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Calcined clay and fly ash supplementary cementitious materials (SCMs) used in 

cement based materials were examined for their chemical and mechanical performance, 

as well as their pollutant interaction. This dissertation addresses three primary research 

questions, namely: (i) can zincite additions facilitate the use of calcined clay as SCMs by 

compensating for reductions in early-age mechanical performance or by compensating 

for their reduced pozzolanic reactivity, (ii) can cement renders, containing metakaolin 

calcined clays, be engineered for passive carbon dioxide and ozone removal, and (iii) 

how do the specific activity and emanation fractions of concrete constituents, including 

fly ash and metakaolin, as well as assembled concretes impact concrete radon emanation 

and indoor radon concentrations? The first question relates directly to the development of 

new, sustainable material options, which can replace a portion of cement in a concrete 

mixture. Results from the experiments with zincite showed that the treatment method 

removed the dilution effect that occurs when using less reactive materials to substitute a 
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portion of portland cement, but did not considerably influence mechanical properties. 

Therefore, zincite additions are not a good means of enhancing the utilization of non-

kaolinite clays in concrete.  

As an integrated system, the latter two questions of this dissertation investigate 

the interaction between airborne pollutants and the cement based materials containing 

SCMs. The use of SCMs in render and concrete systems resulted in different pollutant 

uptake and exhalation behavior, relative to non-SCM control systems. For pollutant 

uptake, render systems containing metakaolin increased the carbon dioxide ingress while 

decreasing the ozone uptake. For radon exhalation rates, modeling results demonstrated 

that concretes without fly ash have a higher probability of containing less total radium 

and lower radon exhalation rates, when compared to samples with fly ash, assuming an 

emanation fraction of 5%, as suggested in the literature. Experimental results 

demonstrated that metakaolin, fly ash and control concretes had emanation fractions of 

7%, 9% and 13%, respectively, confirming that (i) an assumed fraction of 5% would 

underpredict indoor radon concentrations and potential health consequences, and (ii) 

SCMs can reduce the total concrete emanation fraction. This dissertation demonstrates 

how the use of sustainable material selections, such as calcined clays and fly ashes, not 

only influences the microstructure and mechanical performance of the cement based 

materials, but also alters the interaction of the material with its surrounding environment.  
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Chapter 1: Executive Summary 

 
1.1 INTRODUCTION 

This research provides an understanding of the interactions between building material 

selection and our living environment. This interdisciplinary research assesses the potential of 

expanding the range of applicable supplementary cementitious materials (SCMs) in concrete to 

include non-kaolinite clay minerals. The development of new, sustainable material options, 

which can replace a portion of cement in a concrete mixture, broadly addresses the current and 

future social issue of the equitable stewardship of resources. The second portion of this 

dissertation investigates the interaction between airborne pollutants and construction materials 

containing SCMs. The results from the work collectively contribute toward the overreaching 

goal of modernizing and advancing the construction industry toward best sustainable practices.  

1.2 MOTIVATION  

 
Concrete is composite material composed of a binder material, such as portland cement, 

which adheres to sand and gravel (aggregates) when mixed with water. Atwood (2009) showed 

that roughly 19% of the global industrial emissions are due to cement production. Life cycle 

assessment models have shown that one ton of CO2 (tCO2) is emitted per ton of cement produced 

(Allwood, 2009; Huntzinger and Eatmon, 2009) and cement accounts for about 5% of global 

anthropogenic CO2 emissions (IPCC, 2007).  
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In response to these findings, the World Business Council for Sustainable Development 

(WBCSD, 2009) recommends a 60% reduction in CO2 emissions from cement manufacturing by 

2050, thus triggering increased interest in the use of alternative cement options. One solution to 

reach the WBCSD target emission reduction is the use of supplementary cementitious materials 

(SCMs).  SCMs replace a portion of the cement in a concrete system and participate in primary 

or secondary hydration reactions, increasing the volume fraction of adhesive/binding phases and 

decreasing porosity in the microstructure of the concrete. The use of SCMs requires a paradigm 

shift from rapid construction methods, which emphasize early strength development, to smarter 

material selections for more sustainable development, which consider durability and 

environmental impact factors. This new paradigm considers the equitable stewardship of 

resources including the implementation and use of locally available material options and should 

be the future of concrete construction.  

Fly ash and metakaolin are common SCMs used in industry. Fly ash is a coal combustion 

byproduct captured in the chimneys of coal-fired power plants and is known to include trace 

amounts of radioactive elements (Van Hook et al., 1978). Metakaolin comes from the raw 

mineral kaolinite and is manufactured into a commodity. Some advantages of fly ash in concrete 

include reduced economic cost of manufacturing of concrete, increased utilization of a waste 

material (Bijen et al. 1996), improved fresh state properties (Thomas, 2007) and increased late-

age compressive strength and durability of concrete (Lopez-Calvo et al., 2012). Extensive studies 

on characterizing and analyzing fly ash chemistry and its interaction in concrete have been 

conducted (Taylor 1997; Mindess, 2003; Chancey 2008; Kruse 2012) and, therefore, this 

dissertation focuses only on fly ash performance in concrete during the material’s service life in 

providing a healthy indoor environment. Metakaolin in concrete also has clear benefits including 
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increased compressive strength (Ghorpade and Rao, 2011; Madandoust and Mousavi, 2012) 

excellent freeze-thaw (Parande et al., 2008) and corrosion resistance (Batis et al., 2005). 

Common disadvantages of metakaolin include high cost and restricted availability. The use of 

impure calcined clay minerals, such as montmorillonite and illite shale, have yet to be integrated 

into the concrete industry, despite widespread abundance and are the focus of the first 

dissertation research question. With widespread availability and lower cost compared to pure 

kaolinite, calcined impure clays may become a competitive, more sustainable building material 

option. The primary reason non-kaolinite clay minerals are not used in concrete is due to poor 

pozzolanic reactivity and a subsequent reduction in concrete mechanical performance. A material 

that participates in a pozzolanic reaction consumes the primary cement hydration product, 

calcium hydroxide (portlandite), during a secondary pozzolanic reaction. Often this secondary 

reaction leads to increased mechanical strength of the material due to the production of a binding 

phase (calcium silicate hydrate) at the expense of non-binding portlandite and porosity. Heat-

treating the clay, a process called calcination, is the most common method in increasing the 

mineral’s pozzolanic reactivity. Heating clay in a kiln, called calcination, changes the crystalline 

nature of the clay by collapsing the structure by evaporating the lattice hydroxyl groups, a 

process called dehydroxylation (Siddique et al., 2009; Bich et al., 2009). The goal of the kiln 

treatment is to completely dehydroxylate the mineral and destroy the crystalline structure, 

creating a highly reactive amorphous aluminosilicate that has a high affinity for reaction with 

cement hydration products.  

To provide some crystal structure background, kaolinite is classified as a 1:1 clay 

mineral, consisting of one tetrahedral sheet and one octahedral sheet held together by hydroxyl 

groups (Sajidu et al. 2008). Montmorillonite clays [(Na,Ca)0.33 (Al,Mg)2 (Si4O10) (OH)2·nH2O] 
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and illite shale [(K,H3O) (Al,Mg,Fe)2 (Si,Al)4 O10[(OH)2,(H2O)] both have repeating triple layer 

structures (tetrahedral-central octahedral-tetrahedral) and fewer hydroxyl groups relative to 

kaolinite (Early et al. 1952; Emmerich et al. 1999; Carroll et al. 2005; Fernandez et al. 2011).  

In addition to heat treatment, other activation methods, such as the use of zincite, have 

also been shown to be successful (Chatterji et al. 1960; Kuechler, 1926). Chatterji et al. (1960) 

demonstrated that the addition of 0.001wt%, 0.01wt% and 0.1wt% zinc oxide increased the 

pozzolanic reactivity of kaolinite measured by lime reactivity tests. In addition, Chatterji et al. 

(1960) measured the compressive strength of ZnO-metakaolin-hydrated lime mixtures and saw 

an approximate 50% increase in compressive strength compared to mixtures with no zincite. 

Although zincite demonstrated abilities to influence pozzolanic reactivity (Chatterji et al., 1960), 

the use of zinc compounds in portland cement systems with no SCM has been shown to: (i) 

retard hydration and (ii) reduce compressive strength (Dyer et al., 2009). Therefore, the goal of 

using zincite as an activator may also result in unwanted delayed hydration reaction. 

 

1.3 RESEARCH OBJECTIVES 

  
In this dissertation, calcined clay and fly ash supplementary cementitious materials 

(SCMs) used in cement based materials are examined for their chemical and mechanical 

performance, as well as their pollutant interaction. This dissertation addresses three primary 

research questions with the first question relating directly to the development of new, sustainable 

material options and the latter two questions of this dissertation investigating the interaction 

between airborne pollutants and the cement based materials containing SCMs.  

The first part of this study investigated the use of a zincite treatment method to enhance 

the early hydration reactivity or later pozzolanic reactivity of metakaolin. Successful treatment 
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methods may be applied to enhance the reactivity of a wider range of clay minerals for use as 

SCMs in concrete, such as montmorillonite and illite shale. Successful identification and use of 

additional clay minerals may broaden the scope of available SCM materials in order to: (i) 

reduce cost of the SCM through use of lower purity minerals, (ii) expand material regional 

availability, and (iii) reduce emissions and energy during manufacturing. Lower grade clays, 

which contain only marginal amounts of kaolinite, have been shown to exhibit cementitious 

properties (pozzolanic behavior) after being calcined in a kiln (Lamond and Pielert, 2006; 

Fernandez et al. 2011). Methods to enhance the reactivity of clay minerals SCMs included: (i) 

using zincite additions with kaolinite at a range of calcination temperatures (Appendix A) and 

(ii) using zincite additions to montmorillonite and illite shale at a range of calcination 

temperatures (Appendix B). To summarize, the research question for this portion of the research 

was as follows:  

(1) Can zincite additions facilitate the use of calcined clay as SCMs by compensating 

for reductions in early-age mechanical performance or by compensating for their 

reduced pozzolanic reactivity? 

 
While some attributes of an ideal sustainable SCM include use of widely-available 

materials other attributes include improved material functionality with respect to passive 

pollutant removal. The second portion of this dissertation investigated the uptake of airborne 

pollutants from construction materials.  

