 7.5 7.9 96.7 

F10 0.3 0.6 1.5 0.4 14.7 4.5 56.9 10.3 7.7 96.6 

IF1 1.8 0.4 0.8 0.9 2.5 1.7 52.0 20.9 11.2 91.9 

 

3.3.4 The accuracy for predicting electrical resistivity 

Fig. 3.5(a) and 3.5(b) compares the accuracy of predicting the electrical resistivity using the Class 

C and F classification method with 20% and 40% replacement rates. The measured values are 

indicated as the points with the same color as the matching dashed line which is the average 

values for Class C and F fly ashes at seven different curing times, respectively. Overall, the 40% 

fly ash replacement concrete shows higher electrical resistivity than the concrete with a 20% fly 

ash replacement. Furthermore, despite having a similar bulk chemical classification as per ASTM 

C618, the variability of electrical resistivity is quite high to predict the performance using this 

classification method. Even though the ASTM C618 classification method is widely used to 

compare the performance of different fly ashes, these comparison results present the drawbacks 
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of using ASTM C618 classification methods to predict the resistivity of the concrete containing 

the fly ash. 

  

(a) 20% fly ash replacement (b) 40% fly ash replacement 

Fig. 3.5 Comparison between the measured and average values of resistivity with the type of fly 

ash used: (a) 20% fly ash replacement concrete and (b) 40% fly ash replacement concrete. 

The comparisons between the calculated value with the predictive models by using the Particle 

Model and measured value are shown in Fig. 3.6(a) for 20% and (b) for 40% fly ash replacement. 

The slope of the trend line in the comparisons for both 20% and 40% fly ash replacement is at the 

level of 0.96 and 0.99, respectively. It should be noted that the perfect fit can be described with a 

value of 1.00 (one) for the slope. This suggests the results are a very good fit. In addition, the 

accuracy of the calculated value using the Particle Model is evaluated with the +/- 10% dashed 

red lines. 107 out of 133 predictions are within +/- 10% while the 14 more predictions are added 

with the limit of +/- 15%, and the remaining 12 predictions are out of +/- 15% for 20% fly ash 

replacement as shown in Fig. 3.6(a). In the case of 40% fly ash replacement in Fig. 3.6(b), 98 out 

of 133 or 75% of the measurements show a difference within a range of +/- 10%, the 10 more 

predictions are added with the limit of +/- 15%, and the remaining 25 predictions are out of +/- 

15%. While there is some variability, overall the resistivity is accurately predicted with the help 

of the Particle Model. The details about the predictive models for 20% and 40% fly ash 

replacement at different hydration time is found in Appendix I. 
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(a) 20% fly ash replacement (b) 40% fly ash replacement 

Fig. 3.6 Comprehensive relationship between the calculated and experimental resistivity for (a) 

20% fly ash replacement and (b) 40% fly ash replacement. 

Table 3.7 shows the comparison results of the R-squared value of predictive models derived by 

the Particle Model for both 20% and 40% fly ash replacement. Low R-squared value means a 

weak linear fit for the model while high R-squared value indicates the model explains all the 

variability of the response data around its mean value. All the R-squared values show greater than 

0.98 for both 20% and 40% fly ash replacement concrete. This shows that the Particle Model 

better reflects the variance of the fly ash properties for resistivity compared to the Class C and F 

classification. 
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Table 3.7 Comparison results of the R-squared value revealed with the Particle Model method for 

different mixtures at different curing times. 

Curing 

(day) 
20% fly ash concrete 40% fly ash concrete 

3 0.99 0.99 

7 0.99 0.99 

14 0.99 0.99 

28 0.99 0.98 

56 0.99 0.98 

90 0.99 0.98 

180 0.98 0.98 

 

The results of the bootstrapping at each measurement time for both 20% and 40% fly ash concrete 

are summarized in Table 3.8. The mean of 500 R-squared values through the bootstrap method is 

compared with the R-squared value of the derived predictive model in Table 3.7. It should be 

noted here again that this helps to determine the robustness of the Particle Model. The results 

present that the mean R-squared value from the bootstrapping shows the same or almost the same 

R-squared value of the derived predictive model. The maximum, minimum and SD are also 

investigated over the R-squared values from the bootstrapping. The range of difference between 

the maximum and minimum R-squared value is from 0.003 to 0.016 which is quite narrow. 

Furthermore, all the investigated SDs are under 0.003 which indicates the variance of the 

bootstrap results is quite small. Thus, the Particle Model can be considered as a robust tool to 

predict the electrical resistivity of fly ash concrete for the materials investigated. 
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Table 3.8 The results of the bootstrapping for the Particle Model over the R-squared value. 

Mixture 
Days of 

hydration 

The mean of the 

R-squared values 
Max Min SD 

20% 

Fly ash 

3 days 0.994 0.996 0.992 0.0006 

7 days 0.994 0.996 0.992 0.0006 

14 days 0.991 0.994 0.988 0.0009 

28 days 0.990 0.995 0.986 0.0014 

56 days 0.986 0.991 0.982 0.0014 

90 days 0.988 0.991 0.984 0.0014 

180 days 0.978 0.984 0.972 0.0021 

40% 

Fly ash 

3 days 0.990 0.992 0.986 0.0009 

7 days 0.988 0.991 0.984 0.0011 

14 days 0.989 0.992 0.986 0.0009 

28 days 0.985 0.989 0.979 0.0014 

56 days 0.984 0.987 0.978 0.0016 

90 days 0.980 0.986 0.970 0.0024 

180 days 0.983 0.988 0.978 0.0018 

 

3.3.5 Effects of each group on electrical resistivity 

The impacts of each group on the electrical resistivity are investigated by comparing the 

coefficients from predictive models at different hydration times, and the comparison results for 

20% and 40% fly ash replacement concrete are shown in Fig. 3.7 and Fig. 3.8, respectively. The 

coefficients show how different groups impact the electrical resistivity of the concrete at a 

specific time period, and moreover, further discussion over the impact of each group will be 

provided. A value > 0 indicates that the group helps to increase the electrical resistivity while the 

group with the value of < 0 decreased the electrical resistivity at that time period. Ages without a 

value for a coefficient mean that those groups do not contribute to the electrical resistivity at that 
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time period. For example, Group 1 shows a coefficient of zero between 3 and 28 days for 20% fly 

ash replacement, this group is found to not be statistically significant at this curing time. The 

impacts of Group 4, 5, 7, and 8 show a similar trend of change over time. These groups increase 

the electrical resistivity between 3 and 180 days of hydration. Group 1 and 9 show almost no 

meaningful impacts at early age while the significant contribution occurs at later ages. Group 2 

shows less than zero coefficients at 20% replacement while it presents > 0 at 40% replacement for 

all the measured hydration times. Group 3 seems to have a similar trend of coefficient change 

over time for both replacement to Group 2, but the contribution is negligible as the coefficients 

are quite small. On the contrary, Group 6 shows relatively small effects to increase the resistivity 

at 20% replacement while it decreases the resistivity at 40% replacement between 3 and 180 days 

of hydration. 

 

Fig. 3.7 Coefficient comparison for 20% fly ash replacement at different times for each group. 
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Fig. 3.8 Coefficient comparison for 40% fly ash replacement at different times for each group. 

3.3.5.1 Discussion for Group 4, 5, 7 and 8 on the electrical resistivity 

Although Group 5 shows quite small negative coefficient (almost zero) at 3 and 7 days at 20% 

replacement, overall Group 4, 5, 7, and 8 increase the electrical resistivity at rest of all 

measurement times at both 20% and 40% replacement and the magnitude of their contribution 

also increases. It is possible that several glassy phases can exist in these groups such as calcium-

rich aluminosilicates (especially for Group 5), aluminosilicate and calcium silicates based on the 

chemical information in Table 3.5. Those glassy phases have been found in fly ash in several 

previous studies [13, 51-54], and it is well known that the calcium-rich glassy phases are much 

more reactive than those with low or moderate calcium content phases [52, 54]. Furthermore, 

these four groups show quite high contents of SiO2. This means Group 4, 5, 7, and 8 might have a 

good source to form C-S-H with the portland cement particles. The electrical resistivity is 

improved by increasing C-S-H phases and decreasing capillary porosity and connectivity of 

capillary pores [55]. Thus, hydration products with the particles of these groups can increase the 

resistivity of fly ash concrete. 
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3.3.5.2 Discussion for Group 1 and 9 on the electrical resistivity 

Group 1 shows the largest coefficient at later ages for both 20% and 40% fly ash replacement 

rates while there were no impacts on early ages (3d, 7d, 14d, and 28d for 20%, and 3d and 7d for 

40%). Group 1 has 77.8% of iron oxide (Fe2O3), which Fe-rich phases such as magnetite (Fe2O3) 

and hematite (Fe2O3) have been found in fly ash and have been known to be largely inert [13, 56]. 

In addition, a ferrite phase could exist in this group. It is reported that the ferrite particles fill the 

pores between cement particles resulting in finer pore structure, and more C-S-H gel can be 

formed because of the reaction between the ferrite particles and the Ca(OH)2 in the hydrating of 

cement [57, 58]. This could improve the electrical resistivity after 28 days of hydration and be a 

possible reason why Group 1 does not have any impact at early age for both fly ash replacement. 

The impact of Group 9 is almost zero until the 90d of hydration, and then a significant impact is 

observed for 180 days of hydration for both the 20% and 40% fly ash replacement. This indicates 

Group 9 affects more on the electrical resistivity at later ages. Group 9 contained 84.5% SiO2, and 

this could be a good source of either quartz or a more reactive silicate. Quartz has been observed 

in almost all fly ashes [13], and a silicon-rich phase containing almost no impurities was found in 

some previous studies [59, 60]. Furthermore, it should be noted that the reactivity of the quartz 

and silicate phase is very low and slow [52, 61]. Ehsan et al. [62] have reported the electrical 

resistivity changes with adding SiO2 powder (1%, 3%, and 5% of the cementitious materials) with 

25% fly ash replacement concrete. The study found that the resistivity increased by increasing the 

SiO2 powder at 90 days of hydration while additional Al2O3 powder decreases the electrical 

resistivity [62]. Another study has reported the SiO2 powder is helpful to improve the water 

permeability resistance of concrete [63] which means that this could be a possible reason for the 

impact of Group 9 on resistivity at later ages. 
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3.3.5.3 Discussion for Group 2, 3, and 6 on the electrical resistivity 

Groups 2 and 3 show less than zero or zero coefficients on the resistivity at 20% replacement 

while the results appear > 0 at 40% replacement between 3 and 180 days of hydration. The 

coefficients for Group 3 are quite small for both replacements at all the hydration times 

investigated. On the contrary, Group 6 shows relatively small effects to increase the resistivity at 

20% replacement while it decreases the resistivity at 40% replacement between 3 and 180 days of 

hydration. 

Group 2 shows the lowest SiO2 contents among the nine groups while the contents of CaO, MgO, 

and SO3 are relatively higher than the other groups. In addition, the content of Al2O3 for Group 2 

is the highest among the nine groups. Group 6 also shows relatively higher content of CaO than 

the other groups and similar content of SiO2 and Al2O3. Various crystalline and glassy phases 

could exist in those group particles. Several glassy phases such as calcium-rich aluminosilicates, 

aluminosilicate and calcium silicates can exist in these two groups. Merwinite (Ca3Mg(SiO4)2), a 

common phase in high-calcium fly ash and at the early stages of the devitrification of Mg-

containing glasses, could also be considered a phase of Group 6. This material is non-reactive in 

concrete at normal temperatures [13]. Furthermore, these three groups could be a good source for 

producing the melilite group which includes Gehlenite Ca2Al(AlSiO7) and Akermanite 

Ca2Mg(Si2O7) phases; these phases are not chemically active in concrete [13]. Thus, investigating 

the reason for the different trends of Group 2 and Group 6 at different replacement rates is an area 

of future work. 

As discussed, there is almost no contribution from Group 3 on resistivity for both replacements at 

all the measurement times. This means that the particles in Group 3 can be mainly composed of 

non-reactive phases although it has some oxides that can possibly be a source of some of the 

reactive phases. 
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3.3.6 Practical implications and future applications 

The use of fly ash in concrete is typically limited because of the unpredictability of the material. 

This work has given useful predictive equations that can be used at both 20% and 40% 

replacement volume of fly ash within the concrete and emphasize that the Particle Method 

showed a clear path forward for future research efforts that could ultimately make significant 

changes to predict the electrical resistivity of fly ash concrete. While previous studies have been 

used the Particle Model to predict the compressive strength with the impact of fly ash particles, 

this work shows the application of the Particle Model can be extended on accurately predicting 

the electrical resistivity of the fly ash concrete within 180 days of hydration. This indicates that 

the Particle Model can not only allow greater usage of fly ash to allow the usage of fly ash that 

does not meet current specifications by ASTM C618 but also be implemented on predicting other 

performance of fly concrete. 

3.4 Conclusion 

The Particle Model is used to create predictive models for the electrical resistivity for 19 different 

fly ash sources at 20% and 40% replacement of cement in concrete after 3, 7, 14, 28, 56, 90, and 

180 days of hydration. With this massive data set, the predicted electrical resistivity values are 

compared with the measured values and the coefficients from the predictive models were used to 

interpret the measured chemical consistency of the individual groups. The following contributions 

are made: 

1. The Class C and F classification method does not accurately predict resistivity 

performance in concrete. 

2. The electrical resistivity and the median particle size are not related as all R-squared 

values of the investigated trend lines are < 0.5 at 20% replacement and < 0.3 for 40% 

replacement. 
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3. The electrical resistivity is accurately predicted by the Particle Model within +/- 10% for 

80% of all measurements at 20% fly ash replacement and +/- 10% for 75% of all 

measurements at 40% replacement. 

4. The R-squared value is > 0.98 for both 20% and 40% fly ash replacement levels for the 

Particle Model.   

5. Overall, Group 4, 5, 7, and 8 increase the resistivity between 3 and 180 days of hydration 

at both 20% and 40% replacement. The impact of these groups further increases with 

additional hydration.   

6. Group 1 has the largest coefficient at the later ages for both 20% and 40% replacement 

while there is no impact at an early age. The impact of Group 9 is ≈ 0 until 90 days of 

hydration while it has a big impact at 180 days of hydration for both 20% and 40% 

replacement. 

7. Group 2 decreases the resistivity at 20% replacement and increases the resistivity at 40% 

replacement between 3 and 180 days of hydration. Although the actual value of 

coefficients for Group 3 is quite small for all the measured hydration times for 20% and 

40% fly ash replacement levels, it shows a similar trend of coefficient change to Group 2. 