One pollutant of concern is carbon dioxide, which is relevant to cement-based materials 

because it is both released during manufacturing and can be taken up during the material’s 

service life. Increased concentrations of greenhouse gases in the atmosphere, including CO2, are 

accepted as the cause of global climate change (Bill et al. 2003). Climate change is considered to 



 

6 
 

be a threat to national security because of potential crop failures, increases in infectious diseases 

and natural disasters, melting of ice caps, extinction of species, and rising sea levels (DaRosa, 

2005). Under the Clean Air Act, the Environmental Protection Agency has the responsibility to 

address mitigation techniques to reduce greenhouse gases which endanger public health and 

welfare, possibly through the direct regulation of CO2 emissions (Jackson, 2009). Potential 

sequestration technologies, such as the uptake of carbon dioxide during the concrete or render 

service life, are critical in providing a complete detailed assessment of the total carbon 

contribution.  

Another pollutant of concern is ozone. It has been suggested that a daily exposure in an 

environment with a 10 ppb higher ozone concentration than the standard results in up to 0.9% 

increase in mortality (Bell et al. 2005, Levy et al. 2005; Ito et al. 2005). It has been demonstrated 

that ceramics, perlite ceiling tile, and clay wall plaster all have a high affinity for passive 

removal of ozone (Hoang et al. 2009).  The work performed for this dissertation investigated the 

carbon dioxide and ozone uptake of metakaolin-containing cement render systems (Appendix C). 

A render is a coating applied to a brick or stone structural surface. The primary research question 

is as follows:  

(2) Can cement renders, containing metakaolin calcined clays, be engineered for 

passive carbon dioxide and ozone removal? 

 
Understanding the uptake of airborne pollutants by construction materials is critical in 

ensuring a healthy living environment. Likewise, it is important to investigate construction 

materials as a source of pollutants. While we seek to enhance the sustainability of concretes by 

increasing the use of SCMs used relative to cement content in concrete, this increase may come 

at the cost of elevating the indoor radon pollution due to the high radionucleotide content of fly 
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ashes, for example (Appendix D). Owing to concerns about radon exposure, there is a need for 

understanding risk associated with SCM use in concrete. Radon (222Rn) is one of the most 

pervasive and serious global indoor air concerns. Radon gas becomes an indoor air pollution 

problem when it penetrates into buildings directly from the soil or is emitted from building 

materials such as concrete (Nielson 1997). All concrete constituents contain varied amounts of 

uranium (238U) which decays to radium (226Ra) and the daughter product radon (222Rn) (Cohen et 

al. 1998). The exhalation of radon and progenies from concrete can contribute up to 30% of the 

total indoor radioactive pollution (Gadd and Borak, 1994). With radon and non-exhalable 

progenies credited to be the second leading cause of lung cancer, inhalation of indoor radon is a 

serious health concern in the United States (USEPA, 2003). First, a numerical study investigating 

the contribution of fly ash toward indoor radon pollution from concrete was conducted, 

suggesting that the role of SCM constituents influencing the concrete radon emanation fraction 

merited further investigation (Appendix D). Therefore, the numerical study was followed by an 

extensive experimental study. The overall research objective was the following:  

(3) How do the specific activity and emanation fractions of concrete constituents, 

including fly ash and metakaolin, as well as assembled concretes impact concrete 

radon emanation and indoor radon concentrations? 

 
The results from this research provide a clearer understanding of the interactions between 

the selection of concrete constituents and our living environment. Developing techniques that 

may allow for the development of new, sustainable material options, such as calcined impure 

clays, and investigating how the use of these SCMs in building material components affects our 

living environment, is critical in advising best construction practices for building sustainability.  
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1.4 METHODOLOGY 

1.4.1. THERMAL TREATMENT AND ZINCITE ADDITIONS TO CLAY MINERALS 

 
Experimental techniques were used to gain an understanding of thermal treatment effects 

on crystal structure degradation. The crystal structure was captured using X-ray diffraction 

(XRD), using CuKα radiation over a scan range of 5° to 45° 2θ in increments of 0.02° 2θ 

(Siemens Diffraktometer) and analyzed using Jade analysis software. Differential scanning 

calorimetry (DSC), a second test method, was used to quantify hydroxyl loss. A DSC scan shows 

the amount heat absorbed by the sample as a function of temperature. Samples were tested in 

platinum crucibles under a nitrogen atmosphere with a scanning rate of 10°C/min from 25°C to 

1000°C using a differential thermal analyzer (NETZSCH STA 409), with results analyzed using 

Proteus Thermal Analysis software. An approximate quantification of the percent 

dehydroxylation following calcination was determined by comparing the ratio of endothermic 

peak areas.  

The most active period of cement hydration is from 3 h to 72 h where cement 

exothermically reacts with water resulting in the formation of the following primary hydration 

products: (i) a non-stoichiometrically defined calcium-silicate-hydrate (abbreviated C-S-H), (ii) 

calcium hydroxide, (iii) ettringite and other hydration products. During this primary reaction, the 

clay mineral is relatively inert (Taylor, 1997), thus a replacement of 15wt% SCM would dilute 

this heat release by roughly 15%. The cumulative heat release can be roughly correlated with the 

early compressive strength (Bentz et al. 2012).  

One primary goal of using a zincite treatment method is to overcome the 15% dilution 

effect caused by using an SCM. Following the dose prescribed by Chatterji et al. (1960), 0.1wt%, 

0.5wt% and 1.0wt% zincite additions were added to 5 g of ground kaolinite and mixed by hand 
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for 2 minutes prior to thermal activation (Appendix A). To clarify, a 1.0wt% zincite addition 

added to an SCM which in turn replaces 15wt% of the cement, results in 0.15wt% zincite in the 

total paste or mortar system. Following the experiments with metakaolin, a dose of 1.0wt% 

zincite was determined optimal and was added before (pre) or after (post) calcination to an 

impure montmorillonite and illite shale (Appendix B). The goal for pre and post additions was to 

investigate thermal dependence of the zincite treatment method. In addition, 1.0wt% zincite was 

added to crystalline silica (quartz) and cement samples for comparison, with no calcination 

required.  

An eight-channel isothermal calorimeter (TA Instruments TAM Air) was used to obtain 

the rate of heat evolution during this primary reaction. All calcined clay-cement pastes had a 

water-to-cementitious material ratio of 0.4 by mass and were mixed by hand for two minutes. 

After mixing, 10 g of paste was placed into a glass sample vial. The isothermal heat of hydration 

curve was measured for a 72 h period directly following mixing. An average heat of hydration 

curve and standard error, taken from triplicate tests from three separate batches, was determined 

for each sample tested.  

In addition to early hydration kinetics, a secondary reaction occurs around 7 to 90 days, 

called a pozzolanic reaction. During a pozzolanic reaction, the amorphous silica provided by the 

clay consumes the primary hydration product, calcium hydroxide, to form more C-S-H. Greater 

quantities of C-S-H typically yield higher compressive strengths (Mindess, 2003). We choose to 

monitor the calcium hydroxide level to gauge the performance of each clay mineral during this 

secondary pozzolanic reaction. Three experimental methods were used, namely, (i) a chemical 

method outlined by the French standard, NF P18-513 Standard (Largent, 1978) thatmeasures 

calcium hydroxide consumption, (ii) XRD monitoring of the intensity of remaining calcium 
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hydroxide in a paste following the secondary reaction, and (iii) thermogravimetric analysis 

(TGA), quantifying the mass loss associated with calcium hydroxide remaining in a paste 

sample.  

For the French Standard (NF P18-513), 2 g of calcium oxide (Fisher Scientific, 97+%) 

was mixed with 1 g of sample in 250 ml of deionized water and placed onto a stirring-heating 

pad for 16 hours at 80°C. At the end of 16 hours, the mixture was allowed to cool to 23°C and 60 

g of sucrose (Fisher Scientific) with 250 ml of deionized water was added. The resulting solution 

was filtered using 1 µm diameter filter paper. Six drops of a 0.1% phenolphthalein, 50% ethanol 

solution was added to 25 ml of the filtered solution, followed by the titration of 0.1N 

hydrochloric acid solution. The results from this titration were used to determine the amount of 

calcium hydroxide (mg) fixed by the clay mineral. Duplicate tests with the calcined mineral, 

from different batches, were conducted to ensure repeatability.   

X-ray diffraction techniques followed the description outlined in section 1.4.1. For TGA, 

a differential thermal analyzer (Mettler-Toledo) was used, with samples tested in aluminum 

oxide crucibles under a nitrogen atmosphere with a scanning rate of 20°C/min from 45°C to 

1000°C. At curing maturation, samples were ground smaller than 45 µm and weighed with the 

filter paper. Powder specimens were subjected to an ethanol flushing-vacuum filtration technique 

to stop hydration. Samples were dried in a fume hood for 20 min. and then weighed again prior 

to being stored in a vacuum desiccator to avoid any further carbonation. A final mass was 

recorded following 72 hours of storage in the vacuum desiccator and used to back calculate the 

free water content. The free water content averaged 7.2 ± 0.5 % and 5.0 ± 1.4 % for 28 and 90 

day samples, respectively. 
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1.4.2  CARBON DIOXIDE AND OZONE UPTAKE  

 
The aforementioned thermogravimetric analysis, used to monitor pozzolanic reactivity, 

can also be used to monitor the carbon dioxide ingress and uptake by cement-based materials. 

Render specimens were made to investigate carbon dioxide and ozone uptake. Cement renders 

provide a unique opportunity for passive pollutant removal because they can cover large building 

surface areas with both indoor and outdoor applications. Approximately 62% of the façade 

cladded buildings in Europe are covered by cement renders (Balaras et al., 2004; Gaspar and de 

Brito, 2011). A render is a coating applied to a brick or stone structural surface. Cement renders 

are composite materials composed of a binder material, such as portland cement, which binds 

with sand when mixed with water.   

Previous studies focusing on pollutant uptake suggested that increasing the material 

surface area, by changing the porosity, aids in increasing pollutant deposition. Therefore, in this 

study, the curing age and binder selection were changed, which altered the material porosity, 

changing the surface area. Khatib and Wild (1996) demonstrated that the size of large pores 

(radius > 0.02 mm) decreased with increasing amounts of metakaolin in the binder as well as 

with increasing curing time. Therefore, the selection of metakaolin for use in a render system 

may potentially reduce carbon dioxide or ozone uptake compared to cement-only renders due to 

pore size reductions. Conversely, Darling et al. (2012) showed that clay wall coverings 

containing kaolinite (non-calcined metakaolin) displayed a large ozone uptake potential, 

suggesting that metakaolin-cement renders may have a similar affinity for passive ozone removal 

as cement-only renders. 

In this study, render specimens consisted of 100wt% cement (referred to as ‘C’) and 

cement-metakaolin renders consisted of a 15wt% replacement of cement with metakaolin 
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(referred to as ‘MK’).  All samples had a water to cementitious material ratio of 0.57 and a 

binder to graded sand ratio of 1:3, which are common proportions for cement renders (Sri 

Ravindrarajah and Mansour, 2009). Specimens with dimensions 140 mm × 140 mm × 38 mm 

(length, width, depth) were prepared following ASTM C304 (2011) specifications and using 

non-greased, plastic molds to avoid any potential reactivity from form oil. At 24 hours following 

mixing, specimens were de-molded and placed in a lime-water bath (42 grams of CaO to 14 

liters of water at 23°C) to prevent leaching of calcium hydroxide during curing, while providing 

sufficient access to water for hydration reactions. Two different curing ages, 1 and 28 days, were 

selected; curing for 1 days results in greater porosity than curing for 28 days because the water 

and cement do not have sufficient time for reaction, leaving a large quantity of unreacted water 

in the capillary pores (Mindess, 2003). Following curing, mature specimens were removed from 

the lime bath and stored in an environmental chamber maintained at 23°C and 50% relative 

humidity, selected to maximize the rate of carbon dioxide ingress (Neville, 1995). Throughout 

this study specimens are referred to as C-1, C-28, MK-1 and MK-28, indicating binder type and 

curing age, respectively. 

For monitoring carbon dioxide uptake, a preliminary phenolphthalein indicator test was 

used to approximate the total carbon dioxide ingress depth (Appendix C). Following this test, 

discrete layers of sample at 2 mm increment depths were removed using a profile grinder (PF-

1100, German Instruments). Each layer was taken starting at the top surface (140 mm  140 mm 

face) and working toward the interior to a depth surpassing a pH of 10 as indicated from the 

phenolphthalein indicator test. Each layer represented 82 cm2 or approximately 42% of the total 

specimen area. Upon removal, layers were sealed in a plastic container and stored in a vacuum 

desiccator until testing. Between layer intervals, the surface of the specimen was cleaned using a 
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high-pressure air jet to remove any residual powder. Layers were tested using the 

thermogravimetric analyzer as described in section 1.4.1.  

For monitoring the ozone uptake, four 48-L electro-polished stainless steel chambers (25 

cm  38 cm  50 cm) were used to test the ozone deposition velocity of each render specimen, 

using the test set-up designed and constructed by Dr. Corsi, Dr. Poppendieck and Erin Darling. 

Activated carbon-filtered room air was pumped using a compression pump (Thomas Model 

607CA220), conditioned to a relative humidity of 32 ± 5% (TSI, Inc., Q-Trak 8551), and then 

dosed with ozone (150 ± 10 ppb) generated by a modified zero air generator (Perma Pure LLC). 

The conditioned air was then continually streamed into the chambers, with an air exchange rate 

of 1.22 ± 0.01 hr-1 controlled using four mass flow controllers (Aalborg, USA). Prior to the start 

of experimentation, air flow rates were checked using a bubble flow meter (Gilibrator 2, Gilian, 

Sensidyne, LP) and a steady ozone concentration was measured using a single UV absorbance 

cell ozone monitor (Model 202, 2B Technologies). The ozone concentration was recorded 

automatically every 3 minutes, cyclically sampling from each chamber. Triplicate samples were 

run simultaneously allowing for one empty chamber.  

A steady-state mass balance was used to calculate the ozone deposition velocity (vd) 

following the work of Hoang et al. (2009) (Eq. 1.1): 

 

        

where Q is the flow rate (cm3/s), Co is the inlet ozone concentration (ppb), C is the measured 

ozone concentration in the chamber (ppb), vdw is the deposition velocity of ozone to the chamber 

walls (cm/sec), Aw represents the surface area of the stainless steel chamber walls (cm2), A 

represents the surface area of the specimen (cm2). Uncertainty was taken as the experimental 

                                             [cm/sec]   (1.1) 
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standard deviation from triplicate sample runs, which was greater than the error propagation 

from the uncertainty of the ozone analyzer (Appendix C). 

1.4.3 RADON RELEASE FROM CONCRETE AND CONCRETE CONSTITUENTS 

 
Over the past five decades, different researchers have investigated radon exhalation rates 

from concrete containing fly ash. Van der Lugt and Scholten (1985) showed that the replacement 

of 15wt% to 35wt% cement in concrete with fly ash with radium activities between 87 and 300 

Bq kg-1 decreased radon exhalation rates relative to similar concrete containing no fly ash. 

Stranden (1983), Ackers et al. (1983) and Man and Yeung (1997) also tested fly ash containing 

concretes and also found that the addition of fly ash decreased radon exhalation rates. However, 

Siotis and Wrixon (1984) and Battaglia et al. (1992) found that the substitution of fly ash for 

cement increased radon exhalation rates. Battaglia et al. (1992) demonstrated an increase in the 

radon exhalation rate for fly ash concretes, using the same fly ash replacement and a lower fly 

ash radium activity, than that of Van der Lugt and Scholten (1985). In addition, Ulbak et al. 

(1984), Van Dijk and de Jong (1991), Yu (1994), and Kovler et al. (2005) showed no significant 

difference in exhalation rates from concrete samples with or without fly ash.  

Thus, it is not clear from the results reported in the literature whether the incorporation of 

fly ash in concrete results in elevated indoor air radon concentrations posing health risks to 

inhabitants. Along with differences caused by fly ash additions, differences in the constituent 

radium content, constituent emanation fraction, the material porosity, the material density, age of 

the specimen and testing conditions, all contribute towards the variation in radon exhalation rates 

from concretes. 

The first radon study (Appendix D) presents a holistic, statistical analysis of the literature 

data taking into account the specific activities of all the constituents of the concrete samples. A 
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series of Monte Carlo simulations were used to determine the radon exhalation rate, indoor radon 

concentrations and associated effective annual dose from a residential building floor. From this 

analysis, an assessment was made as to whether there is an increased risk of radioactive pollution 

indoors due to the use of fly ash in concrete.  

A few technical terms are required in understanding the key parameters influencing 

concrete exhalation rates. Each concrete constituent (i.e. cement, sand, water, fine aggregate, 

coarse aggregate and SCM) has a unique emanation fraction defined as the radon escape-to-

production ratio. This is simply the ratio of the number of radon atoms that escape the host 

particle, called the effective activity, to the number of total potential radon atoms that can be 

formed through radium decay, called the specific activity (Rogers and Nielson, 1991; Stoulos, 

2004). Numerically, the radium specific activities of the concrete constituents were taken from 

28 articles in the literature. The specific activity of each constituent was well-described by a 

lognormal distribution (Figure 1, Supplementary Information, Appendix D). The first Monte 

Carlo simulation was used to determine the percent cumulative frequency of the total radium 

specific activity for idealized concrete mixtures. In order to put these specific activity values in 

context, the radium specific activity of a concrete mixture was used in calculating the radon 

exhalation rate from a concrete building element using a one dimensional approach outlined by 

Siotis and Wrixon (1984) in Equation 1.2: 

 

 

where Q is the radium specific activity (Bq kg-1), Jf  is the radon exhalation rate from the 

building element (Bq m-2 s-1); η is the decay constant of radon (2.1 × 10-6 s-1); ρ is the density of 

concrete (assumed 2500 kg m-3); f is the radon emanating fraction or the amount of radon 

	 	 	 	 	                                                                          [Bq m-2 s-1]   (1.2) 
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released from grain to pore space relative to the total radium content in the particle, l0 is the 

diffusion length in concrete and; d is the half thickness of the building element.  A steady state, 

well-mixed, mass balance model was developed to determine the radon concentration in a home 

generated from a concrete floor, calculated from Equation 1.3: 

	

	
                                                                                     [Bq m-3] 

where Css is the steady state indoor radon concentration, λ is the air exchange rate in s-1, A is the 

concrete surface area in m2, V is the volume of the home in m3. A unit conversion between radon 

concentration and annual effective dose was conducted to assess associated alpha particle 

exposure. Details on the assumptions for the selection of these parameters and independence of 

the Monte Carlo modeling are outlined in Appendix D. Of the aforementioned modeling 

variables, there is a considerable range in the literature-reported values for the concrete 

emanation fraction. Siotis and Wrixon (1984) suggested an emanation fraction range from 1% to 

10%, with 5% considered adequate for modeling. Given the serious health effects associated 

with radionuclide exposure, we conducted a second experimental study investigating the 

influence of constituent specific activities and emanation fractions on the resulting concrete 

emanation fractions.  

The experimental radon study consisted of testing nine concrete constituents, including 

the supplementary cementitious materials (SCMs) fly ash and metakaolin, used to create eleven 

different concrete mixtures. A table with the mixing proportions is shown in Appendix E. We 

tested the constituent and concrete radium specific activity, radon effective activity and 

emanation fraction. In this experimental study, the specific activity of each constituent was 

determined by irradiating each sample using a 1.1 MW TRIGA research reactor (General 

Atomics) at the Nuclear Engineering Teaching Laboratory. Using the constituent values, the 

(1.3) 
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radium specific activities of the concretes were theoretically calculated by multiplying the 

constituent weight percentage with the respective constituent specific activity and summing each 

term, in compliance with the numerical modeling.  

The effective amount of radon released during radium decay was determined using radon 

chamber experiments. Each constituent and concrete was tested for the duration of 8 days in two 

separate aluminum radon chambers using continuous radon monitors (Sun Nuclear, Model 1028) 

with a sensitivity of 0.5 counts/h/pCi/l and a measuring interval of per h, with further details of 

the testing and procedure outlined in Appendix E.  

The emanation fraction was determined for each constituent and concrete in a similar 

fashion to Stoulos (2004) in Eq. 1.4:  

	

	
                                      [%]      (1.4) 

where RnEffective represents the amount of radon emitted from the constituent or concrete 

determined using the radon chambers, considered as the effective activity; RnProduction is the 

radium specific activity determined using the neutron activation analysis. This emanation 

fraction is the modeling parameter of interest.  