On the other hand, Group 6 increases the resistivity at 20% replacement while it 

decreases the resistivity at the 40% replacement. 

Despite there still existing many unknowns, several new insights are found by applying the 

Particle Model to these fly ashes. This paper offers a novel way to facilitate investigations of fly 

ash properties in concrete and lead to a better classification of fly ash at both early and later ages 

at different replacement levels. 
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CHAPTER IV 
 

 

PREDICTING ION DIFFUSION IN FLY ASH CEMENT PASTE THROUGH 

PARTICLE ANALYSIS 

 

Abstract 

Mass transport in concrete is an important factor to control the durability of concrete structures. 

Fly ash is commonly used as an additive to help reduce the mass transport of concrete. Since fly 

ash is a waste product, it is challenging to predict the performance of fly ash in concrete. This 

work uses a technique called the Particle Model to predict the reactivity and modification of the 

diffusion coefficient of the paste with fly ash at a 20% replacement level. The results show 81% 

of all measurements for the diffusion coefficient can be predicted within the reported variation of 

the test method (+/- 30%). This work provides a deeper understanding of the impacts of fly ash 

on the properties of concrete to more accurately predict the performance of the diffusion 

coefficient at different hydration times. 

Keywords: Diffusion coefficient; Surface concentration; Fly ash; Cement paste; ASEM; The 

Particle Model;
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4.1 Introduction 

The apparent diffusion coefficient (Dc) is an important factor to control the durability of concrete 

structures because outside chemicals such as natural chlorides, deicer salts, and sulfate ions will 

penetrate into concrete and deteriorate the rebar or the concrete matrix itself [1, 2]. Because of the 

importance of this parameter, performance-based durability specifications commonly use Dc [3, 

4]. Fly ash is used as a partial replacement of the portland cement to improve the overall economy, 

sustainability, and often the durability of the concrete [5-8]. It is known that many fly ashes are 

helpful to produce concrete with a low Dc in concrete [9-11]. This is achieved through both 

pozzolanic and secondary cementitious reactions [12, 13]. 

Fly ash is generally used at 15-35% replacement of cement by mass because this range has been 

found to be an acceptable level of replacement without major negative effects on the performance 

[14]. Previous studies have investigated the impacts of fly ash in concrete and tried to predict the 

performance of fly ash by using bulk chemical characterization methods such as X-ray 

fluorescence (XRF) [15-18]. However, it is reported that fly ash sources with similar bulk 

chemistry can have dramatically different performance [19]. In other words, bulk chemical 

characteristics are not always useful to predict the properties of concrete. 

While bulk chemistry does not provide predictable insights into the performance of the fly ash in 

concrete, studies with scanning electron microscopy (SEM) and automated scanning electron 

microscopy (ASEM) show that there are repeating patterns in chemical composition found within 

fly ash particles [20, 21]. To gain more insights, this study applies a method called the Particle 

Model that is developed in a previous study to produce predictive models for the performance of 

cement-based materials such as compressive strength and electrical resistivity [22]. This is based 

on using an ASEM to classify thousands of individual fly ash particles [22-27] and then machine 

learning with the Self-Organizing Map (SOM) algorithm was applied to classify the fly ash 
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particles into nine distinct groups based on these few major repeatable patterns of chemical 

compositions [22]. The predictive models through these groups are then able to predict 90% of 

the predicted compressive strength and 80% of the predicted electrical resistivity values within 

+/- 10% of the measured values at different hydration times [28, 29]. 

To investigate ion diffusion of the fly ash-cement paste, a novel approach using transmission X-

ray microscopy (TXM) is applied in this work. This technique is useful as it is non-destructive 

and rapid to investigate the Dc and surface concentration (Cs). This approach has been used in 

previous studies to image the movement of the ions in cement-based materials using the 

potassium iodide (KI) solution as a tracer or contrast agent [30, 31]. Iodide (I) is a great tracer for 

two reasons; (1) it is strongly X-ray attenuating because of its high atomic number and (2) iodide 

and chloride ions have been shown similar concentration profiles and about 10% difference of 

apparent Dc and Cs in the experiments [30, 31]. The current work examines the cement paste to 

investigate ion diffusion properties such as the apparent iodide Dc and the iodide Cs as the pore 

structure of the cement paste matrix is related to the ion diffusion in concrete [32]. Moreover, 

using cement paste is helpful to minimize intervention from aggregates [31]. In all of this work, 

the term Dic and Cis will refer to the iodide diffusion coefficient and iodide surface concentration, 

respectively. 

The current work expands the application of the Particle Model by predicting the Dic of the fly 

ash-cement paste as demonstrated in Fig. 4.1. The aim of this work is to provide important 

insights into how the application of the Particle Model can be extended to predict Dic at 20% fly 

ash replacement by mass at different hydration times. This paper provides some important 

insights to evaluate the impact of fly ash in cement-based materials and improve the durability of 

concrete, although providing detailed interpretations of why different fly ash particles impact the 

properties of the cement paste is outside the scope of this work. 
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Fig. 4.1 Comprehensive schematic diagram of the process for investigating the diffusion 

properties. 

4.2 Experimental Method 

4.2.1 Raw materials 

A Type I ordinary portland cement (OPC) by ASTM C150 [33] was used. Table 4.1 shows the 

chemical and phase composition of cement which was used in this study. Twenty-six different fly 

ashes were investigated in this study as the replacement material. All the fly ashes were produced 

from various coal sources, boiler designs, and collection conditions in the United States. Fly 

ashes in this study were classified into fifteen Class C and eleven Class F fly ashes according to 

ASTM C618. 
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Table 4.1 Properties of Type I Portland cement used in concrete mixtures. 

Element Composition (%) Phase Composition (%) 

SiO2 20.77 

C3S 52.13 Al2O3 4.57 

Fe2O3 2.62 

CaO 62.67 

C2S 20.22 MgO 2.37 

SO3 3.18 

Na2O 0.19 

C3A 7.68 K2O 0.32 

TiO2 0.34 

P2O5 0.14 

C4AF 7.97 SrO 0.22 

BaO 0.07 

 

4.2.2 Fly ash particle characterization by using ASEM method  

The ASEM was used to investigate the properties of fly ash and to collect thousands of individual 

fly ash particle data. The ASEM method used SEM-EDS (Aspex Explorer PSEM-EDS) with the 

image analysis operating system. Two thousand particles were analyzed from each fly ash 

because this amount of particles has been shown to be a representative sample for fly ash [24]. 

One of the important advantages of the ASEM over the conventional analysis of bulk chemistry is 

the effectiveness of the measurement time [24, 34, 35]. The ASEM method enabled researchers to 

investigate the chemical composition, size, and shape of approximately 500 particles per hour 

without human intervention. This means that the ASEM can rapidly measure the physical 

properties such as shape and size as well as the chemical information of thousands of individual 

fly ash particles within a reasonable timeframe. 
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Since fly ash particles are not flat, this violates one of the fundamental assumptions of classical 

quantitative EDS analysis. The correction models have been developed and presented in previous 

publications [36-39]. These models have taken into account the shape of the particle and make 

corrections in the collected k-ratios of eleven investigated elements (Na, Mg, Al, Si, P, S, K, Ca, 

Ti, Fe, and Sr). A previous study discussed the consistency of the ASEM method with measuring 

the chemical composition for 50 Class C fly ash particles three times and the results showed that 

the highest standard deviation (SD) was 1.60% [22], and more details of the results can be found 

in Appendix A. The accuracy, reliability, and repeatability of the ASEM method when compared 

to XRF analysis have been presented in other publications and shown to be less than 5% absolute 

difference for greater than 90% of comparisons which indicates that the two methods largely 

agree [22, 24, 40]. Comparisons for the materials in this work are presented in Appendix B. The 

result of the particle size distribution (PSD) with data from ASEM has been compared to acoustic 

attenuation spectroscopy, and has been found to be similar [41]. Detailed procedure over the 

ASEM method, sample preparation, analysis with ASEM, and data processing are discussed in 

Appendix C. 

4.2.3 Fly ash-cement paste sample preparation 

Nineteen fly ashes were chosen based on a wide range of different chemical compositions for the 

paste sample preparation. Table 4.2 shows the mixture design of the paste samples. These 

mixtures have a 0.45 water to cement ratio (w/cm) at a 20% fly ash replacement rate by mass of 

cement. Thus, a total of twenty mixtures were prepared including one control with 100% OPC 

and nineteen mixtures with 20% fly ash replacement. All the mixtures were prepared as per 

ASTM C305 [42]. 
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Vials with dimensions of 9.5 mm x 46 mm were used to prepare the paste samples, and then the 

samples were sealed and cured at 23℃ until either 45, 90, and 135 days. Three samples were 

prepared for each curing time for each fly ash mixture. 

Table 4.2 Mixture design for the paste samples. 

Mixture Water (g) Cement (g) Fly ash (g) W/C 

OPC 400 888.9 - 0.45 

Fly ash 400 711.1 177.8 0.45 

 

4.2.4 Ion penetration test and TXM data analysis 

The samples were ponded for 28 days with the 0.6 mol/L of KI solution after curing. The 

concentration of the KI solution was determined on the experiments in previous publications [30, 

31], and this was the optimum concentration to achieve suitable contrast. Next, the radiographs of 

the ponded samples were taken with the help of a laboratory Skyscan 1172 mCT scanner. The 

methods and settings used have been described in a previous study [30]. The KI solution was 

replaced with a new solution every seven days to keep a constant KI concentration. During the 

diffusion testing, the sample vials were sealed and stored in a container at 23°C. 

The Dic and Cis were calculated by Fick’s second law as shown in Eq.(4.1) [43, 44]. All the data 

analysis was conducted with the MATLAB programming environment. More details for the 

experimental setting and theoretical background for the data analysis were reported in previous 

publications [30, 31] and can be found in Appendix J. 

𝐶(𝑥,𝑡) = 𝐶𝑠(1 − erf(
𝑥

2√𝐷𝑐𝑡
))     Eq.(4.1) 

where, x is the distance from the sample surface, t denotes the time, erf is the error function, 𝐷𝑐 is 

the apparent I diffusion coefficient which is Dic in this work, 𝐶𝑠 is the surface I concentration 
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which is Cis in this work, and 𝐶(𝑥,𝑡) is the total I concentration at the depth of x from the surface 

after t. 

4.2.5 Particle Model development 

The data of the 52,000 particles were extracted from twenty-six sources of fly ashes through the 

ASEM analysis, and each particle had eleven pieces of chemical composition data (Na2O, MgO, 

Al2O3, SiO2, P2O5, SO3, K2O, CaO, TiO2, FeO3, and SrO2). The SOM algorithm and the maximum 

spectral angle method of particle classification were used to develop the prediction of the Dic. 

This approach is called the Particle Model. The SOM helped to determine nine distinct groups of 

fly ash particles with unique chemical makeup. The unique nine groups were determined through 

the SOM. More details about the SOM process to determine the nine unique fly ash particle 

groups can be found in Appendix F. The maximum spectral angle method is used to classify the 

fly ash particles into the determined nine groups. More details of the maximum spectral angle 

method and the nine group composition of fly ashes investigated in this study can be found in the 

previous publication [18] and Appendix D. 

A multiple linear regression (MLR) analysis was conducted by using the percentage of each of 

the nine groups found within fly ash to derive predictive models for the Dic at 45, 90, and 135 

days of hydration. The linear model to predict the Dic is shown in Eq.(4.2): 

Dic (x10-11, m2/sec) = a(Group 1) + b(Group 2) + c(Group 3) + d(Group 4) + e(Group 5) 

 + f(Group 6) + g(Group 7) + h(Group 8) + i(Group 9)     Eq.(4.2)  

where the group number indicates the percentage of each group within the fly ash, and the 

lowercase from “a” to “i” is the coefficient of each group determined from the linear regression 

analysis. Each of the coefficients reflects the effect of the individual groups on Dic at a specific 
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curing time, where the potential influence of the remaining independent variables on the groups 

has been taken into account. 

The initial model was evaluated with the probability value (Pr(>|t|)) from the MLR to 

determine the statistical significance of the variables. To evaluate the linear fit to the model, the 

R-squared value of each model was investigated at the individual curing times. More details can 

be found in Appendix K. All the data and model processing was conducted within the R 

programming environment [45, 46]. 

4.2.6 Bootstrapping 

The robustness of the derived predictive models was evaluated with the help of the bootstrap 

method. Ideally, the data can be collected by repeating a large number of mixtures for the same 

experiment to evaluate the validity of the generated predictive models, but this is impractical. 

Instead, bootstrapping was used to investigate the robustness of the Particle Model over the R-

squared value. Bootstrapping is a resampling method where the data are sampled with 

replacement from the original sample to generate simulated results [45]. This allowed creating 

numerous R-squared values by running predictive models with simulated samples. Furthermore, 

the results from the bootstrapping were used to calculate a variety of sample statistics such as the 

mean (average) and SD of the created R-squared values to compare the R-squared value of the 

original model. 

The size of the bootstrapping sample was the same as the original data set and is chosen at 

random from the existing data set. This means that some data points can be chosen multiple times 

in the simulated sample while others may not be selected at all. This procedure has been used in 

previous publications [47, 48]. The bootstrapping was conducted with 500 times for each model. 
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Then, the mean of the R-squared values from the bootstrapping was investigated and compared 

with the R-squared value of the derived predictive model. 

4.3 Result and discussion 

4.3.1 KI diffusion test 

Fig. 4.2 and Fig. 4.3 describe the diffusion test results for Dic and Cis at different days of 

hydration for the fly ash sources investigated. The Dic is decreased with increased days of 

hydration for all the fly ash sources except for C6. While it is well known that the fly ash helps to 

reduce the permeability by refining the pore structure of concrete [49], it should be noted that the 

value of Dic for some of the fly ashes is higher values compared to the OPC. Specifically, at 45 

and 90 days of hydration, 8 of the 12 Class C fly ashes show a greater iodide diffusion coefficient 

than OPC, and at the 135 days of hydration, the number of Class C fly ashes decreases into 6. 

This means that some of the Class C ashes can have worse performance than OPC when it comes 

to Dic. 

In the case of Cis, almost all the fly ash data, except for C6 and C11, show similar values to the 

OPC. Furthermore, the Cis shows similar values with changing the days of hydration for each 

mixture. Since the Cis values do not change significantly, and this is caused by using the same 

concentration of the KI solution for all the test samples, the Particle Model is not be applied to 

predicting the Cis. 
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Fig. 4.2 Dic at different days of hydration. 