Recall, the emanation fraction of SCM-containing concretes had considerable ambiguity 

in the literature, making it difficult to accurately model radon exposure; this is why we chose to 

experimentally determine the emanation fraction. Experimental determination of the emanation 

fraction of non-SCM and SCM concrete mixtures and constituents was conducted and used in the 

numerical model. The concrete emanation fraction ultimately influences the material’s 

contribution to the indoor radon pollution. Therefore, experimental results were coupled with the 

Monte Carlo simulations to demonstrate predictive differences in the indoor radon concentration 

and associated alpha exposure due to mixture design. 
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1.5 RESULTS AND DISCUSSION 

1.5.1 THERMAL TREATMENT AND ZINCITE ADDITIONS TO CLAY MINERALS 

 
X-ray diffraction and differential scanning calorimetry were used to identify the primary 

and companion minerals of our clays and quantify the thermal energy used in dehydroxylating 

the samples, respectively. Data for all clay experiments are presented in Appendix A and 

Appendix B, with this executive summary highlighting the results.  

Figure 1.1(a) shows the XRD pattern of an impure kaolinite, pre- and post-calcination at 

650°C. The primary peaks correspond to the diffraction of the basal planes of the mineral 

structure. The companion crystalline materials identified include muscovite and quartz. Figure 

1.1(a,b) shows that calcining kaolinite at 650°C is sufficient to completely collapse the crystal 

structure, such that the post-calcination diffractogram has no kaolinite-associated peaks. Figure 

1.1(c-e) shows the montmorillonite mineral at a series of crystalline stages, including the original 

structure (raw), partially dehydroxylated (650°C) and slightly more dehydroxylated at (830°C).  

A shift from 6.7° to 9.1° 2θ and a reduction in intensity of roughly 22% was observed for the 

primary peak of montmorillonite (hkl 001) following calcination indicating reorganization of the 

crystal structure. In comparison, the montmorillonite, even following calcination at 830°C, still 

retains some crystalline content, as indicated by the peaks. This trend of residual crystallinity 

persisted with all tetrahedral-octahedral-tetrahedral minerals tested, functionally requiring higher 

calcination temperatures than the kaolinite mineral. Therefore, kiln manufacturing temperature is 

highly dependent upon the mineral in question, and dual-sheeted minerals are more favored as 

pozzolans than triple-sheeted minerals. The differences in the dehydroxylated content of 

montrmorillonite calcined at 650°C and 830°C are not accurately quantifiable by observing x-ray 

peak height differences, so XRD results were coupled with differential scanning calorimetry.  
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Figure 1.1 (a-e): XRD scans of (a) kaolinite calcined at 650°C, (b) kaolinite, (c) montmorillonite 
calcined at 830°C, (d) montmorillonite calcined at 650°C, (e) montmorillonite; all showing the 
effects of thermal treatment on crystal structure (montmorillonite MM; kaolinite k; muscovite m; 
albite a; quartz Q; cristobalite cr.). 
 

Figure 1.2 shows the heat consumed per mass of montmorillonite sample as a function of 

temperature. The initial valley (labeled I) corresponds with the removal of interlayer water and 

the second endothermic valley (labeled II) is dependent upon the starting quantity of hydroxyl 

groups in the clay mineral. This peak shifts due to the location of the hydroxyl groups within the 

crystal lattice and as a function of the prescribed calcination temperature. The ratio of the non-

calcined to calcined areas of peak II can be used to approximate the percent loss of hydroxyl 

groups due to calcination.  
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Figure 1.2: The differential scanning calorimetry results for a montmorillonite clay, not calcined 
and calcined at 830°C.  
 

Figure 1.2 shows that montmorillonite calcined at 830°C shows no heat was absorbed, 

suggesting greater hydroxyl group removal using the higher calcination temperature. 

Recrystallization occurs above 900°C and is not advantageous for making amorphous silica. The 

results indicate that the calcination of montmorillonite at 830°C resulted in over 90% of the 

hydroxyl groups removed during calcination, creating a potentially more reactive pozzolanic 

material than montmorillonite calcined at 650°C. The selected mineral calcination temperature 

proves to be important when assessing the early hydration reactivity, particularly with the zincite 

additions, and the later pozzolanic reactivity.    

Figure 1.3(a) shows the rate of heat evolution, normalized by the mass of the total 

cementitious material (cement and SCM), as a function of time for paste mixtures containing 

15wt% replacement of montmorillonite (calcined at 830°C) and illite (calcined at 930°C) 

compared with a 100wt% cement paste. Normalization was done based upon total cementitious 

content to differentiate between SCM, zinc oxide relative to the control sample. A reduction in 

the peak heat by about 15% for samples containing SCMs was observed, corresponding with the 

relatively inert behavior of the SCM. To provide perspective, the ‘phase (1)’ shaded in blue, 
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indicates a period of time where one could place your hand in the concrete and make a hand 

print. By ‘phase (2)’ shaded in yellow, a compressive strength is reached such that walking on 

the concrete may occur.  To overcome the dilution effect, zincite was added to the SCMs. Figure 

1.3(b) shows the rate of heat evolution vs. time with paste mixtures containing 15wt% 

replacement of cement with kaolinite (calcined at 650°C), montmorillonite (calcined at 830°C) 

and illite (calcined at 930°C) with 1.0 wt% zincite added, compared with a 100wt% cement paste 

(often called a neat paste). The results demonstrate two trends,an increase in the heat flux and a 

delay in the reaction. For example, the montmorillonite calcined with zincite at 830°C overcame 

its initial dilution effect with roughly a 42% heat gain, however a delay to reach the peak height 

of roughly 12 h was observed. It has been suggested that the crystalline content of the impure 

clay influences the delay in the hydration reaction, often referred to as chemical retardation. 

Appendix A includes further data using metakaolin with zincite, showing that reducing the 

metakaolin calcination temperature, which increases the material’s crystalline content, also 

results in increased chemical retardation. In agreement, the results show the partially 

dehydroxylated, lower temperature calcined montmorillonite (calcined at 650°C) exhibits a 

larger chemical retardation than montmorillonite calcined at 830°C (Appendix B).  

While early-age isothermal calorimetry demonstrates the effects of additives on the 

primary hydration rate of cement, it provides little information on the pozzolanic reaction, which 

occurs later (7 to 90 days). The goal of testing the pozzolanic reactivity is to assess the influence 

of the zincite as an activating agent to enhance the pozzolanic reactivity. In addition, the 

pozzolanic behavior of the montmornillonite and illite shale was compared with metakaolin.  

 



 
 

 

Figure 1
replacem
(b) cont
containin
shaded in
make a h
walking 
cement re
 

F

montmor

(i) a red

pozzolan

mineral. 

greatest 

montmor

no differ

samples, 

compress

differenc

(Append

little influ

(a) 

1.3(a,b): The
ment of ceme

aining 15w
ng zincite, co
n blue, indic
hand print. B
on the concr
eplacement r

igure 1.4(a

rillonite and

duction in x

nic reaction a

The results

pozzolanic 

rillonite (650

rences in ca

conflicting

sive strength

ces between 

ix A,B). Th

uence on im

e rate of hea
ent with mon
t% replacem
ompared wit
cates a perio
By ‘phase (2
rete may occ
results in 0.1

a,b) shows 

d illite. The m

xrd peak in

and (ii) an in

s demonstra

reactivity 

0°C) < mont

alcium hydro

g with the 

h, a mechan

zincite cont

herefore, alth

mproving the 

at evolution 
ntmorillonite
ment of cem
th 100wt% c
od of time w
)’ shaded in
cur. Notably
15wt% zinci

a compar

metakaolin c

ntensity of 

ncrease in th

ate that the 

as follows

tmorillonite 

oxide consu

findings o

nical proper

taining samp

hough the z

overall mec

22 

vs. time for
e and illite, 
ment with 
cement paste

where one co
n yellow, a c
y, a 1.0wt% 
ite in the sys

rison of th

consumed th

calcium hy

he consumpti

SCM const

s: quartz <

(830°C) < m

umption betw

of Chatterji 

rty directly 

ples and non

zincite chang

chanical prop

(

r hydrating 
compared w
metakaolin,

e. To provid
ould place yo
compressive 

zincite addi
stem. 

he pozzolan

he most calc

ydroxide rem

ion of calciu

tituents coul

< illite (65

metakaolin (

ween zincite

et al. (19

influenced 

n-zincite con

ges the earl

perties of the

(b) 

pastes (a) co
with a 100wt
, montmoril
e perspectiv
our hand in 
strength is r

ition to an S

nicity betw

cium hydrox

maining in 

um hydroxid

ld be order

50°C) < i

(650°C). Th

e and non-z

960). When

by pozzolan

ntaining sam

ly hydration

e concrete. 

ontaining 15
t% cement p
llonite and 

ve, the ‘phase
the concrete

reached such
SCM with 15

ween metaka

xide, depicte

pastes afte

de by the cal

ed from lea

llite (930°C

he results ind

zincite conta

n evaluating

nic reaction

mples were f

n behavior, i

     

5wt% 
paste; 

illite 
e (1)’ 
e and 
h that 
5wt% 

aolin, 

ed by 

r the 

cined 

ast to 

C) < 

dicate 

aining 

g the 

ns, no 

found 

it has 



 
 

 

Figure 1
the mine
mineral. 

 

In

strengths

montmor

calcined 

cement o

the full c

1.5.2 CA

 
R

mixture c

changing

metakaol

1.4(a,b): The
eral, as show
Both graphs

n addition, 

s, in order 

rillonite calc

at 930°C (3

or neat paste

ompressive 

ARBON DIO

Render syste

composition

g the curing

lin substituti

e calcium hy
wn using x-r
s are in agree

compressive

from least 

cined at 650

34.7 ± 1.8 M

e (39.9 ± 2.2

strength seri

OXIDE AND

ems were m

n on the effe

g duration 

ion for ceme

ydroxide (a) 
ray diffractio
ement with e

e strength te

to greatest

0°C (30.9 ± 

MPa) <  mon

2 MPa) <  m

ies shown in

D OZONE U

manipulated 

ectiveness of

from 1 to 

ent. The resu

(a)

23 

remaining i
on or (b) the
each other.  

esting demo

t: illite cal

1.6 MPa) <

ntmorillonite

metakaolin ca

n Appendice

UPTAKE  

to investiga

f passive po

28 days. M

ults are summ

in cement pa
e amount co

onstrated the

cined at 65

< quartz SCM

e calcined a

alcined at 65

s A and B. 

ate the effe

ollutant remo

Mixture com

marized in T

(b) 

aste after be
onsumed by

e following 

50°C (27.8 

M (31.9 ± 2

at 830°C (36

50°C (51.0 ±

ect of variab

oval. Porosit

mpositions 

able 1.1.   