 

Fig. 4.3 Cis at different days of hydration. 

4.3.2 Relationship between particle size of fly ash and the paste performances 

Fig. 4.4 shows the frequency of PSDs for fifteen Class C and eleven Class F fly ashes by using 

ASEM, respectively. The fly ashes with “C#” and “IC#” represent Class C fly ash while the fly 

ashes with “F#” and “IF#” represent Class F fly ash. The results show most of fly ash particles 

have a size within the range of 0.5 μm and 20 μm in diameter, and the distribution for most fly 

ashes show a similar trend. D50 mean particle size for all fly ashes are investigated, and the 

differences between the largest and smallest D50 in Class C and Class F fly ashes are 1.6 μm and 

0.8 μm, respectively. Furthermore, the largest and smallest average particle size among twenty-

six fly ashes are 4.3 μm (C10) and 1.8 μm (IC2), respectively. 
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(a) Class C fly ash 

 

(b) Class F fly ash 

Fig. 4.4 Comparison of the frequency of the PSDs for (a) fourteen Class C fly ashes and (b) 

eleven Class F fly ashes. 

Fig. 4.5 shows the relationship between the D50 particle size of fly ashes and the performances 

for different days of hydration. Trend lines and R-squared values are investigated to determine 

the significance of particle size for the predictive model analysis. All investigated R-squared 

values of the linear trend lines are in the range of 0.00 to 0.29. This means the relationship is 

quite poor between the particle size of the fly ashes used in this study and the diffusion 

performances of fly ash pastes. Thus, the particle size information is not used in further model 

analysis. 
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(a) D50 vs. Dic 

 

(b) D50 vs. Cis 

Fig. 4.5 Relationships between the average particle size compared to (a) Dic and (b) Cis. 

4.3.3 Bulk chemical composition of raw fly ashes by using ASEM 

The bulk chemical composition of twenty-six fly ash sources from the ASEM method is 

investigated, and the results are shown in Table 4.3. The fly ashes are classified as either Class C 

for greater than 18% of CaO or Class F less than 18% of CaO according to ASTM C618 [50]. 
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Table 4.3 Bulk chemical composition by using the ASEM method. 

Source SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

C1 36.2 21.7 5.4 23.2 5.4 0.7 3.6 1.0 0.8 1.9 0.2 

C2 35.8 19.2 5.6 26.9 5.5 1.0 3.0 0.9 0.7 1.3 0.2 

C3 25.3 19.3 5.2 32.5 7.8 2.6 3.4 0.6 1.1 1.9 0.3 

C4 36.7 22.8 4.5 22.5 4.3 1.2 3.4 1.0 1.3 1.1 1.2 

C5 31.3 22.5 5.4 26.1 6.0 0.6 4.3 0.8 0.8 2.1 0.2 

C6 27.7 22.9 4.2 21.5 4.5 2.6 12.6 0.8 1.3 0.7 1.3 

C7 35.3 20.6 4.7 24.7 4.9 0.7 4.3 1.2 1.6 0.8 1.0 

C8 40.1 22.6 4.5 19.5 5.7 0.8 3.7 0.9 0.6 1.4 0.1 

C9 31.5 24.0 6.0 25.7 5.4 1.0 3.7 0.6 0.9 1.1 0.1 

C10 36.0 19.3 5.1 22.7 7.8 2.0 4.8 0.6 1.0 0.3 0.5 

C11 31.0 20.8 6.4 27.2 7.1 1.6 3.5 0.7 0.8 0.8 0.2 

IC1 31.8 22.9 5.7 28.2 5.5 1.1 2.3 1.0 0.8 0.5 0.3 

IC2 25.2 21.2 6.2 30.5 7.8 1.0 4.0 0.6 1.2 2.2 0.2 

IC3 29.7 21.0 5.9 30.3 5.4 1.9 2.2 0.6 1.0 1.6 0.5 

IC4 29.9 17.7 4.7 31.8 9.3 1.2 2.6 0.8 0.8 1.1 0.2 

F1 48.8 23.8 7.4 12.5 3.0 0.5 0.9 2.1 0.8 0.1 0.3 

F2 50.4 20.9 3.9 17.1 3.7 0.5 1.0 1.4 0.7 0.1 0.3 

F3 48.8 26.6 6.7 9.3 2.0 0.3 1.8 1.9 1.5 0.1 1.1 

F4 45.3 27.4 4.0 14.6 3.6 0.7 1.5 0.7 1.1 0.4 0.8 

F5 53.2 25.4 11.2 2.1 0.2 0.9 1.0 4.4 0.7 0.0 1.0 

F6 51.9 25.7 12.3 2.5 0.3 0.7 1.6 4.1 0.7 0.1 0.2 

F7 51.9 26.3 8.0 3.3 0.5 1.7 4.0 2.5 0.9 0.6 0.1 

F8 56.9 23.9 3.4 6.2 2.1 0.1 4.1 1.7 0.3 1.2 0.1 

F9 48.3 25.0 5.9 12.6 3.3 0.5 1.3 1.8 1.1 0.2 0.1 

F10 53.6 27.8 2.8 10.5 2.5 0.5 0.3 1.3 0.5 0.3 0.0 

IF1 58.3 21.9 6.9 3.7 1.4 0.6 2.2 4.3 0.2 0.4 0.2 
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4.3.4 Evaluation of the test results and the predictive models 

Fig. 4.6 shows the comparison between the measured Dic and the average values for Class C or F 

fly ash. The actual measured values are shown as points on the plot with the same color as the 

matching trend line. The results show that the value of Dic varies depending on the fly ash, and 

Class C fly ash has a much wider range of Dic than Class F fly ash. For example, in the results of 

90 days of hydration, the difference between the highest Dic and lowest Dic for Class C fly ashes 

is 1.02 x 10⁻¹¹ m²/sec while the difference for Class F fly ashes is 0.23 x 10⁻¹¹ m²/sec. This means 

that it is much harder to predict the Dic of Class C fly ash than Class F fly ash. Furthermore, 

despite having similar bulk chemical classification as per ASTM C618 the diffusion property is 

variable. This further shows the challenge of using ASTM C618 classification methods to predict 

the Dic of concrete containing fly ash. 

 

Fig. 4.6 Comparison between actual and predicted Dic with the type of fly ash used. 

The comparisons between the predicted Dic from the Particle Model and measured Dic is 

described in Fig. 4.7. The slope of the trend line in the comparisons is 0.96 with the R-squared 

value of 0.80. It should be noted that the perfect fit can be described with a value of 1.00 (one) for 
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the slope. This means that overall the Dic can be closely predicted with the Particle Model. It 

should be noted that some of the predictions are quite different results to the measured values. For 

example, the measured Dic of the pastes with C11 fly ash at 135 days of hydration is 0.60 x 10⁻¹¹ 

m²/sec while the predicted value is 0.24 x 10⁻¹¹ m²/sec. 

Tang [51] has evaluated the precision of diffusion coefficient through various test methods such 

as immersion test (Nordtest method NT build 492), rapid migration test (Nordtest method NT 

build 443), and measurement of chloride ion ingress test (EN 13396), and the study suggests the 

CV of the reproducibility of these tests are 24%, 28%, and 36%, respectively. The average CV is 

29.3% or close to 30% for this work. Moreover, ASTM C1556 (bulk chloride diffusion test) 

provides 39.8% as the limit of CV to evaluate the precision (single laboratory) of determining the 

apparent Dc of cementitious mixtures [52]. Even though the test method in this study is different 

from those methods, these numbers could be a good guideline to evaluate the test results of the 

current study.  A value of +/- 30% has been added as the dashed blue line as a conservative 

estimate for the variability of the test method. The comparison between the predicted and 

measured values for the Dic for 57 samples is shown in Fig. 4.7, and 81% of comparisons are 

within +/- 30%. The detailed results of the predictive models for different hydration time can be 

found in Appendix L. 
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* Blue dash line: The range of +/‒ 30% of the calculated and measured properties. 

Fig. 4.7 Comparison between the calculated and measured value for Dic. 

The R-squared value is investigated for the derived predictive models for individual measurement 

times, and the results are shown in Table 4.4. A low R-squared value means a weak linear fit for 

the model while a high R-squared value indicates the model explains the majority of the 

variability of the response data around its mean value. The R-squared values for the three 

different days of hydration are > 0.90, which is a strong correlation. This shows that the Particle 

Model is able to accurately predict the Dic with a linear model. 

Table 4.4 R-squared value of the predictive models for the Dic at different hydration times. 

Days of hydration 45d 90d 135d 

R-squared 0.94 0.92 0.90 

 



89 

 

The results of the bootstrapping at each measurement time are presented in Table 4.5. It should be 

noted here again that this helps to determine the robustness of the Particle Model. The mean of 

500 R-squared values through the bootstrap method is compared with the R-squared value of the 

derived predictive model in Table 4.4. The results present that the mean R-squared value from the 

bootstrapping shows the same or almost the same R-squared value of the derived predictive 

model. The maximum, minimum, and SD of the R-squared values from the bootstrapping are also 

investigated. The range of difference between the maximum and minimum R-squared value is 

from 0.07 to 0.14, and all the investigated SDs are under 0.025 which indicates the variance of 

the bootstrap results is quite small. This means that the Particle Model can be considered as a 

robust tool to predict the Dic of 20% fly ash cement paste. 

Table 4.5 Bootstrapping for the Particle Model over the R-squared value. 

Days of hydration 
The mean of the 

R-squared values 
Max Min SD 

45d 0.94 0.98 0.91 0.012 

90d 0.92 0.97 0.86 0.018 

135d 0.90 0.97 0.83 0.023 

 

4.3.6 Discussion for the contribution of each group 

The contribution of each group to the Dic for each time period can be investigated by examining 

the change in the coefficient over time. The groups with a coefficient value greater than 0 

increase the Dic while groups with a coefficient value lesser than 0 decrease the Dic. This means 

that the groups with the negative coefficient will decrease or improve the Dic while the groups 

with the positive coefficient values will increase or impair the Dic. The groups that do not have a 

coefficient mean that those groups did not affect the performance at that time period. 
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The coefficients of each group are compared for hydration of 45, 90, and 135 days, and the results 

are shown in Fig. 4.8. The figure shows that Group 2 and 5 decrease the Dic, which can improve 

permeability, while Group 1, 3, 6, 8, and 9 will increase Dic which can make the permeability 

worse. Furthermore, Group 4 and 7 do not have any impacts on Dic between 45 to 135 days of 

hydration. It is interesting to note that the coefficients for the different groups change over time. 

This suggests that not all fly ash groups have the same impact on the different time periods 

investigated. More discussions about the impact of each group at different hydration times on Dic 

will be provided in the following sections. 

 

Fig. 4.8 Coefficients of predictive models of each group at different hydration times for Dic. 

4.3.6.1 Discussion for Group 2 and 5 

According to Fig. 4.8, Group 2 decreases the Dic at 90d, and the coefficients of Group 5 are less 

than 0 for all the measurements between 45 and 135 days of hydration. This means that Group 2 

and 5 can be helped to improve the Dic of the fly ash-cement paste. 

It is interesting that only Group 5 shows less than 0 coefficients between 45 and 135 days period. 

This suggests that Group 5 is critical in improving the Dic of the samples. Group 5 may include 

high contents of reactive glassy phases such as calcium-rich aluminosilicate. Calcium-rich glassy 
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phases are much more reactive than those with low or moderate calcium content phases [53, 54]. 

Furthermore, Group 5 might be a good source to produce C-S-H with a pozzolanic reaction that 

causes the reduction of capillary production and interconnected pores. 

Group 2 shows the lowest SiO2 content as 8.4%, and only this group has over 30% contents of 

Al2O3 and CaO among the nine groups. In addition, a relatively high amount of MgO is included 

in Group 2. Various crystalline and glassy phases could exist in those particles. Several glassy 

phases such as calcium-rich aluminosilicates, aluminosilicate, and calcium silicates can exist in 

these two groups. Non-reactive phases at normal temperatures such as Merwinite Ca3Mg(SiO4)2, 

Gehlenite Ca2Al(AlSiO7), and Akermanite Ca2Mg(Si2O7) phases [7] could also be considered a 

phase of Group 2. Merwinite is a common phase in high-calcium fly ash and at the early stages of 

the devitrification of Mg-containing glasses [7]. Calcium hydroxide in the cement paste can react 

with the reactive Mg-phases to form the insoluble magnesium hydroxide Mg(OH)2 that is capable 

of reducing the porosity of the cement paste [49]. Thus, investigating the reason for Group 2 

about decreasing Dic only at 90 days of hydration is an area of future work. 

4.3.6.2 Discussion for Group 1, 3, 6, 8, and 9 

Group 1, 3, and 6 show a positive coefficient during all three measurement periods. More 

specifically, Group 1 and 6 show relatively higher coefficients than the other groups between 45 

to 135 days of hydration. This means that the particles in Group 1 and 6 impact the Dic the most. 

Group 8 shows a positive coefficient at 90d and 135d, and the coefficient is decreased from 90d 

to 135d while Group 9 increases the Dic at 45d, and it is zero after 45d. 

Group 1 has 77.8% of Fe2O3, and Fe-rich phases such as magnetite and hematite have been found 

in fly ash, which is not chemically reactive [7]. Moreover, a ferrite phase could exist in this group. 

It is reported that the ferrite particles fill the pores between cement particles resulting in finer pore 

structure, and more C-S-H gel can be formed because of the reaction between the ferrite particles 
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and the Ca(OH)2 in the hydrating of cement [55, 56]. This could improve the diffusion property, 

and since this happens after 28 days of hydration, this is a possible reason why the coefficient of 

Group 1 decreased with increasing hydration time. 

Group 3 and 6 have > 6% MgO which is significantly higher than the other groups. Furthermore, 

these groups have relatively higher CaO and lower Al2O3 than Group 2. This can be a good 

source to form Merwinite which is a common phase in high-calcium fly ash and it is non-reactive 

in concrete at normal temperatures and it may exist in the particles of these two groups [7]. While 

Group 3 has a high content of CaO, it also shows the lowest SiO2 with a quite high content of 

P2O5 among the nine groups. The content of P2O5 in Group 6 is also higher than other groups, and 

the contents of SiO2 and Al2O3 in Group 6 are quite comparable to each other as about 20%. The 

contents and distribution of pores in concrete can be influenced by high P2O5 content fly ash 

particles because the high contents of P2O5 can decompose C3S forming a series of solid solutions 

between C2S and 3CaO·P2O5 [57, 58]. Besides, Group 6 can be a source of the melilite group 

including Gehlenite and Akermanite phases which are not chemically reactive in concrete [7]. 

Thus, even though further investigation is needed for the phase characterization of each group, 

the findings in this study provide important insights for the use of fly ash in concrete to improve 

the Dic. 

Group 8 contains high SiO2 (roughly 60%) and some Na2O and K2O. This material is more likely 

a conglomerate of non-reactive phases like feldspar (K, Na)AlSi3O8, mullite (a crystalline 

aluminosilicate), and quartz [59]. Furthermore, the previous study has found low reactive 

materials such as mullite (a crystalline aluminosilicate) in low calcium fly ashes [60]. Group 9 

could be a good source of either quartz or reactive chemical forms such as silicate or 

aluminosilicate because of the high SiO2 content as 84.46%, and those phases have been observed 

in almost all fly ashes [7]. It has been known that the reactivity of quartz and silicate phase is very 
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low [53, 61]. Those properties could affect the characteristics of pores in fly ash concrete. 

Practically, the change of the total porosity has been investigated in previous studies by using 

mercury intrusion porosimetry for the mortar with using the Fe2O3 and SiO2 powder as additives 

and found the mortar with the additives had higher total porosity than the control mortar with no 

additives [62, 63]. 

4.3.6.3 Discussion for Group 4 and 7 

Group 4 and 7 have no impacts on Dic between 45d and 135d hydration. Group 4 and 7 show 

relatively low CaO content with high content SiO2 and Al2O3. Meanwhile, these groups show 

high contents of alkalis (Na2O and K2O) compared to the other groups. Even though the siliceous 

glass can help to reduce the availability of alkalis for the alkali-silica reaction [7], excessive 

content of alkali hydroxide can affect the porosity. A previous study reported the evolution of the 

mercury porosity with a 28 days maximum age of the cement paste which used NaOH and KOH 

solution [64]. The study found that the cement paste with NaOH and KOH showed higher 

porosity (22% and 24%, respectively) than the control cement paste (17.5%) which used 

deionized water as the solution [64]. Besides, additional water-soluble alkalis from the fly ash can 

cause expansion and damage to the concrete [65]. 

4.3.7 Practical implications and future applications 

This study shows the usefulness of the Particle Model to predict the Dic between 45 and 135 days 

of hydration for 20% replacement of fly ash paste. This shows that the Particle Model could be a 

useful tool to evaluate the fly ash powder and predict the performance in hardened concrete. This 

prediction could be used to help practitioners make wise decisions in choosing a fly ash source 

that will help them obtain the desired property. This could lead to a new approach to concrete 

performance design. Furthermore, this approach can be used to determine the interrelationships 
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among the different fly ash particles and how they contribute to the ultimate properties of the 

concrete. 

4.4 Conclusion 

A novel characterization and analysis method called the Particle Model has been used to classify 

the fly ash particles into nine distinct groups. The predictive models for apparent diffusion 

coefficient and surface concentration of iodide into cement paste with a 20% replacement of fly 

ash at 45, 90, and 135 days of hydration. The accuracy of the predictive models is evaluated with 

the comparison results between the calculated and measured values from the paste samples using 

nineteen fly ash sources. The impacts of each group on the diffusion coefficient are discussed by 

interpreting the coefficient changes over time and the measured chemical consistency of the 

individual groups. 

The following contributions are drawn in this study: 

1. Between 45 and 135 days of hydration, the apparent iodide diffusion coefficient is 

decreased over time for all the fly ash sources except for C6. Furthermore, iodide 

surface concentration shows similar values to the OPC for all the investigated fly 

ash sources. 

2. At 45 and 90 days of hydration, 8 of the 12 Class C fly ashes show a greater 

iodide diffusion coefficient than OPC, and at the 135 days of hydration, the 

number of Class C fly ashes decreases into 6. 

3. The R-squared values of the relationship between the measured values and mean 

particle size of nineteen fly ashes are less than 0.3 which means the mean particle 

size showed poor correlation over the apparent iodide diffusion coefficient. 

4. For the apparent iodide diffusion coefficient, all the R-squared values of 
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predictive models are > 0.95. 

5. The predicted and measured apparent iodide diffusion coefficient in paste shows 

that 81% of all measurements can be predicted within the variation of the test 

method (+/- 30%) between 45 to 135 days of hydration at 20% fly ash 

replacement. 

6. Group 2 and 5 decreases the apparent iodide diffusion coefficient which means 

these groups help to improve the mass transport of the sample. Group 5 is the only 

particle group that showed improvement at all measurement periods while Group 

2 showed improvement at 90d. 

7. Group 1, 3, and 6 increase the apparent iodide diffusion coefficient between 45 

and 135 days of hydration. Group 8 increases the apparent iodide diffusion 

coefficient at 90d and 135d while Group 9 increases the apparent iodide diffusion 

coefficient at only 45d. Group 4 and 7 have no impacts on the apparent iodide 

diffusion coefficient between 45d and 135d hydration. 

Future work should be done to better understand the different fly ash groups and also 

investigate higher replacement levels of fly ash. 
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CHAPTER V 
 

 

THE RELATIONSHIP BETWEEN THE APPARENT DIFFUSION COEFFICIENT 

AND ELECTRICAL RESISTIVITY OF FLY ASH CONCRETE 

 

Abstract 

Electrical resistivity is a factor that has been suggested as a method to predict mass transport in 

concrete. This would be of great value because of the low cost, speed, and convenience of 

electrical resistivity. This study employs the Nernst-Einstein equation to estimate the apparent 

iodide diffusion coefficient (Dic) by using the surface electrical resistivity (ρsr) of fly ash concrete. 

The empirical relationship between the Dic and ρsr is investigated at three different hydration dates 

for 19 different fly ash sources at 20% fly ash replacement of the cement. A factor K which 

shows the correlation between ρsr and Dic is calculated using the Nernst-Einstein equation, and the 

regression line is investigated to evaluate the relationship. Comparisons between Dic and ρsr are 

made with both Class C and Class F fly ash, and the R-squared values of the regression line for 

each comparison are examined. This work shows that there is not a single relationship between 

Dic and ρsr for the materials and mixtures investigated. However, the results show an accurate 

prediction of the Dic for class F fly ash is reasonable. 

Keywords: Apparent iodide diffusion coefficient, Surface electrical resistivity, Fly ash  
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5.1 Introduction 

The mass transport of outside chemicals into concrete is widely used to evaluate the lifespan of 

concrete structures. The resistance of concrete against ion ingress is one of the most important 

factors for designing durable concrete structures [1-3]. Furthermore, the degradation mechanism 

in reinforced concrete due to the chloride-induced corrosion of reinforcement can cause several 

structural problems such as cracking, spalling, and delaminating of concrete cover. Previous 

studies have employed the apparent diffusion coefficient (Dc) as one of the primary parameters to 

predict the time to corrosion initiation of the reinforcing steel in concrete [4-6]. According to the 

service life prediction model such as Life-365 and DuraCrete, the model predicts the initiation 

period assuming diffusion to be the dominant mechanism [7, 8]. There are many papers 

describing this approach [9-12]. Thus, Dc is a useful tool to evaluate the service life of concrete 

structures. 

The current work focuses on estimating the Dc in fly ash concrete through the electrical resistivity 

of concrete. Fly ash has been widely used as supplementary cementitious material (SCM) in 

concrete to improve the durability of concrete. Moreover, the incorporation of fly ash in concrete 

can significantly reduce the Dc of chloride into cement paste, mortar, or concrete [13-15]. The 

chloride penetration has also been evaluated by accounting for the chloride binding for the 

cement paste using fly ash [16-18]. Specifically, Thomas et al. [16] have studied one Class C and 

one Class F fly ash with a 25% replacement rate of cement paste. In addition, Qiao et al. [17] 

investigate the chloride biding of the cement paste for 20%, 40% and 60% replacement rates of a 

Class C fly ash while Ishida et al. [18] uses a Class F fly ash at 20% and 40% replacement rates to 

examine the chloride binding. All of these publications found that while fly ash does affect the 

chloride binding capacity of the cement paste, the results in those studies show that the binding of 

the chlorides is insignificant when the chloride concentration is around 1.0 mol/L regardless of 
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the fly ash source and replacement rate [16-18]. Because of this, the salt concentrations in this 

study are limited to 0.6 mol/L. 

Recent studies employ electrical resistivity techniques to improve the estimation of the Dc of 

concrete [4, 19-23]. These efforts have used the Nernst-Einstein equation to investigate the 

interrelationship between the electrical resistivity [1, 5, 24, 25]. The Nernst-Einstein equation has 

been reported as a helpful approach to predict Dc since this equation applies to electrolytes, for 

ion travel can be likened to that of electrical charges [21, 26]. However, those studies mainly 

focus on studying concrete with fly ash of limited chemistry. Because of this, a study is needed 

about investigating the correlation between Dc and electrical resistivity in cement paste, as it is a 

simpler system, with a large number of fly ashes by applying the Nernst-Einstein equation. 

In this study, an approach using the transmission X-ray microscopy (TXM) is applied to examine 

the Dc for a cement paste containing fly ash. This technique is useful as it is non-destructive and 

rapid to investigate the apparent Dc and surface concentration (Cs). This approach has been 

presented in previous studies to image the movement of the ions in concrete materials using the 

potassium iodide (KI) solution as a tracer or contrast agent [27, 28]. The current work examines 

the cement paste to investigate the apparent iodide diffusion coefficient (Dic) as the pore structure 

of the cement paste matrix is related to the ion diffusion in concrete [29]. Moreover, using cement 

paste is helpful to minimize intervention from aggregates [28]. The surface electrical resistivity 

(ρsr) is also investigated in the current study for fly ash concrete using the four-point Wenner 

probe measurements as per AASHTO T 358 [30]. In all of this work, the term Dic and ρsr will 

refer to the apparent iodide diffusion coefficient of the paste and the surface electrical resistivity 

of the concrete, respectively. 

This study aims to evaluate the possibility of determining Dic using ρsr in concrete materials 

including fly ash and provides insights into the relationship between Dic and ρsr for 20% fly ash 
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replacement at 45, 90, and 135 days of hydration by using the Nernst-Einstein equation. This 

provides important insights into the relationship between the electrical resistivity and Dc in 

concrete structures. 

5.2 Raw materials and experimental methods 

5.2.1 Raw materials 

ASTM C150 Type I ordinary portland cement (OPC) [31] was used as a cement, and the 

properties of OPC are described in Table 5.1. Limestone and natural sand from Oklahoma were 

prepared as coarse and fine aggregate, respectively. The specific gravities of coarse and fine 

aggregate were the same as 2.60, and the absorption for each aggregate was shown as 0.64% and 

0.55%, respectively. No chemical admixtures were used in any mixtures to minimize the 

variables. 

Nineteen different fly ash sources were investigated in this study. The fly ashes were produced 

from various coal sources, boiler designs, and collection conditions in the United States. The fly 

ashes were classified into twelve Class C and seven Class F fly ashes according to ASTM C618 

[32]. The properties of fly ash, bulk oxides, and particle information were investigated with the 

automated scanning electron microscopy (ASEM) method. Details about the ASEM method was 

presented in previous chapters and publications [33-36]. 

Table 5.1 Chemical and phase properties of Type I ordinary portland cement. 

Chemical composition (%) Phase Composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O C3S C2S C3A C4AF 

20.8 4.6 2.6 62.7 2.4 3.2 0.2 0.3 52.1 20.2 7.7 8.0 
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5.2.2 Diffusion test for developing apparent diffusion coefficient (Dic) 

5.2.2.1 Sample preparation 

Paste samples were prepared for the ion penetration test, and the mixture design of the paste 

samples is shown in Table 5.2. A total of twenty mixtures was prepared including one mixture 

with 100% OPC and nineteen mixtures with 20% fly ash replacement by mass. A 0.45 water-to-

cement ratio was used at the 20% fly ash replacement rate by mass of cement for all the mixtures. 

Any chemical admixtures were not incorporated into the mixtures to minimize the potential 

variables. All the mixtures were prepared as per ASTM C305 [37]. Vials with a 9.5 mm diameter 

and 46.0 mm height were used for the paste samples, and then these samples were sealed and 

cured in the curing room (100% relative humidity at 23℃) until either 45, 90, or 135 days. Three 

samples were prepared for each hydration date for each mixture. 

Table 5.2 Mixture design for the paste specimen. 

Mixture Water (g) Cement (g) Fly ash (g) W/C 

OPC 400 888.9 - 0.45 

20% Fly ash 400 711.1 177.8 0.45 

 

5.2.2.2 TXM ion penetration test and data analysis 

The 0.6 mol/L of KI solution was used as a tracer of the moisture penetration to investigated the 

Dic of fly ash paste. The concentration of the KI solution was determined because the preliminary 

experiments in the previous study showed this was the optimum concentration to attain suitable 

contrast between the paste and solution [28]. As presented in the introduction, other publications 

have shown that the chloride binding capacity with the 0.6 mol/L solution was not affected by 

different fly ash sources [16-18]. Furthermore, previous studies found that the diffusion profiles 



109 

 

for iodide and chloride in paste were quite comparable, and the difference in the calculated 

diffusion coefficient at 28 days of ponding for each solution was about 10% [27, 28]. 

After curing, all the samples were ponded with the KI solution for 28 days. Then the radiographs 

of the ponded samples were taken with a Skyscan 1172 mCT scanner. The KI solution was 

replaced with a new solution every seven days to keep a constant KI concentration. While 

ponding, the sealed vials were stored in a container at 23°C. 

The Dic was calculated by approximating Fick’s second law with an error function as shown in 

Eq.(5.1) [38, 39]. All the data analysis was conducted with the MATLAB programming 

environment. More details for the experimental settings and theoretical background for the data 

analysis were reported in previous publications [27, 28] and can be found in Appendix J. The 

equation used is: 

𝐶(𝑥,𝑡) = 𝐶𝑖𝑠(1 −erf(
𝑥

2√𝐷𝑖𝑐𝑡
))   Eq.(5.1) 

where, x is the distance from the sample surface, t is the denotes time, erf is the error function, 

𝐷𝑖𝑐 is the apparent iodide diffusion coefficient, 𝐶𝑖𝑠 is the iodide surface concentration, and 𝐶(𝑥,𝑡) 

is the total iodide concentration at the depth of x from the surface after t. 