 

ing consume
y the impure

average 28

± 1.4 MP

2.0 MPa) <

6.5 ± 2.1 MP

± 2.0 MPa),

ble porosity

ty was altere

included 15

ed by 
e clay 

8 day 

Pa) < 

illite 

Pa) < 

, with 

y and 

ed by 

5wt% 



 
 

24 
 

The carbon dioxide and ozone uptakes were greatest for samples cured for 1 day, as 

shortening the curing age proved more effective at increasing pollutant uptake than altering the 

binder composition. However, this shorter curing duration resulted in a reduction in the 

compressive strength. Strengths of C-1 and MK-1 were reduced by ≈52% and ≈72%, 

respectively, relative to the strengths of the 28 day counterparts. The carbon dioxide penetration 

depth was reduced by roughly half for specimens cured for 28 days, likely due to the reduction in 

the capillary pore volume associated with the increased curing time (Khatib and Wild, 1996). 

Moreover, the ozone deposition velocity was reduced by ≈18% for 28 day cured samples. 

A reduction in the ozone deposition velocity translates into an increase in the resistance, 

resulting in less ozone uptake. In addition to the prolonged curing duration (28 days), the use of 

metakaolin in the render also resulted in a reduction in the ozone deposition velocity relative to 

the cement-only render (Appendix C). The results provide insight for selecting and engineering 

renders for a desired outcome. In this study, two characteristically different gasses, carbon 

dioxide and ozone, exhibited dissimilar uptake behavior in renders with different binders and of 

different curing ages. As ozone removal decreased, the carbon dioxide ingress and compressive 

strength increased. Therefore, passive removal success is dependent upon the selection of the 

render for the most effective application, considering an indoor or outdoor domain and the 

pollutant of concern. More results from this study are presented in Appendix C.  
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Table 1.1: The carbon dioxide penetration depth and sequestered quantity, ozone deposition 
velocity and compressive strength for samples with and without metakaolin (labeled C refers to 
the traditional cement render and MK for metakaolin containing) and cured at 1 or 28 days.   

 

 

 

1.5.3 RADON RELEASE FROM CONCRETE AND CONCRETE CONSTITUENTS 

 
The potential for fly ash to have large radium activities was the primary motivator for 

further assessing the potential increased risk of radioactive pollution indoors from SCM-

containing concretes. Figure 1.5 shows the radium specific activity of fly ash, cement, fine 

aggregate and coarse aggregate constituents. The mean radium specific activity and standard 

deviation for the fly ash, cement, fine aggregate and coarse aggregate constituents were 350 ± 

319, 41 ± 14, 14 ± 8, and 17 ± 16 Bq kg-1, respectively. Similarly, the median values for these 

constituents were 244, 31, 12, and 14 Bq kg-1, respectively. The typical values published by 

UNSCEAR (1982) for cement and aggregates are 50 Bq kg-1 and 15 Bq kg-1, respectively. 

Typical ranges for fly ash are between 5 and 300 Bq kg-1 (US EPA, 1983). The constituents with 

the largest radium specific activity were fly ashes originating in Greece. These fly ashes had 

radium activities of 1,000 and 1,040 Bq kg-1 (Petropoulos et al. 2001, Papaefthymiou and 

Gouseti 2008, respectively).   

Sample Label 

Carbon 
Dioxide 

Penetration 
Depth

Total Carbon 
Dioxide 

Sequestered

Ozone 
Deposition 
Velocity 

Compressive 
Strength 

(mm) (g) (cm/s) (MPa)

C1 12 to 14 24.0 ± 1.5 0.16 ± 0.02 16 ± 0.8

MK1 13 to 15 26.0 ± 1.7 0.11 ± 0.01 14 ± 1.0

C28 6 to 8 16.5 ± 1.1 0.13 ± 0.01 37 ± 1.0

MK28  7 to 9 11.3 ± 0.7 0.09 ± 0.01 51 ± 1.0
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With the radium specific activity of each constituent fully characterized (Figure 1.5), the 

total concrete radium specific activities of the modeled concretes were determined for: (i) no fly 

ash, (ii) low (25wt%) fly ash and, (ii) high (40wt%) fly ash. Figure 1.6 shows the results of the 

Monte Carlo simulation with the cumulative frequency as a function of the concrete radium 

specific activity and radon exhalation rates. The results predict that concrete samples containing 

no fly ash have a higher probability of containing less total radium and have lower associated 

radon exhalation rates, compared to samples which contain fly ash, assuming a constant 

emanation fraction for all constituents of 5%.  

 

 
 
Figure 1.5: The radium specific activity of each constituents taken from the literature where the 
values in the parentheses are n = the number of samples tested and s = number of studies (n,s) 
(Kant et al. 2010; Siotis and Wrixon, 1984; Van der Lugt and Scholten et al. 1985; Stranden 
1983; Ackers 1985; Ulbak et al. 1984; Mahur et al. 2008; Petropoulos et al. 2001; Papaefthymiou 
and Gouseti, 2008; Ademola, 2008; Amrani and Tahtat, 2001; Damla et al. 2010; de Jong et al. 
2011; El-Bahi, 2004; Fathivand and Amidi, 2007; Hizem et al. 2005; Ingersoll, 1983; Keller et 
al. 2001; Khan and Khan, 2001; Lee et al. 2004; Mustonen, 1984; Roy et al. 2005; Sam and 
Abbas 2001; Schuler et al. 1991; Sorantin and Steger, 1979; Stranden and Bereiz, 1980; 
Varshney et al. 2010; Yu et al. 1992).  
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Figure 1.6: The cumulative frequency of the projected behavior for theoretical concretes 
containing no, low (25wt%) and high (40wt%) fly ash each mixture as a function of the concrete 
radium activity and the radon exhalation rate. 

 
To show reasonableness of the modeled concrete radium specific activities, the results 

from the Monte Carlo model were compared with data taken from seventeen literature studies 

(discussed in detail in Appendix D) suggesting confidence in the Monte Carlo model. Modeling 

was then used for practical applications, such as assessing the radon concentration and associated 

annual exposure in a typical home (Appendix D). The model shows that there is a small, but 

increased, chance of having elevated levels of indoor radioactive pollution from fly ash 

concretes, compared to ordinary concretes, unless a reduction in the emanation fraction is 

achieved by adding fly ash. The generally small increased dose associated with fly ash suggests 

minimal population health effects, representing 4% to 8% of the total inhalation dose 

experienced annually by the global population. However, given the uncertainty in the literature 

for the emanation fraction of fly ash concrete and the serious health effects of radon exposure, 

the influence of fly ash on radioactive pollution indoors deserves further exploration. 

To further explore the emanation fraction, experimental radon studies were conducted. 
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The experimental results for the specific activity of concrete constituents were in agreement with 

the literature findings. The radium specific activity in each experimental fly ash sample tested 

ranged from 100 to 200 Bq/kg, which are typical values. A metakaolin, labeled MK49, with the 

number in reference to the uranium content (µg) per gram of sample, had the highest specific 

activity of 600 Bq/kg, roughly 3 to 6 times higher than the fly ash samples. Comparatively, a 

different metakaolin, MK5 showed a specific activity of 67 Bq/kg, was about 3 to 1.5 times 

lower than the recorded activities of the fly ash samples. The ratio of the experimentally 

determined effective activity to the specific activity provided the constituent and concrete 

emanation fraction.   

Figure 1.7(a) shows the range of emanation fractions for the experimentally tested 

constituents. The fly ash emanation fraction was the lowest among the constituents and ranged 

from 1% to 3%. The fly ash emanation is uniquely low, considering the large radionucleotide 

amount within the constituent. However,  this low emanation fraction is in agreement with 

results from  Pensko et al. (1980), Stranden (1983), Siotis and Wrixon (1984), Nazaroff and Nero 

(1988), and Kovler et al. (2005). In contrast, the (Texas) Colorado River coarse aggregate, which 

represented one of the highest mass fractions (44%) in the concrete tested and emanation 

fractions (30%), had one of the lowest specific activities, suggesting very little radon could be 

formed, but what was formed was easily released. Figure 1.7(b) shows that fly ash-containing 

concretes have lower or equivalent emanation fractions as traditional concretes, suggesting some 

evidence that the low emanation fraction of the fly ash constituent is maintained when used in 

concrete.  Nomenclature is such that the letters CC refer to concrete, FA refers to fly ash, MK 

refers to metakaolin, and C refers to cement, all followed by a number representing the total 

uranium quantity in µg per g of the respective constituent.  
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Figure 1.7(a,b):  The (a) constituent and (b) concrete emanation fractions with the standard 
deviation determined using error propagation. CC refers to concrete, FA refers to fly ash, MK 
refers to metakaolin, C refers to cement all followed by a number representing the total uranium 
quantity in µg per g of the preceding constituent. 
 

Simulations were used to determine the difference in concrete exhalation rates, the indoor 

radon concentration and equivalent annual radiation dose (µSv/y) for theoretically developed 

concretes where all input variables were held constant and the emanation fraction was varied 

from 5% to 13%. Figure 1.8 presents the results from the Monte Carlo modeling using the 

(a) 

(b) 
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experimentally determined emanation fractions and radium specific activities for the concretes 

labeled CCC4, CCFA16, CCFA8, CCMK49, CCMK5, CCFA16MK5. The results show that the 

indoor radon concentration and exposure for the concretes (i) CCC4 and CCFA16 and (ii) 

CCFA8 and CCMK5 resulted in almost identical cumulative frequency curves. The results show 

that 90% of the time, concretes containing CCFA8 and CCMK5 will have an indoor radon 

concentration equal to or less than 5.0 Bq/m3 with an associated upper annual exposure limit of 

118µSv/y, representing a 1.2 Bq/m3 and 30 µSv/y reduction from CCC4.  

 
 
Figure 1.8: The cumulative percent frequency as a function of the indoor radon concentrations 
and associated alpha particle exposures for the CCC4, CCFA16, CCFA8, CCMK5, CCMK49 
and CCFA16MK5 samples (Nomenclature is such that the letters CC refer to concrete, FA refers 
to fly ash, MK refers to metakaolin, C refers to cement all followed by a number representing the 
total uranium quantity in µg per g of the respective constituent). 

 
The concretes CCMK49 and CCFA16MK5 represented extreme conditions; 90% of the 

time these concretes mixtures will result in an indoor radon concentration equal to or less than 

13.1 Bq/m3 and 4.4 Bq/m3, respectively, with an associated upper annual exposure limits of 

313.1 µSv/y and 105.2 µSv/y, respectively. With convincing evidence that increasing airborne 

radon concentrations indoors increases lung cancer risk (Sevc et al. 1998; Samet et al. 1991), it is 
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imperative to understand the influence of SCMs in concrete on airborne radon and progeny 

exposure. The use of some fly ashes and metakaolins, such as FA8 and MK5, demonstrated the 

ability to reduce the indoor airborne radon concentrations exhaled from the concretes containing 

these constituents. However, these finding were not universal. In particular, use of MK49 

increased the annual upper exposure limit by roughly 165 µSv/y compared with CCC4 samples. 