5.2.3 Concrete sample preparation 

The concrete mixtures used 20% of the binder as fly ash by mass except for one mixture with 100% 

portland cement. Table 5.3 shows the mixture proportions for the mixtures. A 0.45 water-to-

cementitious material ratio (w/cm) was used for all the mixtures. No chemical admixtures were 

used in any mixtures to minimize the variables. Details for the concrete mixing procedure can be 

found in Appendix M. 
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After mixing, concrete samples were formed in 100 mm by 200 mm cylindrical containers 

according to ASTM C31 [40]; they were being cured at 23°C and 100% RH for 24 h in the curing 

room after sealing the container. The samples were then demolded and placed into the curing 

room until the samples were ready for the surface electrical resistivity test. 

Table 5.3 Concrete mixture proportions of specimens for ρsr test. 

Mixture  

design 
W/C 

Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Water 

(kg/m3) 

Coarse aggregate 

(kg/m3) 

Fine aggregate 

(kg/m3) 

OPC 0.45 283 0 127 863 564 

20% 

Fly ash 
0.45 227 57 127 862 562 

 

5.2.4 Surface electrical resistivity (ρsr) with the Wenner probe 

A non-destructive electrical resistivity test, the four-point Wenner probe, was performed to 

measure the ρsr of the concrete according to AASHTO T358 [30] at 3, 7, 14, 28, 56, 90, and 180 

days of hydration. Four lines were marked on the circular face of each concrete cylinder at 0, 90, 

180, and 270 degrees before the measurement. The ρsr was measured at each angle. This means 

that 12 measurements were collected at each time period. The average value of twelve 

measurements was used as the representative ρsr for each fly ash at specific curing time. All 

specimens were in the saturated surface dry (SSD) status while the resistivity test was conducted. 

The ρsr values for 45 and 135 days of hydration were linearly interpolated from the measured data. 

This helped to eliminate the time variable in the comparison of ρsr and Dic. The values of ρsr for 

45 days of hydration were interpolated by using the measured values of 28 and 56 days of 

hydration, while the values of ρsr for 135 days of hydration were interpolated by using the 

measured values of 90 and 180 days of hydration for each fly ash. 
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5.2.5 Investigation of the correlation between ρsr and Dic 

The Nernst-Einstein equation in Eq.(5.2) was used to investigate the correlation between ρsr and 

Dic. This approach has been widely used because the test method for the electrical resistivity is 

quick, easy and non-destructive to measure, and it helps to avoid the time-consuming grinding of 

the samples [4, 22, 23, 41]. This means that theoretically the service life of the concrete structure 

can be simply estimated from the resistivity of the concrete. 

The constant value K was calculated by using all the dataset, only Class C fly ash dataset and 

only Class F fly ash dataset. Then it was used to interpret the relationship between two 

performances under different use of datasets. Furthermore, the R-squared value for each derived 

equation was investigated to discuss the correlation between the two properties. The Nernst-

Einstein equation is: 

Dic = K/ρsr          Eq.(2) 

where, Dic is the apparent iodide diffusion coefficient [x10-11, m2/s]; ρsr is the surface electrical 

resistivity of the concrete sample [kΩ·cm]; K is a factor that shows the correlation between Dic 

and ρsr. 

5.3 Result and discussion 

5.3.1 Bulk chemical composition 

Table 5.4 shows the bulk chemical composition result from the ASEM method for nineteen fly 

ash sources used in the mixtures. The fly ashes with “C#” and “IC#” represent Class C fly ash 

while the fly ashes with “F#” and “IF#” represent Class F fly ash. All the fly ashes are classified 

as either Class C or F fly ash according to ASTM C618 which means Class C fly ash has > 18% 

of CaO while Class F fly ash has < 18% of CaO [32]. 
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Table 5.4 Bulk chemical composition from the ASEM. 

Source SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

C1 36.20 21.72 5.35 23.15 5.38 0.67 3.58 1.01 0.80 1.90 0.23 

C2 35.82 19.18 5.60 26.88 5.49 0.98 3.00 0.88 0.73 1.25 0.18 

C3 25.32 19.26 5.22 32.50 7.76 2.60 3.42 0.63 1.08 1.89 0.32 

C4 36.70 22.82 4.53 22.45 4.33 1.19 3.44 0.95 1.28 1.09 1.22 

C5 31.25 22.46 5.38 26.06 5.95 0.56 4.30 0.84 0.84 2.11 0.23 

C6 27.66 22.88 4.23 21.54 4.52 2.55 12.61 0.76 1.27 0.67 1.32 

C7 35.28 20.61 4.74 24.72 4.93 0.74 4.26 1.23 1.64 0.82 1.00 

C11 30.96 20.77 6.38 27.15 7.14 1.59 3.45 0.73 0.78 0.83 0.23 

IC1 31.82 22.87 5.68 28.24 5.52 1.08 2.28 1.02 0.78 0.46 0.25 

IC2 25.15 21.20 6.22 30.47 7.78 1.04 4.02 0.56 1.22 2.18 0.15 

IC3 29.66 21.03 5.92 30.29 5.35 1.87 2.22 0.55 1.04 1.61 0.46 

IC4 29.85 17.66 4.73 31.75 9.32 1.19 2.57 0.76 0.83 1.08 0.24 

F1 48.76 23.79 7.39 12.53 2.97 0.48 0.86 2.05 0.78 0.09 0.29 

F2 50.40 20.91 3.89 17.09 3.69 0.54 1.04 1.37 0.70 0.05 0.32 

F3 48.81 26.62 6.65 9.30 1.95 0.28 1.75 1.93 1.46 0.14 1.10 

F4 45.34 27.39 4.00 14.61 3.59 0.70 1.48 0.65 1.09 0.37 0.76 

F5 53.18 25.36 11.21 2.06 0.19 0.89 0.97 4.43 0.71 0.03 0.96 

F6 51.87 25.71 12.32 2.50 0.32 0.67 1.61 4.13 0.66 0.05 0.16 

IF1 58.33 21.87 6.87 3.67 1.42 0.59 2.17 4.25 0.22 0.36 0.24 

 

5.3.2 Correlation between ρsr and Dic 

The value of K in Eq.(5.2) can be varied depending on the test method for determining the Dic, 

the pore solution composition, the use of SCM in concrete materials, etc [4]. Since diffusivity is 

higher and electrical resistivity is lower in the more porous materials, the value of K tends to 

increase with concrete porosity [21]. 
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5.3.2.1 Correlations between ρsr and Dic with and without fly ash 

To describe the effect of fly ash on the relationship between the ρsr and Dic, Fig. 5.1 presents the 

comparison results between the ρsr and Dic for all the measurements of samples with fly ash and 

without fly ash. A total of 57 comparisons are made for the samples with fly ash and three 

mixtures with only OPC. The mixtures with OPC do not show changes in Dic or ρsr between 45 d 

and 135 d. However, the samples with fly ash showed that 19 out of 57 or 33% of the Dic are 

higher than the Dic of OPC. This is surprising as every ρsr value is higher for fly ash than OPC. 

However, once the ρsr > 25 kΩ·cm, the Dic values are < 0.5 x 10-11 m2/s of the value for OPC. This 

is true for 22 out of 26 or 85% of the samples. This indicates two important things; (1) when the 

ρsr is > 25 kΩ·cm there is a high possibility to improve the Dic, and (2) when the ρsr < 25 kΩ·cm 

then the performance is quite variable. 

Since OPC samples show quite consistent value on both the ρsr and Dic for all the measurements, 

the K value is not examined for OPC. On the contrary, the K value is calculated as 13.16 by 

employing all the measurements for the samples with fly ash, and the black curve is shown in Fig. 

5.1 with a K value of 13.16; however, a poor correlation is found with 0.67 R-squared value. 

The variability of the apparent diffusion coefficient has been reported in several studies by using 

the coefficient of variation (CV). Tang [42] has evaluated the precision of diffusion coefficient 

through various test methods such as immersion test (Nordtest method NT build 492), rapid 

migration test (Nordtest method NT build 443), and measurement of chloride ion ingress test (EN 

13396). This work showed that the CV of these tests is 24%, 28%, and 36%, respectively. 

Moreover, ASTM C1556 (bulk chloride diffusion test) provides 39.8% as the limit of CV to 

evaluate the precision (single laboratory) of determining the apparent diffusion coefficient of 

cementitious mixtures [43]. Based on the test results of those studies, this work uses +/- 30% 

value to determine the variability of predicting Dic. 
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A value of +/- 30% has been added in Fig. 5.1 as the dashed pink line as an estimate for the 

variability of the Dic measurement. The result shows that only 31 out of 57 or 54% of the 

comparisons are within +/- 30%. In other words, just about a half of the Dic of 20% fly concrete 

can be estimated by using ρsr if a single K value is used. Thus, more investigation may be needed 

to improve for determining Dic by using ρsr with K. 

 

Fig. 5.1 Comprehensive correlation between the ρsr and Dic for samples with fly ash and OPC. 

Table 5.5 shows the calculated values of K and the percentages of comparison that are within +/- 

30% for different days of hydration. All the K values are quite similar to each other and the 

derived K value by using all the measurements is 13.16 as shown in Fig. 5.1. Furthermore, all the 

R-squared values and the percentages of comparison that are within +/- 30% are quite low. This 

indicates that there are no impacts by the days of hydration on the relationship between the ρsr and 

Dic. Thus, further investigation regarding the days of hydration is not conducted in this study. 
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Table 5.5 K and R-squared values for samples with fly ash for each hydration date. 

Days of hydration 

(days) 
K (95% confidence intervals) R-squared 

Percentage within 

+/- 30% 

45 12.56 (10.48, 14.58) 0.41 63% 

90 14.41 (11.63, 17.19) 0.53 58% 

135 13.26 (10.74, 15.78) 0.61 42% 

 

5.3.2.2 Impact of the type of fly ash on the relationships between the ρsr and Dic 

The relationships between the ρsr and Dic with considering the type of fly ash are investigated 

further. Fig. 5.2 shows the comparison between the ρsr and Dic of Class C fly ashes while Fig. 5.3 

shows the comparison for Class F fly ashes. Overall, the Class F fly ashes exhibit a higher ρsr and 

lower Dic than that of Class C fly ashes. The values of K and R-squared values of each 

comparison, as well as the number of points within +/-30%, are summarized in Table 5.6. Poor 

correlations have been found in each comparison between the ρsr and Dic with the R-squared value 

of 0.53 for Class C and 0.60 for Class F. The value of K is calculated as 14.42 and 9.22 for the 

comparison of Class C fly ash and Class F fly ash, respectively. A value of +/- 30% to the 

regression line of Class C and Class F fly ash has been added respectively in Fig. 5.2 and Fig. 5.3 

as the dashed pink line as a conservative estimate for the variability of the results. For Class C fly 

ash, 18 out of 36 or 50% comparisons are within +/- 30%, while 16 out of 21 or 76% comparisons 

are within +/- 30% for Class F fly ash. The results indicate that the K value is affected by the type 

of fly ash so that different K values might be used for different types of fly ash. Further, the 

results provide some insights that even though the Dic could not be accurately predicted to use a 

single regression through the ρsr for Class C fly ash, an accurate prediction of the Dic using ρsr for 

class F fly ash is reasonable. 
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While the Class F fly ash shows a lower variability than Class C fly ash, the Dic values have a low 

variability after 25 kΩ·cm of ρsr. For the data points with ρsr > 25 kΩ·cm, the Dic is between 0.13 

x 10-11 m2/s and 0.44 x 10-11 m2/s, which is quite narrow. On the other hand, the ρsr shows a 

significant change from 26.82 kΩ·cm to 50.46 kΩ·cm in the same comparisons. In other words, 

Dic for Class F fly ash is almost not changed after about 25 kΩ·cm, and so practically it is not 

necessary to use ρsr to estimate the Dic. 

 

Fig. 5.2 Correlation between the ρsr and Dic for Class C fly ashes. 
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Fig. 5.3 Correlation between the ρsr and Dic for Class F fly ashes. 

Table 5.6 K and R-squared values for different types of fly ash. 

Class of fly ash K (95% confidence intervals) R-squared 
Percentage within 

+/- 30% 

Class C 14.42 (12.84, 16.00) 0.53 50% 

Class F 9.22 (8.02, 10.42) 0.60 76% 

 

5.3.3 Calculate Dic cement paste with fly ash through the ρsr 

The current study focuses on examining the possibility of determining the Dic through the ρsr by 

applying the Nernst-Einstein equation, and investigating the empirical relationship between Dic of 

the fly ash-cement paste and ρsr from fly ash concrete. It has been published that the pore solution 

composition can affect the electrical resistivity, and therefore, these factors should be considered 

to accurately predict Dc [44, 45]. This has been done by controlling the pore solution chemistry of 

the concrete through a chosen soak solution or from measuring the pore solution chemistry and 

calculating a term called the formation factor [17, 46, 47]. The formation factor may improve the 



118 

 

ability to predict the Dc; however, the results in this study show that ρsr seems to be accurate for 

Class F fly ash. 

5.3.4 Practical implication 

In this study, the possibility of applying the Nernst-Einstein equation to estimate Dic of 20% fly 

ash replacement of cement paste by using the ρsr at 45, 90 and 135 days of hydration. The results 

show that it is not recommended to use a single K value to interpret the empirical relationship 

between Dic and ρsr of fly ash concrete. Although the correlations between two performances are 

quite poor, both Class C and Class F, employing the Nernst-Einstein equation on different types 

of fly ash provide insights that the variability of the comparison Dic and ρsr could be affected by 

the type of fly ash used. However, the work shows that a single K value for class F fly ash is 

more reliable. Further, the work shows that the Dic improved to be better than OPC when the ρsr is 

> 25 kΩ·cm. However, this occurred with all of the Class F fly ash after 90 d of hydration. 

5.4 Conclusion 

The present work employs the Nernst-Einstein equation to investigate the empirical relationship 

between the surface electrical resistivity and apparent diffusion coefficient for 20% fly ash 

replacement concrete materials between 45 and 135 days of hydration. This study shows that it is 

not accurate to use single regression analysis to relate the apparent iodide diffusion coefficient 

and the surface electrical resistivity. However, an accurate prediction of the apparent iodide 

diffusion coefficient for class F fly ash is reasonable.  

The following conclusions can be made: 

1. A poor correlation (0.67 R-squared value) and only 54% of the data is within +/- 30% of 

the predicted values when all fly ash is investigated with one equation for predicting the 

apparent iodide diffusion coefficient by using the surface electrical resistivity. This did 
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not improve when investigating different days of hydration. 

2. A poor correlation (0.53 R-squared value) and only half (50%) of the data is within +/- 

30% of the predicted values when Class C fly ash is investigated with one equation for 

predicting the apparent iodide diffusion coefficient by using the surface electrical 

resistivity. 

3. While a poor correlation (0.60 R-squared value) is found when Class F fly ash is 

investigated with one predictive equation, 76% of the data is within +/- 30% of the 

predicted values one predictive equation which means that using a single predictive 

equation can be possible for Class F fly ash. 

4. The apparent iodide diffusion coefficient becomes quite low and consistent for fly ash 

concrete for an electrical resistivity value > 25 kΩ·cm. 

This work provides a practical application of the approach using the Nernst-Einstein equation to 

predict the diffusion coefficient. Future works studying the pore structure, ion types and 

concentration of pore solution in concrete for combining with the approach in this work should be 

done to better understand the relationship between the electrical resistivity and diffusion 

coefficient of fly ash concrete. 
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CHAPTER VI 
 

 

CONCLUSION 

 

The research presented in this dissertation provides an advanced approach of the Particle Model 

that predicts the performances of the fly ash in concrete by using the individual fly ash particle 

characteristics.  The 52,000 particles from 26 fly ash sources are investigated using the automated 

scanning electron microscope.  Nine distinct groups of fly ash particles are provided through 

machine learning that is used for deriving predictive models.  The fitting coefficients in the 

derived predictive models give important insights into the varying effects of different fly ash 

particles over time.  Furthermore, the empirical correlation between the electrical resistivity and 

the diffusion coefficient is provided for the materials with partially replaced fly ash to cement.  

These are an important step to build accurate predictive models for fly ash performance in 

concrete. 

The main conclusions of this dissertation are: 

6.1 Predicting the Compressive Strength of Fly Ash Concrete with the Particle Model 

 Overall, over 91% of the fly ash particles investigated are classified into nine groups 

based on the chemical composition of each particle. 

 About 95% of all measurements at 20% fly ash replacement and 81% of all  
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 measurements at 40% replacement of the compressive strength are predicted within +/- 

10% through the predictive models through the Particle Model method. 

 The R-squared value for the compressive strength prediction of the Particle Model is ≈ 

0.99, while the Class C and F classification model is < 0.50 for 20% and 40% fly ash 

replacement between 3 to 180 days of hydration. 

 Group 2, 3, 5, 7, and 9 are correlated with strength gain for both 20% and 40% fly ash 

replacement and show similar trends at both replacement levels. 

 Group 4, 6, and 8 have a poor contribution or a reduction to the compressive strength for 

20% and 40% replacement. 

 Group 1 showed the largest coefficient over the first 56 days for 20% replacement while 

there is no impact for the compressive strength for 40% replacement. 

6.2 Using the Particle Model to Predict Electrical Resistivity Performance of Fly Ash in 

Concrete 

 The Class C and F classification method does not work well to predict electrical 

resistivity of fly ash concrete. 

 There are no correlations found between the electrical resistivity and the median particle 

size as all R-squared values of the investigated trend lines are < 0.5 and < 0.3 at 20% and 

40% fly ash replacement level, respectively. 

 The Particle Model can predict the electrical resistivity within +/- 10% for 80% of all 

measurements at 20% replacement and 75% of all measurements at 40% replacement. 

 The R-squared value for the electrical resistivity prediction of the Particle Model is > 

0.98 for both 20% and 40% fly ash replacement between 3 to 180 days of hydration. 

 Group 4, 5, 7, and 8 increased the resistivity between 3 and 180 days of hydration at both 

20% and 40% replacement.   
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 Group 1 has the largest coefficient at the later ages for both 20% and 40% replacement 

while there was no impact at an early age. The impact of Group 9 is ≈ 0 until 90 days of 

hydration while it has a big impact at 180 days of hydration for both 20% and 40% 

replacement. 

 Group 2 decreases the resistivity at 20% replacement and increases the resistivity at 40% 

replacement between 3 and 180 days of hydration. Although the actual value of 

coefficients for Group 3 is quite small for all the measured hydration times for 20% and 

40% fly ash replacement levels, it showed a similar trend of coefficient change to Group 

2. On the other hand, Group 6 increases the resistivity at 20% replacement while it 

decreases the resistivity at the 40% replacement. 

6.3 Predicting Ion Diffusion in Fly Ash Cement Paste through Particle Analysis 

 Between 45 and 135 days of hydration, the apparent iodide diffusion coefficient is 

decreased over time for all the fly ash sources except for C6. Furthermore, iodide surface 

concentration shows similar values to the OPC for all the investigated fly ash sources. 

 At 45 and 90 days of hydration, 8 of the 12 Class C fly ashes show a greater iodide 

diffusion coefficient than OPC, and at the 135 days of hydration, the number of Class C 

fly ashes decreases to 6. 

 The R-squared values of the relationship between the measured values and mean particle 

size of nineteen fly ashes are less than 0.3 which means the mean particle size showed 

poor correlation over the apparent iodide diffusion coefficient. 

 For the apparent iodide diffusion coefficient, all the R-squared values of predictive 

models are > 0.95. 

 The predicted and measured apparent iodide diffusion coefficient in paste shows that 

81% of all measurements can be predicted within the variation of the test method (+/- 
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30%) between 45 to 135 days of hydration at 20% fly ash replacement. 

 Groups 2 and 5 decrease the apparent iodide diffusion coefficient which means these 

groups help to improve the mass transport of the sample. Group 5 is the only particle 

group that showed improvement at all periods while Group 2 showed improvement at 

90d. 

 Group 1, 3, and 6 increase the apparent iodide diffusion coefficient between 45 and 135 

days of hydration. Group 8 increases the apparent iodide diffusion coefficient at 90d and 

135d while Group 9 increases the apparent iodide diffusion coefficient at only 45d. 

Group 4 and 7 have no impacts on the apparent iodide diffusion coefficient between 45d 

and 135d hydration. 

6.4 The Relationship between the Apparent Diffusion Coefficient and Electrical Resistivity 

of Fly Ash Concrete 

 A poor correlation (0.67 R-squared value) and only 54% of the data is within +/- 30% of 

the predicted values when all fly ash is investigated with one equation for predicting the 

apparent iodide diffusion coefficient by using the surface electrical resistivity. This did 

not improve when investigating different days of hydration. 

 A poor correlation (0.53 R-squared value) and only half (50%) of the data is within +/- 

30% of the predicted values when Class C fly ash is investigated with one equation for 

predicting the apparent iodide diffusion coefficient by using the surface electrical 

resistivity. 

 While a poor correlation (0.60 R-squared value) is found when Class F fly ash is 

investigated with one predictive equation, 76% of the data is within +/- 30% of the 

predicted values one predictive equation which means that an accurate prediction of the 

apparent iodide diffusion coefficient for class F fly ash is reasonable. 
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 The apparent iodide diffusion coefficient becomes quite low and consistent for fly ash 

concrete for an electrical resistivity value > 25 kΩ·cm. 

6.5 Future Work 

Even though this research focuses on the fly ash performance on compressive strength, surface 

electrical resistivity, and diffusion, the application of the Particle Model can be extended to 

predict the fly ash performance in different concrete performances and longer hydration times.  

The following is a list of proposed future work: 

 The Particle Model method can be used to predict the different durability mechanisms 

such as the alkali-silica reaction of fly ash concrete over time.  Furthermore, the 

developed methods can be applied to investigate the impact of fly ash in fresh concrete 

properties such as slump and air contents. 

 The suggested nine fly ash particle groups can be used to predict the longer period (after 

180 days) of fly ash concrete performance. 

 The suggested nine groups of fly ash and the Particle Model method can be used to more 

accurately predict the performance of blended fly ash in concrete. 

 The reactivity and the phase composition of each group should be studied for more 

understanding of the nine groups of fly ash particles.  This can help to improve the 

reliability and accuracy or the Particle Model. 

 Studying the pore structure, ion types and concentration of pore solution in concrete for 

combining with the approach using the Nernst-Einstein equation should be done to better 

understand the relationship between the electrical resistivity and diffusion coefficient of 

fly ash concrete. 
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APPENDICES 

 

 

Appendix A. Consistency of the ASEM method 

Table A.1 shows the results of the average SD for three times the ASEM investigation of 50 fly 

ash particles on the same sample [1]. The SD of three times investigation was relatively small 

which means that the results from the ASEM method were quite consistent. 

Table A.1 The average standard deviation for three times the ASEM investigation of 50 fly ash 

particles on the same sample. 

Element SD (%) 

Silicon, Si 0.3 

Aluminum, Al 0.4 

Iron, Fe 0.7 

Calcium, Ca 0.8 

Magnesium, Mg 0.3 

Potassium, K 0.6 

Sodium, Na 0.6 

Sulfur, S 0.2 

Phosphorus, P 1.6 

Morphology SD 

Average diameter (μm) 0.1 

Perimeter (μm2) 0.4 

 



132 

 

 

Appendix B. Bulk chemical composition comparison between the results of XRF and ASEM 

Table B.1 shows the comparison results of the eleven oxides between the result obtained with the 

ASEM method and the XRF method for twenty fly ashes.  It showed that 96% of the comparisons 

were shown less than a 5% absolute difference between them.  This suggests that the two 

methods agree well with each other. 

Table B.1 Chemical composition of fly ashes by XRF and ASEM (C: Class C fly ash and F: 

Class F fly ash). 

Fly ash Chemical composition (% by mass) 
SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

C1 XRF 38.4 19.8 6.2 21.9 5.3 1.4 1.8 0.6 1.4 1.7 0.4 

 ASEM 36.2 21.7 5.3 23.2 5.4 0.7 3.6 1.0 0.8 1.9 0.2 

C2 XRF 36.2 19.9 6.7 24.0 5.2 1.4 1.7 0.5 1.4 1.4 0.4 

 ASEM 35.8 19.2 5.6 26.9 5.5 1.0 3.0 0.9 0.7 1.2 0.2 

C3 XRF 33.2 17.0 5.8 28.1 7.0 1.9 1.9 0.4 1.4 1.4 0.4 

 ASEM 25.3 19.3 5.2 32.5 7.8 2.6 3.4 0.6 1.1 1.9 0.3 

C4 XRF 37.6 23.2 5.5 21.8 4.2 1.0 1.7 0.6 1.6 1.6 0.4 

 ASEM 36.7 22.8 4.5 22.4 4.3 1.2 3.4 1.0 1.3 1.1 1.2 

C5 XRF 37.9 19.5 5.7 22.9 5.6 0.9 2.0 0.5 1.4 1.5 0.4 

 ASEM 31.3 22.5 5.4 26.1 6.0 0.6 4.3 0.8 0.8 2.1 0.2 

C6 XRF 37.0 20.6 5.3 15.6 3.6 2.9 9.2 0.7 1.3 0.7 0.7 

 ASEM 27.7 22.9 4.2 21.5 4.5 2.5 12.6 0.8 1.3 0.7 1.3 

C7 XRF 39.1 20.0 6.2 22.3 4.9 1.0 1.8 0.7 1.4 1.1 0.4 

 ASEM 35.3 20.6 4.7 24.7 4.9 0.7 4.3 1.2 1.6 0.8 1.0 

C8 XRF 40.0 20.9 5.9 21.5 5.0 0.8 1.6 0.7 - - - 

 ASEM 40.1 22.6 4.5 19.4 5.7 0.8 3.7 0.9 0.6 1.4 0.1 

C9 XRF 36.0 22.4 5.5 24.0 4.8 1.2 1.7 0.5 - - - 

 ASEM 31.5 24.0 6.0 25.7 5.3 1.0 3.7 0.6 0.9 1.1 0.1 

C10 XRF 35.9 18.0 6.7 25.8 6.1 1.8 1.8 0.4 1.2 0.8 0.5 

 ASEM 36.0 19.3 5.1 22.7 7.8 2.0 4.8 0.6 1.0 0.3 0.5 

F1 XRF 56.3 20.1 5.7 10.3 3.0 0.5 0.6 1.4 1.2 0.1 0.3 

 ASEM 48.8 23.8 7.4 12.5 3.0 0.5 0.9 2.1 0.8 0.1 0.3 

F2 XRF 52.0 16.4 4.4 18.7 2.9 0.9 0.8 0.9 1.0 0.3 0.2 

 ASEM 50.4 20.9 3.9 17.1 3.7 0.5 1.0 1.4 0.7 0.1 0.3 

F3 XRF 59.2 24.4 6.2 4.0 1.2 0.4 1.4 1.1 1.1 0.1 0.1 

 ASEM 48.8 26.6 6.6 9.3 2.0 0.3 1.7 1.9 1.5 0.1 1.1 

F4 XRF 49.7 24.2 4.7 12.9 3.3 0.7 1.0 0.6 1.7 0.5 0.3 

 ASEM 45.3 27.4 4.0 14.6 3.6 0.7 1.5 0.6 1.1 0.4 0.8 
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F5 XRF 51.5 23.2 11.9 3.9 1.1 0.9 0.9 2.4 1.3 0.2 0.1 

 ASEM 53.2 25.4 11.2 2.1 0.2 0.9 1.0 4.4 0.7 0.0 1.0 

F6 XRF 49.0 20.9 16.1 4.9 0.9 1.6 1.1 2.5 1.1 0.1 0.0 

 ASEM 51.9 25.7 12.3 2.5 0.3 0.7 1.6 4.1 0.7 0.1 0.2 

F7 XRF 47.7 24.9 14.7 3.7 0.9 0.7 0.7 1.7 1.3 0.3 0.1 

 ASEM 51.9 26.3 8.0 3.3 0.5 1.7 4.0 2.5 0.9 0.6 0.1 

F8 XRF 56.9 22.6 4.6 7.3 2.3 0.3 1.7 1.2 - - - 

 ASEM 56.9 23.9 3.4 6.2 2.1 0.1 4.1 1.7 0.3 1.2 0.1 

F9 XRF 53.5 19.2 6.3 13.2 3.1 0.6 0.6 1.1 - - - 

 ASEM 48.3 25.0 5.9 12.6 3.3 0.5 1.3 1.8 1.1 0.2 0.1 

F10 XRF 57.7 24.5 4.1 8.1 2.0 0.3 0.2 0.9 - - - 

 ASEM 53.6 27.8 2.8 10.5 2.5 0.5 0.3 1.3 0.4 0.3 0.0 

 

Appendix C. The comprehensive procedure of ASEM method 

ASEM method has been introduced and published [2] and was processed with three steps as 

shown below in Fig. C.1. 

 

    a) Sample preparation                      b) ASEM analysis                            c) Data Collection 

Fig. C.1 The schematic of the ASEM procedure. 