Notably, MK49 possessed abnormally large radionucleotide contents representing the variability 

which may occur in SCM constituents, in particular. Capturing the variability of unique 

constituent specific activities and emanation fractions poses as the major challenge in predicting 

exposure.  

Although a concrete floor comprised of the concrete mixture CCMK49 resulted in the 

highest predicted exposure, the contribution represents only a small fraction of the annual per 

capita dose from all natural sources (UNSCEAR, 2000). Moreover, the concretes CCMK49 and 

CCFA16MK5 representing the worst and best contributors to indoor airborne radon pollution 

represent roughly 13% to 4% of the WHO (2009) recommended indoor radon action level of 100 

Bq/m3, respectively (Appendix E).  Moreover, this research only focused on one aspect of fly 

ash, specifically radon exhalation and does not address the emission of other harmful pollutant 

species, a topic for future research studies.  

 

1.6 CONCLUSIONS 

 
The performance of the supplementary cementitious materials (SCMs) metakaolin, 

calcined non-kaolin clay minerals, and fly ash as potentially sustainable alternatives to cement 

was investigated focusing specifically on two attributes, namely: (i) the development and 

feasibility of using impure minerals as a potentially more sustainable SCM alternatives to 
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metakaolin, and (ii) the pollutant interaction of concretes containing metakaolin and fly ash 

constituents. The following three research questions were addressed: (1) Can zincite additions 

facilitate the use of calcined clay as SCMs by compensating for reductions in early-age 

mechanical performance or by compensating for their reduced pozzolanic reactivity? (2) Can 

cement renders, containing metakaolin calcined clays, be engineered for passive carbon dioxide 

and ozone removal? (3) How do the specific activity and emanation fractions of concrete 

constituents, including fly ash and metakaolin, as well as assembled concretes impact concrete 

radon emanation and indoor radon concentrations? 

The results demonstrate the use zincite as a treatment method changed the early cement 

hydration behavior, however the increased heat released during the formation of hydration 

products did not result in an increase of the early-age concrete mechanical performance nor did it 

affect the pozzolanic reactivity of impure clay minerals. The findings from this study 

demonstrate that it is possible to overcome the severe retardation associated with zinc 

compounds discussed in previous studies when using metakaolin, allowing for a variety of ZnO-

containing waste materials that could be used as concrete additives, such as electric arc furnace 

dust (EAFD). However, effectiveness of zincite with montmorillonite and illite, demonstrated 

variability in retardation and heat flux, with no impact in altering compressive strength behavior, 

suggesting zincite is relatively ineffective in these systems.  

The feasibility of engineering metakaolin containing cement renders for the passive 

removal of carbon dioxide and ozone was investigated with the results suggesting distinct 

opportunities for optimizing render composition for different pollutant removal. Reductions in 

the curing time resulted in greater pollutant uptake of carbon dioxide and ozone. The use of a 

metakaolin binder resulted in an increase in the carbon dioxide penetration, a decrease in ozone 
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uptake and an increase in compressive strength. The implications of the results suggest that the 

proper manipulation of the render composition on different building surfaces may result in 

valuable indoor air quality or carbon savings consequences for specific applications.  

Numerical radon modeling results showed that there is a small, but increased chance of 

having elevated levels of indoor radioactive pollution from fly ash concretes, compared to 

ordinary concretes, unless a reduction in the emanation fraction is achieved by adding fly ash.  

Experimental results confirm, considering the best case scenarios, the use of some fly ash (FA8) 

and metakaolin (MK5) SCMs reduced the total average concrete emanation fractions by as much 

as 3.4% and 5.6%, respectively. The concretes containing these constituents expressed an overall 

reduction in the indoor radon concentration by 1.2 Bq/m3 and reduction in the associate alpha 

particle exposure by 30 µSv/y compared with control samples. However, not all SCM 

constituents experimentally tested resulted in a reduction in the concrete emanation fraction. Use 

of some fly ashes (FA9) didn’t influence the concrete emanation fraction and metakaolins 

(MK49) elevated the emanation fraction by 5%, suggesting selection of the emanation fraction 

for exposure modeling should be conducted with careful consideration. The results suggest great 

potential for SCMs to reduce indoor radon exposure from concrete, contingent upon SCM 

constituent radionucleotide content and emanation fraction. With the increasing severity in lung 

cancer risk associated with increasing indoor radon concentrations, selection of the concrete 

emanation fraction for exposure modeling should be done with careful consideration. 

Overall this research demonstrated how the selection of sustainable material not only 

influences the material microstructure and mechanical performance, but also alters the 

interaction of the material with its surrounding environment. In the future, integrated research 

should investigate not only the potential for expanding the range of applicable materials for a 
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more sustainable future, but also to consider how the changes in the material composition affect 

the interaction between airborne pollutants. Therefore, sustainable options must carefully 

consider all integrated aspects during a material’s service life in order to achieve best sustainable 

practices in industry.   
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Appendix A: Increasing the reactivity of metakaolin-cement blends using zinc 
oxide  

 

Citation: Taylor-Lange S.C., Riding K.A., Juenger M.C.G. Increasing the reactivity of metakaolin-cement blends 
using zinc oxide, Cement and Concrete Composites, 2012; 34: 835-847 
 

1.0. Introduction 

 The most commonly used calcined clay as a supplementary cementitious material (SCM) 

is calcined kaolinite, called metakaolin. Using metakaolin as a partial substitute for portland 

cement in concrete has been shown to increase long-term strength and durability compared with 

portland cement alone and reduce the quantity of cement required, thereby lowering concrete 

carbon dioxide footprint associated with cement manufacturing (Coleman and Page et al. 2001; 

Goncalves et al. 2009; Siddique et al. 2009). Kaolinite is classified as a 1:1 clay mineral, 

consisting of one tetrahedral sheet and one octahedral sheet held together by weak van de Waals 

forces (Sajidu et al. 2008). Ground kaolinite [Al2Si2O5(OH)4], which is theoretically composed 

of 46.54% SiO2, 39.50% Al2O3 and 13.96% H2O, forms metakaolin [Al2Si2O7] through the loss 

of the lattice oxygen and hydroxyl groups following heat treatment at 500-800°C (Sakizci et al. 

2009; Samet et al. 2007). During the most active period of cement hydration, from 3 h to 24 h, 

cement reacts to form C-S-H1, calcium hydroxide, and ettringite, yet metakaolin is relatively 

inert (Taylor, 1997).  The amorphous metakaolin pozzolanically reacts with the Ca(OH)2 formed 

from cement hydration  forming (i) C-S-H gel, (ii) crystalline calcium aluminate hydrates  

[C4AH13, C3AH6], and (iii) crystalline calcium aluminosilicate [C2ASH8] (Taylor, 1997; 

Badogiannis et al. 2004; He et al. 1995; Zhang and Malhotra et al. 1995). Generally, metakaolin 

                                                 
1 Cement chemistry notation is used throughout, whereby single letters represent oxides: A=Al2O3, C=CaO, 
F=Fe2O3, H=H2O, S=SiO2, and Ŝ=SO3. The dashes in “C-S-H” indicate variable stoichiometry.   
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has a positive effect on concrete strength following 48 h of hydration, increasing strength relative 

to neat cement systems due to the pozzolanic reactivity (Badogiannie et al. 2004). 

  It was of interest in this study to improve the reactivity of metakaolin-cement mixtures. 

Influencing the reactivity of an SCM-cement blend can be achieved by either (1) increasing early 

cement hydration to compensate for the dilution effect of the SCM and/or (2) enhancing the 

pozzolanic reactivity of the SCM. The idea in this case was to enhance the reactivity of 

metakaolin-cement blends to enable the use of calcined impure, kaolin-containing clays as 

SCMs. Calcined impure clays have a lower reactivity compared to pure metakaolin (Samet et al. 

2007; He et al. 1995), however they are desirable as SCMs due to higher availability and lower 

cost compared to pure kaolinite. Enabling the use of impure clays, by compensating for the lower 

reactivity may facilitate their use as SCMs.   

 Some limited research has been conducted on altering kaolinite mineralogical properties, 

in turn potentially changing the reactivity of the SCM (San Cristóbal et al. 2009; Lenarda et al. 

2007; Kuechler, 1926; Chatterji et al. 1960). San Cristóbal et al. (2009) pretreated kaolinite with 

6 M HCl at 90°C for 3 h, followed by centrifugation at 10,000 rpm, and then calcination; they 

found that the acid substantially altered the physico-chemical, mineralogical and morphological 

properties of the metakaolin.  However, San Cristóbal et al. (2009) did not test the effects of this 

treated kaolinite on pozzolanic reactivity. Similarly, Lenarda et al. (2007) treated kaolinite with 1 

M H2SO4 at 90°C, followed by calcination at 850°C, resulting in metakaolins with a high surface 

area and good catalytic properties. Kuechler (1926) used cone fusion to demonstrate that the 

addition of titanium dioxide and iron oxide prior to calcination lowered the refractoriness of 

calcined kaolinite (i.e. thermal resistance). Chatterji et al. (1960) demonstrated that the addition 

of 0.001wt.%, 0.01wt% and 0.1wt% zinc oxide increased the pozzolanic reactivity of kaolinite 



 
 

37 
 

measured by lime reactivity tests. In addition, Chatterji et al. (1960) measured the compressive 

strength of ZnO-metakaolin-hydrated lime mixtures and saw an approximately 50% increase in 

compressive strength compared to mixtures with no zinc oxide. The work by Chatterji et al. 

(1960) provided the groundwork for this study, which investigated the use of ZnO to change the 

reactivity of metakaolin.  

Chatterji et al. (1960) investigated blends of metakaolin and lime, rather than portland 

cement. The addition of zinc and zinc oxide to portland cement has been shown to (i) greatly 

retard hydration, increasing the induction periods from hours to weeks, (ii) alter the rate of heat 

evolution, and (iii) reduce compressive strength (Dyer et al. 2009). For example, the waste 

material electric arc furnace dust (EAFD), which contains from 10wt% to 90wt% zinc depending 

upon processing, has been shown to consistently retard setting time when used in concrete 

mixtures (Al-Zaid et al. 1997). Al-Zaid et al. (1997) concluded that EAFD dust with 10wt% zinc 

can be used as a retarding admixture, complying with the ASTM C494 standard.  Puertas et al. 

(2010) made cement clinker with ceramic waste which contained 0.02-0.12wt% zinc oxide and 

demonstrated that this clinker exhibited longer initial and final setting time by 37min and 70min, 

respectively, compared with ordinary clinker. In addition, zinc-containing materials have been 

shown to affect the hydration of non-portland cement binders, including calcium sulfoaluminate 

cements (Puertas et al., 2010) and calcium aluminate cements (Berger et al. 2009), in both cases 

retarding hydration. 

In this study, the ZnO was added to kaolinite prior to calcination because it was 

speculated that ZnO might be adsorbed by the kaolinite, modifying the structure of the 

metakaolin and enhancing its reactivity. The adsorption of heavy metal ions (Cu, Pb, Cd, Zn) by 

modified kaolinite minerals has been extensively studied in soil remediation and wastewater 
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treatment (Siddique and Klaus, 2009; Farrah and Pickering, 1976, 1979; Farrah et al. 1980; 

Adebowale et al. 2005; Unuabonah et al. 2007; Guerra et al. 2010; Amer et al. 2010). Sajidu et 

al. (2008) demonstrated that Zn(II) species were sorbed and hydrolysed on alkaline impure clay 

surfaces containing a low ordered kaolinite. Amer et al. (2010) showed that the adsorption of 

metal ions onto a clay mineral substrate had both a positive enthalpy and entropy, implying an 

energetically favorable interaction. Additionally, both Farrah et al. (1976) and Amer et al. (2010) 

showed that the uptake of divalent cations by kaolinite increased as a function of increasing pH.  

Surfaces of kaolinite onto which metal adsorption can occur include: (1) the hydroxyl plane 

associated with the alumina octahedral layer, (2) the oxygen plane on the silica tetrahedral layer 

and, (3) particle edges from incomplete or irregular lattice structure (Sajidu et al. 2008).  

The goal of the study was to investigate the ability of ZnO to improve the reactivity of 

metakaolin. The calcination temperature of kaolinite and wt% ZnO addition were varied to 

determine the minimum calcination temperature for complete dehydroxylation of kaolinite in the 

presence and absence of ZnO.  The effects of the resulting metakaolins on early hydration rate of 

cement pastes and compressive strength of cement mortars were measured. The pozzolanic 

reactivity of the metakaolins was also measured. The results from this study may allow for the 

potential offsetting of the non-reactiveportion of other clay minerals in an impure calcined clay 

SCM system. Moreover, enabling the use of ZnO in concrete opens the door to a variety of zinc 

or ZnO-containing waste materials that could then be used as concrete additives, such as electric 

arc furnace dust (EAFD).       
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2.0. Materials and Methods 

2.1. Materials  

 The primary materials used in this study included (i) zinc oxide (ZnO) (Acrōs Organics, 

99%), (ii) ground kaolinite [Al2Si2O5(OH)4] (Wards Natural Science Establishment, Inc.), (iii) 

Two ASTM C150 Type I portland cement (Texas Lehigh Cement Co.) with Cement A processed 

in June 2009 and Cement B processed November 2011, (iv) ASTM C109 Ottawa Silica Sand 

(Humboldt) and, (v) deionized water. The chemical composition of the portland cements are 

shown in Table 1. The average particle diameter (d50) was experimentally determined using laser 

diffraction (Fritsch Analysette 22) for ZnO and kaolinite materials. The average particle diameter 

(d50) for ZnO was 1.4m and for kaolinite was 5.3m (Figure 1). An effort was made to have a 

similar particle diameter (1µm-6µm) to reduce the possibility of the ZnO greatly influencing 

kaolinite calcination or cement hydration due to particle size. The particle size of metakaolin 

(kaolinite calcined to 550°C for 1hr.) was also tested, showing the greatest average particle 

diameter (d50 = 6.5 µm), possibly due to clumping during the firing process (Figure 1). For 

comparison, the typical industry standard size for metakaolin commercially produced for use as 

an SCM is 1-2m and for Type I portland cement is 10-15 m (Mindess, 2003). The cement 

Blaine fineness (ASTM C204) was tested experimentally using an air permeability apparatus 

(Humboldt), resulting in an average of 436 m2/kg (based on triplicate tests) for Cement A and 

386 m2/kg for Cement B. The sieve gradation for the ASTM C109 Ottawa sand, provided by the 

manufacturer is as follows: 98% retained on sieve No.100 (150m), 75% retained on sieve 

No.50 (300m), 30% retained on sieve No.40 (425m) and, 2% retained on sieve No.30 

(600m). All the materials used in this study fall within the typical industry standard ranges. 
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2.2. Calcination  

 Zinc oxide was added in quantities of 0.1wt%, 0.5wt% and 1.0wt% to 5g of ground 

kaolinite and mixed by hand for 2 minutes prior to thermal activation. Metakaolin control 

samples contained no ZnO addition.  Four calcination temperatures of 500°C, 550°C, 600°C, and 

650°C were selected. The calcination protocol included (i) increasing the temperature from the 

ambient temperature to the specific calcination temperature at a rate of 25°C/minute, (ii) 

maintaining the specific calcination temperature for 1hr and, (iii) slow cooling to ambient 

temperature (i.e. specimens remained in the furnace until the furnace temperature reached 

ambient). The upper temperature limit for calcination was chosen according to Bich et al. (2009) 

who demonstrated the difference in dehydroxylated content for metakaolins calcined at 650°C, 

700°C and 800°C was minimal to none, depending upon on the mineralogical composition of the 

kaolinite sample. In addition, higher temperatures were not selected since higher energy used for 

dehydroxylation could offset the environmental benefits of using calcined clays as substitutes for 

portland cement. Three separate batches were fabricated and fired independently in an electric 

furnace (Lindberg Blue M).  Table 2 shows the experimental matrix, highlighting the wt% ZnO 

additions, calcination temperature, and the experimental tests conducted.        

  

2.3. Degree of Dehydroxylation  

 Thermal activation changes the crystalline nature of kaolinite to an amorphous 

metakaolin phase by dehydroxylation, the partial break down or loss of lattice hydroxyl groups 

(Siddique et al. 2009; Bich et al. 2009). The degree of dehydroxylation and associated mass loss 

due to evaporation of hydroxyl groups was determined by differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) using a differential thermal analyzer (NETZSCH 
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STA 409). Samples were tested in platinum crucibles under a nitrogen atmosphere with a 

scanning rate of 10°C/min from 25°C to 1000°C. Results were analyzed using Proteus Thermal 

Analysis software.  

 An approximate quantification of the percent dehydroxylation after calcination was 

determined by using the endothermic peak area acquired from DSC data. The peak area was 

calculated using Proteus Thermal Analysis software, with a linear baseline assumption. The area 

was integrated over a standard time range for all curves evaluated.  Per equation 1, the peak area 

of a non-calcined sample (i.e. no-dehydroxylation) was compared to the peak area of a calcined 

sample (i.e. some dehydroxylation) (Bich et al. 2009):  

 

where D(%) is the degree of dehydroxylation, SK is the area of the endothermic peak 

corresponding to kaolinite dehydroxylation and SKM is the area of the residual peak of 

remaining kaolinite in the metakaolin. Sixty percent of the samples were tested in duplicate to 

determine an approximate sample error.          

 The kaolinite crystalline composition was quantified using X-ray diffraction (XRD) 

analysis.  XRD scans used CuKα radiation over a scan range of 10°-50° 2θ in increments of 

0.02° 2θ (Siemens Diffraktometer).  XRD results were analyzed using Jade analysis software.  

Duplicate scans were conducted to give an approximate error for sample peak intensity.   

 29Si and 27Al MAS NMR were tested to examine differences between metakaolin with 

1wt% ZnO additions added prior to calcination (650°C for 1 hr.) compared with non-ZnO 

containing metakaolin subjected to the same heating cycle. 29Si and 27Al MAS NMR experiments 

were performed with a Bruker Avance-400 spectrometer equipped with a standard 7-mm MAS 

probe head. Samples were finely ground (passing 45m sieve) and tightly packed into a high-

%  * 100                (1) 
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speed spinning NMR tube. Signals of 29Si & 27Al MAS NMR were recorded at a spinning rate of 

7 kHz.29Si and 27Al chemical shifts were referred to external tetramethylsilane (TMS) and an 

AlCl3 solution, respectively.  

 

2.4. Hydration 

 The rate of heat evolution (J/h/g) and the cumulative heat evolved (J/g) of ZnO-

metakaolin-cement pastes were experimentally determined using an eight-channel isothermal 

calorimeter (TA Instruments TAM Air) following ASTM C1702-Method B. Kaolinite with 

0wt%, 0.1wt%, 0.5wt% and 1.0wt% ZnO additions and calcined at each prescribed temperature 

(500°C, 550°C, 600°C, and 650°C) replaced portland cement in the pastes at levels of 0wt% and 

15wt%.  

 Metakaolin-cement pastes had a water-to-cementitious material ratio of 0.4 by mass and 

were mixed by hand for two minutes. After mixing, 10g of paste was placed into a glass sample 

vial. A deionized water reference sample was used with a volume calculated to match the 

specific heat capacity of the metakaolin-cement paste (per eq. 2) (Bentz, 2007).  

 

where cc , cm, cw, and cp are the specific heat capacity of the cement, metakaolin, water and paste 

(J/g·K), respectively; mc ,mm, and mp are the mass of the metakaolin, cement, and paste (g), 

respectively; and vw is the volume of water used in the cement paste sample (ml).  The specific 

heat capacities of cement, water and kaolinite at 25°C were approximated to be 0.75 J/(g·K),  

4.18 J/(g·K), and 0.945 J/(g·K) respectively (Xu and Chung, 2000; Holman, 1981; Robie and 

Hemingway, 1991). Any variations in the specific heat capacity due to calcination temperature 

range (500°C-650°C) were assumed to be negligible and were not taken into account when 

∙ ∙ w ∙ w
               (2) 
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calculating the mass of the reference water for the isothermal calorimetry experiments. The 

isothermal heat of hydration curve was measured for a 24 h period directly following mixing; the 

immediate peak when the water contacted the cement-metakaolin-ZnO powder was not 

examined in this study.    