The first step was the sample preparation. A fly ash sample of 16.5mg (±1.5mg) was taken and 

placed in a plastic vial with 50 ml of alcohol solution. Since fly ash is a reactive material with 

water, it is important using a non-reactive solution for dispersion of fly ash particles without any 

reactions. The vial was capped, sealed, and sonicated for 30 min to disperse the fly ash particles 

and keep them in the suspension. Then, three to four droplets of the suspension with dispersed fly 
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ash particles were placed using a pipette on the sample holder with double-sided adhesive carbon 

tape. 

Then the ASEM analysis was conducted. The prepared sample was then placed in the ASEM 

vacuum chamber and started the analysis using the settings in Table C.1. The probe current was 

kept constant using a Faraday Cup and Pico-ammeter to maintain the consistency of beam 

energies. The ASEM automatically detects and analyzes the size, shape, and chemistry for 500 

individual particles per hour. 

Table C.1 Summary of instrument settings, scanning settings, and EDS settings used for ASEM. 

Instrument Setting Value 

Accelerating Voltage 20 keV 

Probe Current 1.20 nA 

Magnification 2500x 

Working Distance 17-18 mm 

Aspect Ratio 1.3 

Search dwell time 16 μs 

Measure dwell time 32 μs 

Minimum Count Rate 3500 counts/s 

Acquisition time 5s 

 

Data conversion was the last step. Since fly ash particles are not flat like the 2D images from 

ASEM analysis, this violates one of the fundamental assumptions of classical quantitative EDS 

analysis. As discussed, the correction models have been developed by Armstrong and Love-Scott 

[3, 4] and Armstrong – Buseck [5, 6] to take into account the shape of the particle and make 

corrections to the collected k-ratios of 11 elements (Si, Al, Fe, Ca, Mg, S, Na, K, Ti, P, and Sr).  

The elemental composition of each particle was then corrected by the atomic number dependent 
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scattering, adsorption, and fluorescence effects (ZAF correction). The corrections were performed 

by using the software package called CalcZAF [7, 8]. 

Appendix D. Determination of the maximum spectral angle 

The value of the spectral angle helps to measure which group is the closest one from an 

individual particle.  Each particle had nine spectral angle values, and this can be calculated by Eq. 

(D.1). 

θ = arcos
a⃗ ·b⃗⃗ 

|a⃗ ||b⃗⃗ |
        Eq. (D.1) 

 where the a⃗  indicates a compositional vector of each group, and the b⃗  indicates the compositional 

vector of individual fly ash particles. 

To determine either each fly ash particle can be classified as one of nine groups or not, a certain 

limit of spectral angle also known as the max spectral angle was needed. Since all particles will 

not fit each group, the max spectral angle helps to decide which they are the best fit. This means 

that group composition for each fly ash is highly contingent on what max spectral angle is used 

because more particles can be classified into the nine groups by using a larger max spectral angle. 

Therefore, it was decided to use one spectral angle to a value that either improves or at least 

maintains the performance of the SOM analysis. Furthermore, this is helpful to keep the useful 

particles in the nine groups as well as improve the modeling analysis results by excluding 

particles that may not be helpful in further model analyses. 

Each particle has nine spectral angle values that indicate the distance from the particle to each of 

the nine groups.  The smallest spectral value was used to decide to which group each particle 

belongs.  If the smallest spectral angle showed under the max spectral angle, the particle was 

classified into the group that showed the smallest spectral angle.  This process helps to classify 
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fly ash particles into one of the nine groups if they are in a reasonable range of the chemistry 

reported in Table 2.4.  The ones that do not fit any of the nine groups were recorded as 

unclassified fly ash particles.  Therefore, the percentage of classified particles for each fly ash 

also could be changed by using different maximum spectral angles. 

The following process was conducted to determine the optimum maximum spectral angle.  

52,000 particles, were classified by using different thresholds.  The threshold was changed from 

0.10 rad then increased incrementally by 0.10 rad interval to 0.60 rad so that six thresholds were 

investigated as a potential maximum spectral angle (0.10, 0.20, 0.30, 0.40, 0.50, and 0.60 rad).  

Since twenty-six fly ashes were investigated in this study, twenty-six percentage values were 

calculated based on the number of classified particles for each fly ash (2,000 is 100% for each fly 

ash).  Then the comprehensive percentage of classified particles and SD of twenty-six fly ash 

percentage values were calculated for each investigated potential maximum spectral angle.  

Table D.1 shows the changes for the comprehensive percentage of classified particles and 

STDEV of twenty-six fly ash percentage values on each different max spectral angle.  The results 

of the STDEV from 0.1 rad to 0.3 rad showed significant changes with changing the max spectral 

angle but it turned to a highly consistent level after the point of 0.3 rad.  The lower STDEV by 

using over 0.4 rad implied that the data might have higher stability in expecting the modeling 

analysis. Furthermore, the difference of the comprehensive percentage of classified particles 

between 0.3 rad and 0.4 rad was about 6% which means more particles can be included in nine 

groups if 0.4 rad is used as a max spectral angle rather than 0.3 rad. 

Table D.1 Statistical analysis results with different max spectral angles. 

Spectral Angle (θ, rad) 0.10 0.20 0.30 0.40 0.50 0.60 

The percentage of 

classified particles (%) 
14.17 65.38 88.99 95.36 97.91 98.80 

SD (%) 6.10 14.38 5.31 1.93 1.33 1.02 
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To determine which value performs the best for predicting the compressive strength, the linear 

regression analysis was conducted with 0.3, 0.4 and 0.5 rad as the max spectral angle. Fig. D.1 

shows the comprehensive comparison results of the significance of the probability of each nine 

groups for each model with different maximum spectral angles on different performance data. It 

shows how each group is significant in its model. 3d, 28d, and 180d of 20% fly ash concrete 

performance data were investigated for the linear regression analysis using nine groups on 

compressive strength (Fig. D.1(a)). 28d and 180d at 20% fly ash concrete data were investigated 

for the linear regression analysis using nine groups on the electrical resistivity (Fig. D.1(b)). The 

linear regression analysis using nine groups at 45d of DiC and CiS was investigated (Fig. D.1(c)). 

Each model was derived using all nine groups with the significance of variables from the MLR 

analysis and compared. The R-squared value of each model also compared and the results are 

shown in Table D.2. All the R-squared values showed over 0.99 which is quite high for all the 

analyses. This means that all of these potential maximum spectral angles did a good job on the 

modeling. The results with 0.3 rad max spectral angle showed some differences to modeling 

results with 0.4 rad and 0.5 rad max spectral angle. On the other hand, the significance of each 

group between 0.4 rad and 0.5 rad was almost the same as each other. The results indicate that 

about 6% of particles between 0.3 rad and 0.4 rad spectral angle affect the result of the modeling 

analysis. In other words, these particles cannot be excluded for further modeling analysis because 

of the reliability. Furthermore, the particles that showed over a 0.4 rad spectral angle may not 

affect the model analysis results so that these particles can be considered as outliers and excluded 

from nine groups. Thus, 0.4 rad was used as the max spectral angle in this study. 

Table D.2 R-squared value of each linear regression model on different hydration time data with 

different max spectral angle used. 
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Max spectral angle 3d 28d 180d 

0.3 rad 0.995 0.995 0.995 

0.4 rad 0.997 0.996 0.996 

0.5 rad 0.997 0.997 0.996 

 

 

(a) Compressive strength 

 

(b) Electrical resistivity 
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(c) Diffusion 

Fig. D.1 Comprehensive results of the linear regression model analysis with different max 

spectral angles on different hydration time data. 

Appendix E. The procedure for the MLR analysis for the compressive strength 

While the model could be returned that uses all nine groups, it was possible that some of the 

identified groups do not have any influence on concrete performance.  The significance of the 

variables was investigated from the MLR analysis to determine which, if any, of the groups are 

significant to the analysis.  The variable which showed over 0.10 was not considered as a 

significant value from the result.  The significance of value was tested by determining the t-value 

of the coefficient.  The t-value can be simply calculated by dividing the coefficient by the 

standard error which is shown in the 2nd (Coefficient) and 3rd (Std. Error) column in Table E.1.  

As an example, Table E.1 showed the initial model performance with all nine groups for 20% fly 

ash concrete at 28d curing with the result of the MLR. 
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Table E.1 The initial model results of MLR for predicting the compressive strength of 20% fly 

ash concrete at 28d curing. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 265.02 75.39 3.515 0.001 

Group 2 223.97 37.21 6.019 0.000 

Group 3 91.43 12.27 7.452 0.000 

Group 4 44.40 10.59 4.193 0.000 

Group 5 90.53 11.49 7.879 0.000 

Group 6 -17.25 22.58 -0.764 0.449 

Group 7 51.22 5.13 9.984 0.000 

Group 8 10.35 23.03 0.449 0.655 

Group 9 156.84 39.92 3.929 0.000 

*Bold with underlined groups: Groups showed non-significant (over 0.1) of Pr(>|t|) 

Non-significant variables can be removed, and then the model was simplified.  According to the 

result of example analysis in Table E.1, Group 6 and Group 8 showed the non-significant value of 

Pr(>|t|) as 0.449 and 0.655, respectively.  To improve the reliability of the modeling process, the 

model analysis was re-conducted after removing only Group 8 which shows the highest non-

significant Pr(>|t|) value.  Pr(>|t|) value of Group 6 on the re-conducted model was changed from 

0.449 to 0.505.  Since Pr(>|t|) of Group 6 was still high and non-significant, the model analysis 

should be conducted again without Group 6.  This process needs to be conducted until Pr(>|t|) 

values of remaining groups show significant, at least marginally significant (between 0.05 to 

0.10). 

Table E.2 shows the model analysis result after two groups removed, and all the Pr(>|t|) values of 

remaining groups showed as significant.  Therefore, the final model for compressive strength of 

20% fly ash concrete at 28d curing can be simplified with the remaining groups, and the final 

equation was determined as Eq. (E.1).  Since only 28d curing time compressive strength data was 
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used in the analysis, the model does not require a time element.  The R-squared value of the final 

model showed as 0.997 (R-squared value of the initial model was 0.996) after the equation was 

simplified. 

Table E.2 Particle Model result for predicting the compressive strength of 20% fly ash concrete 

at 28d curing time using seven significant groups. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 295.66 55.86 5.293 0.000 

Group 2 204.69 27.66 7.400 0.000 

Group 3 83.82 7.57 11.073 0.000 

Group 4 48.29 9.13 5.289 0.000 

Group 5 84.72 7.02 12.068 0.000 

Group 7 50.46 4.81 10.491 0.000 

Group 9 170.09 25.82 6.588 0.000 

 

Compressive Strength of 20% fly ash concrete at 28d (psi) 

 = 295.66(%Group1) + 204.69(%Group2) + 83.82(%Group3) + 48.29(%Group4) + 

  84.72(%Group5) + 50.46(%Group7) + 170.09(%Group9)       Eq. (E.1) 

Appendix F. Determine the nine distinct groups from SOM analysis 

As discussed, 52,000 fly ash particles data from twenty-six fly ashes were collected by using 

ASEM, and each particle has eleven pieces of chemical composition data (Na2O, MgO, Al2O3, 

SiO2, P2O5, SO3, K2O, CaO, TiO2, Fe2O3, and SrO2).  The SOM was used to determine distinct 

groups [9].  To conduct the SOM analysis, a certain model geometry should be selected to 

determine the number of datum points to classify the fly ash particles, and nine geometry was 

used in this study based on the result of previous publication [1]. 
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The main purpose of using SOM was not just grouping fly ash particles into nine groups, but to 

find a representative set of nine groups to classify the fly ash particles and apply these nine 

groups to model analysis.  The representative nine groups were determined through the following 

three steps:  1) Running SOM 200 times with the 52,000 particle database so that 200 possible 

sets of nine groups were derived.  2) Pick one set and compare all nine groups with nine groups 

from all the other 199 sets.  Each group can be identified with the composition of eleven 

chemistry provided from ASEM analysis.  3) Collect all the groups that showed similar chemical 

composition from 200 sets as one.  The average and standard error for each chemical composition 

were calculated for each group. 

Table F.1 (same as Table 2.4) showed the chemical composition of each group, and each group 

showed a unique composition of eleven chemicals.  The standard error was investigated for the 

200 comparisons on each chemical for each group, and the result is shown in Table F.2.  The 

result showed that just one result was 0.10, and all the other values were under 0.06.  These 

values were quite low, and this means that nine groups derived by using the SOM method were 

quite repeatable and consistent.  Therefore, nine groups in Table F.1 were determined as the 

representative nine groups. 
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Table F.1 Chemical composition of determined nine distinct groups with SOM analysis. 

Group SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

Group1 10.56 5.42 77.81 2.80 0.72 0.98 0.91 0.18 0.28 0.20 0.10 

Group2 8.35 33.41 6.35 33.71 6.62 2.06 0.47 0.01 0.81 6.96 1.14 

Group3 8.67 15.83 8.17 42.63 9.34 6.21 0.23 0.03 2.00 6.49 0.28 

Group4 38.35 31.09 4.48 6.65 2.89 1.29 12.13 1.95 0.56 0.20 0.37 

Group5 36.16 26.69 4.64 20.99 6.55 0.43 2.35 0.13 1.29 0.30 0.43 

Group6 23.86 21.54 4.80 34.81 7.90 1.54 0.45 0.01 1.70 2.90 0.43 

Group7 48.75 32.36 6.39 3.82 1.65 0.42 2.97 2.85 0.43 0.02 0.32 

Group8 60.58 14.82 4.75 7.11 2.75 0.33 5.90 2.83 0.46 0.04 0.39 

Group9 84.46 5.43 2.03 2.19 0.51 0.20 2.62 2.06 0.10 0.00 0.38 

 

Table F.2 The standard error for each chemical for nine groups. 

Group SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 SrO 

Group 1 0.01 0.01 0.03 0.06 0.01 0.02 0.00 0.03 0.02 0.10 0.00 

Group 2 0.01 0.02 0.10 0.04 0.04 0.02 0.00 0.05 0.01 0.02 0.01 

Group 3 0.01 0.03 0.05 0.04 0.04 0.04 0.00 0.06 0.03 0.02 0.00 

Group 4 0.04 0.01 0.03 0.03 0.01 0.02 0.01 0.03 0.02 0.02 0.01 

Group 5 0.02 0.02 0.04 0.04 0.01 0.01 0.00 0.05 0.03 0.01 0.01 

Group 6 0.01 0.01 0.04 0.06 0.03 0.02 0.00 0.05 0.04 0.01 0.00 

Group 7 0.02 0.01 0.03 0.03 0.00 0.01 0.01 0.02 0.01 0.02 0.00 

Group 8 0.03 0.02 0.06 0.05 0.00 0.01 0.01 0.04 0.01 0.01 0.00 

Group 9 0.02 0.01 0.02 0.05 0.00 0.00 0.01 0.01 0.00 0.01 0.00 
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Appendix G. The comprehensive results of the coefficient values for the predictive models of 

the compressive strength 

The coefficients of each group for the model used for predicting the compressive strength are 

shown in Table G.1.  The predictive models were constructed by applying the coefficient values 

to the Eq. (2) for both 20% and 40% fly ash replacements at seven specific times. 

Table G.1 Coefficients for each group at different curing times. 

Mixture Curing 
Group 

1 

Group 

2 

Group 

3 

Group 

4 

Group 

5 

Group 

6 

Group 

7 

Group 

8 

Group 

9 

20% 

Fly ash 

3 days 96.50 79.40 56.94 42.92 29.85 25.06 35.35 32.19 49.30 

7 days 222.86 144.55 71.05 45.91 54.44 - 39.54 - 125.45 

14 days 226.16 167.32 80.02 49.40 75.67 - 46.17 - 128.52 

28 days 295.66 204.69 83.81 48.29 84.72 - 50.46 - 170.09 

56 days 364.94 193.79 94.85 56.72 103.25 - 60.91 - 204.87 

90 days 262.89 245.19 136.83 50.55 150.02 -74.03 73.67 - 186.76 

180 days 239.32 272.40 142.75 60.05 159.46 -77.40 83.75 - 186.45 

40% 

Fly ash 

3 days - 83.52 17.62 - 43.87 49.25 24.06 - 45.82 

7 days - 119.63 48.95 - 55.15 44.48 28.65 - 77.55 

14 days - 178.06 82.00 - 95.84 - 32.88 - 91.57 

28 days - 212.96 102.60 - 110.01 - 51.25 - 69.28 

56 days - 254.92 99.78 - 125.77 - 56.89 - 114.86 

90 days - 246.19 116.46 - 135.93 - 71.30 - 107.35 

180 days - 280.54 126.19 - 134.31 - 72.56 - 125.26 
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Appendix H. The procedure for simplifying the prediction model for the surface electrical 

resistivity 

While the model could be returned that uses all nine groups, it was possible that some of the 

identified groups do not have any influence on the resistivity. The significance of the variables 

was investigated using an MLR analysis to determine which, if any, of the groups are significant 

to the analysis. The variable which showed over 0.10 was not considered as a significant value 

from the result. The significance of value was tested by determining the t-value of the coefficient. 

The t-value can be simply calculated by dividing the coefficient by the standard error which is 

shown in the 2nd (Coefficient) and 3rd (Std. Error) column in Table H.1. As an example, Table 

H.1 showed the initial model performance with all nine groups for 40 % fly ash concrete at 28d 

curing with the result of the MLR analysis. 

Table H.1 The initial model result from MLRfor predicting the resistivity of 40% fly ash 

concrete at 28d curing. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 1.23 0.25 4.92 0.00 

Group 2 0.85 0.13 6.54 0.00 

Group 3 0.19 0.04 4.75 0.00 

Group 4 -0.01 0.04 -0.25 0.85 

Group 5 0.52 0.04 13.00 0.00 

Group 6 -0.19 0.08 -2.38 0.02 

Group 7 0.11 0.02 5.50 0.00 

Group 8 0.40 0.07 5.71 0.00 

Group 9 0.10 0.13 0.77 0.45 

*Bold with underlined groups: Groups showed non-significant (over 0.1) of Pr(>|t|) 

Non-significant variables can be removed, and then the model was simplified. According to the 

result of example analysis in Table H.1, Group 4 and Group 9 showed the non-significant value 
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of Pr(>|t|) as 0.85 and 0.45, respectively. To improve the reliability of the modeling process, the 

model analysis was re-conducted after removing only Group 4 which shows the highest non-

significant Pr(>|t|) value. Pr(>|t|) value of Group 9 on the re-conducted model was changed from 

0.45 to 0.44. Since Pr(>|t|) of Group 9 was still high and non-significant, the model analysis 

should be conducted again without Group 9. This process needs to be conducted until Pr(>|t|) 

values of remaining groups show significant, at least marginally significant (between 0.05 to 

0.10). 

Table H.2 shows the model analysis result after two groups removed, and all the Pr(>|t|) values of 

remaining groups showed as significant. Therefore, the final model for resistivity of 40% fly ash 

concrete at 28d curing can be simplified with the remaining groups, and the final equation was 

determined as Eq. (H.1). Since only 28d curing time resistivity data was used in the analysis, the 

model does not require a time element. The R-squared value of the final model showed as 0.984 

(R-squared value of the initial model was 0.985) after the equation was simplified (Particle 

Model). 

Table H.2 Particle Model result for predicting the resistivity of 40% fly ash concrete at 28d 

curing time using seven significant groups. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 1.10 0.18 6.11 0.00 

Group 2 0.85 0.07 12.14 0.00 

Group 3 0.20 0.04 5.00 0.00 

Group 5 0.51 0.04 12.75 0.00 

Group 6 -0.19 0.07 -2.71 0.01 

Group 7 0.12 0.01 12.00 0.00 

Group 8 0.44 0.05 8.80 0.00 
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The resistivity of 40% fly ash concrete at 28d (kΩ·cm) 

 = 1.10(%Group1) + 0.85(%Group2) + 0.20(%Group3) + 0.51(%Group5) - 0.19(%Group6) + 

   0.12(%Group7) + 0.44(%Group8)           Eq. (H.1) 

Appendix I. The comprehensive results of the coefficient values for the predictive models of 

surface electrical resistivity 

The coefficients of each group for the model used for predicting the electrical resistivity are 

shown in Table I.1. The predictive models were constructed with applying the coefficient values 

to the Eq.(3.2) for both 20% and 40% fly ash replacements at seven specific times. 

Table I.1 Coefficient values for each of the nine groups at different curing times for 20% and 

40% fly ash replacement rates. 

Mixture Curing 
Group 

1 

Group 

2 

Group 

3 

Group 

4 

Group 

5 

Group 

6 

Group 

7 

Group 

8 

Group 

9 

20% 

Fly ash 

3 days - -0.07 0.02 0.09 -0.02 0.18 0.06 0.16 -0.06 

7 days - -0.06 0.01 0.13 -0.02 0.22 0.08 0.18 -0.09 

14 days - -0.18 -0.05 0.26 0.02 0.32 0.10 0.20 -0.14 

28 days - -0.18 -0.04 0.37 0.10 0.33 0.14 0.42 -0.37 

56 days 0.99 -0.67 -0.07 0.59 0.28 0.43 0.22 0.45 - 

90 days 1.09 -0.60 - 0.61 0.45 0.36 0.30 0.73 - 

180 days 1.47 -0.58 - 0.61 0.63 0.31 0.44 1.04 0.79 

40% 

Fly ash 

3 days - - 0.02 0.04 0.07 0.07 0.04 0.06 0.08 

7 days - 0.23 0.04 - 0.10 0.06 0.06 0.06 0.11 

14 days 0.92 0.33 0.05 - 0.24 0.06 0.02 -0.09 0.58 

28 days 1.10 0.85 0.20 - 0.51 -0.19 0.12 0.44 - 

56 days 2.34 1.23 0.17 0.28 0.99 -0.40 0.28 0.81 - 

90 days 3.75 2.24 0.36 0.31 1.65 -1.14 0.47 1.34 - 

180 days 3.64 1.20 - 1.09 2.13 -0.46 0.90 - 4.09 
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Appendix J. Experimental settings for the KI diffusion test 

Fig. J.1 shows the schematic diagram of the experimental setup for the sample vial [10]. 0.6 mm 

thickness of aluminum wire was set on the side of the sample vial. The wire helps align the 

images and also acts as a standard material between scans [10]. The TXM settings are shown in 

Table J.1. 

 

Fig. J.1 Schematic diagram of the diffusion test setup [10]. 

Table J.1 Summary of TXM instrument setting [10]. 

Parameter Setting 

Voltage (keV) 100 

Current (μA) 100 

Chamber condition Air 

Filter 0.5mm Al + 0.5mm Cu 

Pixel size (μm) 8.8 

 

The Dic and Cis of the sample for each radiograph were calculated with the following steps. First, 

take the sample area from the radiograph by removing all other parts to avoid any background 
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attenuation effect. Next, match the height of the surface between the reference paragraph and the 

28d ponding time radiograph to measure the gray value from the same area. Then, measure the 

hundreds of lines of the specified area in several seconds, and calculate the Dic and Cis. Beer-

Lambert Law (Eq.(J.1)) [11, 12] was applied to calculate a change in attenuation due to I (Δμ) at 

different depths of the sample.  

(𝛥𝜇)𝑥 = ln(𝐼𝑟𝑒𝑓)𝑥
− ln(𝐼𝑡)𝑥          Eq.(J.1) 

where, (𝐼𝑟𝑒𝑓)𝑥 is the gray value at depth x on the reference profile, and (𝐼𝑡)𝑥 is the gray value at 

the same location at a future time. 

Then the Dic and Cis were calculated with the help of Fick’s second law (Eq.(4.1)) [13, 14]. All 

the data analysis was conducted with the MATLAB programming environment. 

Appendix K. The procedure for the MLR analysis for apparent iodide diffusion coefficient 

Even though the model could be returned that uses all nine groups, some of the groups cannot 

have any influence on the diffusion coefficient or surface concentration. The significance of the 

variables was used to determine the groups which are significant to the model. The variable 

which showed the probability (Pr(>|t|)) over 0.10 was not considered as a significant value from 

the result. The significance of value was tested by determining the t-value of the coefficient. 

Table K.1 provides MLR analysis results for the initial model performance with all nine groups of 

the diffusion coefficient at 90 days of hydration. 
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Table K.1 The initial model result of MLR for predicting the diffusion coefficient at 90 days of 

hydration. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 0.049 0.039 1.256 0.216 

Group 2 - 0.038 0.018 - 2.111 0.041 

Group 3 0.010 0.006 1.667 0.128 

Group 4 0.001 0.005 0.200 0.792 

Group 5 - 0.030 0.006 - 5.000 0.000 

Group 6 0.053 0.011 4.818 0.000 

Group 7 0.001 0.003 0.333 0.869 

Group 8 0.014 0.011 1.273 0.215 

Group 9 0.008 0.020 0.400 0.693 

*Bold with underlined groups: Groups showed non-significant (over 0.1) of Pr(>|t|) 

The model was simplified by removing the non-significant variables. According to the result of 

example analysis in Table K.1, Group 1, 3, 4, 7, 8, and 9 showed the non-significant Pr(>|t|) value. 

To improve the reliability of the model process, the model analysis was re-conducted after 

removing a group that showed the highest non-significant Pr(>|t|) value which is Group 7 in Table 

K.1. Group 4 showed the highest Pr(>|t|) value among the remaining eight groups as 0.808 which 

is non-significant. The model analysis was conducted after removing the Group 4, and Group 9 

showed the highest Pr(>|t|) among the remaining seven groups as 0.429 which is non-significant. 

The model analysis was conducted again after removing the Group 9, and then all the Pr(>|t|) 

value of the remaining six groups were < 0.1. The process was conducted until Pr(>|t|) values of 

remaining groups show significant, at least marginally significant (between 0.05 to 0.10). 

Table K.2 shows the final model analysis result after three groups removed. Thus, the predictive 

model for the diffusion coefficient at 90 days of hydration can be derived using the result, and the 
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final predictive model equation was determined as Eq.(K.1). The R-squared value of the final 

model showed as 0.923 (0.919 for the initial model) after the equation was simplified. 

Table K.2 Particle Model result for predicting the diffusion coefficient at 90 days of hydration 

using six significant groups. 

Group Coefficient Std. Error t value Pr(>|t|) 

Group 1 0.048 0.026 1.846 0.071 

Group 2 - 0.033 0.010 - 3.300 0.002 

Group 3 0.011 0.005 2.200 0.046 

Group 5 - 0.029 0.005 - 5.800 0.000 

Group 6 0.051 0.009 5.667 0.000 

Group 8 0.021 0.006 3.500 0.001 

 

Dic at 90 days of hydration (x10-11, m2/sec) 

 = 0.048(%Group1) - 0.033(%Group2) + 0.011(%Group3) - 0.029(%Group5) + 0.051(%Group6) 

+ 0.021(%Group8)               Eq.(K.1) 

Appendix L. Comprehensive results of the coefficient values for the predictive models of 

apparent iodide diffusion coefficient 

Table L.1 shows the coefficients of each group to predict the Dic at 45, 90, and 135 days of 

hydration. The numerical value for each group shows how significant it is at each time. Positive 

or negative values are shown to increase or decrease the Dic while the ages without a coefficient 

mean that those groups did not influence the Dic at that time period. 
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Table L.1 Coefficients of each group on the predictive models for Dic. 

Group 
Dic 

45d 90d 135d 

Group 1 0.084 0.048 0.038 

Group 2 - -0.033 - 

Group 3 0.010 0.011 0.012 

Group 4 - - - 

Group 5 -0.024 -0.029 -0.020 

Group 6 0.039 0.051 0.027 

Group 7 - - - 

Group 8 - 0.021 0.011 

Group 9 0.049 - - 

 

Appendix M. Concrete mixing procedure 

The moisture content for both coarse and fine aggregates was determined before the mixing 

process and the batch proportions for the aggregates and water were adjusted. Both aggregates 

were brought into the temperature-controlled mixing facility at least a day before conducting the 

moisture correction, and their batch weights were corrected for the moisture content. After 

adjusting the mixture proportion, all the mixtures were mixed according to the following steps. 

All aggregates were collected from the outside storage piles, and they were stored in a 

temperature-controlled room (23°C) for at least 24 hours. The aggregates were then placed in the 

mixer and spun; after that, a representative sample was taken for moisture correction. It should be 

noted here that aggregates have to be properly sealed to prevent water loss before the mixing. At 

the time of mixing, all aggregates and approximately one half of the mixing water were loaded 

into the mixer; they were being mixed for three minutes. This allowed the aggregates to approach 

the saturated surface dry (SSD) condition and to ensure that the aggregates were evenly 
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distributed. All the materials (the cement, fly ash, and the remaining water) were added into the 

mixer and were being mixed for three minutes. Then the mixture was rested for two minutes 

while the sides of the mixing drum were scraped. After that, the mixer was started to mix the 

concrete for three more minutes as well. 
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