 An average hydration curve and standard error, taken from triplicate tests from three 

separate batches, was determined for each sample tested. From these hydration curves the end of 

the induction period (i.e. the start time of the acceleratory period) was determined as the time of 

last observed thermal minimum taken from the rate of heat evolution vs. time curve. Bentz et al. 

(2012) demonstrated hydration curves using isothermal calorimetry were not a reliable indication 

of setting time (a physical process) for cement pastes. Therefore, only the chemical retardation 

(h), referring to the difference in the length of the induction period of ZnO containing pastes 

relative to non-ZnO containing pastes, was determined using equation 3.  

 

 where Rs (hr) is the chemical retardation or the difference between induction periods for ZnO-

containing samples relative to non-ZnO containing samples, Tz (hr) is the end of the induction 

period for samples containing ZnO and Tc (hr) is the end of the induction period for the control 

(non-ZnO containing sample).   

 Using the average hydration curves a linear trendline was fit between the minimum and 

maximum peak values of the average hydration curve to determine the ascending slope of the 

rate of heat evolution (J/g·hr2). For samples with long induction periods (namely cement-

metakaolin mixtures with 1.0% ZnO calcined at 500°C and 550°C and cement-metakaolin 

mixtures with 1.0% ZnO added post calcination), a minimum value was taken to be 2 J/h/g for 

	 Tz	 Tc	               (3) 
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more consistent curve fitting. All linear trendlines fitted to calculate the ascending slope had an 

R2 value greater than or equal to 0.97.  

 XRD was used to determine the crystalline hydration products from zinc-containing 

metakaolin-cement pastes. CuKα radiation was used over a scan range of 5°-60° 2θ in 

increments of 0.02° 2θ using a Siemens Diffraktometer. Paste mixtures contained a water-to-

cementitious material ratio of 0.4 by mass and 0wt% or 15wt% metakaolin substitute for cement.  

The metakaolins used contained 0wt% or 1wt% ZnO additions and were fired at the prescribed 

calcination temperatures (500°C, 550°C, 600°C, 650°C). Following 21 hours of hydration, 

samples were ground smaller than 45m and subjected to an ethanol flushing-vacuum filtration 

technique to stop hydration prior to XRD analysis. The hydration time frame of 21 hours was 

selected to enable all paste mixtures to exceed the time required to reach the maximum peak of 

the heat of hydration.  

 

2.6 Pozzolanic Reactivity 

 Following French standard NF P18-513, the Chapelle test (Largent, 1978), the pozzolanic 

reactivity of metakaolin samples calcined at 500°C and 650°C, with and without 1wt% ZnO 

additions, was conducted. For this test 2 g of calcium oxide (Fisher Scientific, 97+%) was mixed 

with 1 g of sample in 250 ml of deionized water and placed onto a stirring-heating pad for 16 

hours at 80°C. At the end of 16 hours, the mixture was allowed to cool to 23°C and 60g of 

sucrose (Fisher Scientific) with 250ml of deionized water was added. The resulting solution was 

filtered using 1 m diameter filter paper. Six drops of a 0.1% phenolphthalein, 50% ethanol 

solution was added to 25 ml of the filtered solution, followed by the titration of 0.1N 

hydrochloric acid solution. The titration reactions are shown in equation 4. The results from this 
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titration were used to determine the amount of calcium hydroxide (mg) fixed by the metakaolin 

or metakaolin-ZnO system. Duplicate tests with metakaolin from different batches were 

conducted to ensure repeatability.   

 Pozzolanic reactivity was also monitored by comparing crystalline hydration products, 

namely the peak values of the calcium hydroxide and C3S at pastes ages of 7 day and 28 days. 

Pastes were made with a water-to-cementitious material ratio of 0.4 by mass and 0wt% or 15wt% 

metakaolin substitute for cement. As with the Chapelle test, metakaolin samples calcined at 

500°C and 650°C, with and without 1wt% ZnO additions were used as the SCM portion of the 

paste. CuKα radiation was used over a scan range of 5°-60° 2θ in increments of 0.02° 2θ using a 

Siemens Diffraktometer.  

 

2.5. Compressive Strength  

  The compressive strengths of 50mm mortar cube specimens were tested per ASTM 

C109. Compressive strength testing was repeated three times for each mixture type using 

independently-calcined metakaolins each time. Mortars consisted of Type I portland cement 

(Table 1) with 0wt% or 15wt% metakaolin substitute and Ottawa silica sand (Table 2). The 

metakaolins tested included 0wt% or 1.0wt% ZnO addition and were calcined at each prescribed 

calcination temperature (500°C, 550°C, 600°C, 650°C). Mixing procedures for mortars followed 

ASTM C305 specifications with nine cubes cast per batch.  Compressive strength specimens 

were demolded after 24 hours and placed in a lime-water bath at 23°C until testing. Three cubes 

were tested from a single batch at each age of 3, 7, and 28 days.  Therefore, for a given age and 

mixture-type, nine specimens were tested, three cubes from three independent batches. 
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3.0. Results and Discussion 

3.1. Dehydroxylation  

  DSC and TGA were used to determine the effects of ZnO additions on the degree of 

dehydroxylation of the kaolinite heated to different temperatures. The results of DSC and TGA 

testing showed common kaolinite phase change characteristics, namely (i) mass loss due to 

evaporative water around 105°C, (ii) an endothermic peak associated with the elimination of 

structural hydroxyl groups during dehydroxylation and associated thermogravimetric mass loss 

at a temperature range of 500-800°C, and (iii) an exothermic peak associated with structural re-

organization between 940-1000°C coupled with no mass loss (Figure 2a-c). As the calcination 

temperature increased, the loss of hydroxyl groups increased, the area of the endothermic peak 

decreased, and the apex of the endothermic curve slightly shifted toward a higher calcination 

temperature (Figure 2a-c).   

 The results show that thermal activation of kaolinite at 500°C for 1h achieved a low 

percentage of dehydroxylation (~12%). However, an increase of 50°C in calcination temperature 

achieved ~75% dehydroxylation for both kaolinite samples with and without ZnO additions. At 

650°C, greater than 85% dehydroxylation was achieved (Table 3). Duplicate batches for two-

thirds of the samples was conducted and yielded an approximate error for the degree of 

dehydroxylation of ± 6.5% (Table 3). Therefore, there were no significant differences in degree 

of dehydroxylation between ZnO and non-ZnO containing samples. It can be concluded that, 

within the testing error, ZnO addition does not change the percent dehydroxylation at a specific 

calcination temperature.   

 The kaolinite crystalline composition was quantified using X-ray diffraction (XRD) 

analysis, to determine the effect of ZnO and calcination temperature on the structure of the 
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calcined kaolinite. Increased calcination temperature decreased the percentage of crystalline 

kaolinite, shown by the emergence of an amorphous hump between 20-30°(2θ) at 550°C and the 

disappearance of characteristic kaolinite peaks (hkl 001 and 002) at 600°C (Figure 3a,b). The 

kaolinite peak intensity for hkl 001 and 002 indicates the quantity of non-dehydroxylated 

kaolinite.  There were slight variations in peak intensities between samples with and without 

ZnO additions. However, duplicate scans demonstrated that the variation was within sample 

error and not significant.  Characteristic crystalline ZnO peaks were identified for samples with 

1wt% ZnO additions. The characteristic hkl 100 and 101 was found at 31.77° (2θ) 36.25° (2θ) 

for all calcination temperatures, with the intensity for these peaks most noticeable at the 

calcination temperature of 650°C (Figure 3b). The results were in agreement with the DSC data 

that ZnO has no effect on the dehydroxylation of metakaolin.  

 Solid-state 27Al and 29Si MAS NMR were used to examine the effect of ZnO addition on 

the structure of metakaolin. The results from solid-state 27Al and 29Si MAS NMR are shown in 

Figures 4 and 5, respectively. Published 27Al spectra of uncalcined kaolinite contain only one 

signal centered at -3.0ppm assigned to 6-coordinated Al (VIAl) (He et al. 2003). A chemical shift 

and the emergence of two weak signals indicate changes in the aluminum coordination resulting 

from dehydroxylation. The 27Al spectrum of the metakaolin in Figure 4 (calcination temperature 

650°C) contains a primary signal centered at -5.0ppm, assigned to the 6-coordinated Al (IVAl), 

with the chemical shift confirming dehydroxylation. Two additional weak signals near -21 and -

50ppm (Figure 4) correspond to 5-coordinated Al (VAl) and 4-coordinated Al (IVAl), 

respectively.  

 Published 29Si spectra of uncalcined kaolinite contain a signal centered around -91.6ppm 

assigned to a Q3 Si environment (He et al. 2003). The 29Si spectra in Figure 5 shows a sharp peak 
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at -94ppm indicating that the layered Q3 environment is still present, but is shifting toward the -

99ppm to    -104ppm realm, which is characteristic of metakaolin (He et al. 2003; Rocha et al. 

1990) (Figure 5). The 29Si spectra of samples containing no ZnO have a higher intensity peak at -

94ppm indicating a higher quantity of non-dehydroxylated kaolinite, relative to 1wt% ZnO 

containing samples. However, given that the DSC/TGA and XRD results showed variation in the 

degree of dehydroxylation between ZnO and non-ZnO containing samples, but differences were 

within the relative error, it is likely that the differences in the NMR results are also due to 

variations between samples and not due to ZnO.  Further testing would be needed to verify a 

change in metakaolin structure due to ZnO; for the purposes of this study it is concluded, based 

on the experimental results shown, that ZnO does not appreciably change the structure of 

metakaolin.  

 

3.2. Hydration 

 Isothermal calorimetry was used to test the effects of metakaolin and ZnO on the 

hydration of portland cement; results are shown in Figure 6(a-f). Each sample type was tested 

three times; each curve in Figure 6 represents the average of the three tests. Results are shown 

for cement pastes with 85 wt% cement and 15 wt% metakaolin containing 0wt.%, 0.1wt.%, 

0.5wt% or 1.0wt.% ZnO additions calcined with the kaolinite at four calcination temperatures 

(500°C, 550°C, 600°C, and 650°C).  These results are compared to 100% cement pastes and 

100% cement pastes with ZnO additions. The data deduced from Figure 6(c-f) are shown in 

Table 4 and include the length of the induction period (hr), chemical retardation (hr), average 

maximum peak (J/g/hr), the amount of time to reach this peak (hr), the slope of acceleratory 
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period (J/g·hr2) and the cumulative heat evolved (J/g). The errors shown in Table 4 represent the 

standard deviations from triplicate tests. 

 Figure 6(a) shows 100wt% cement, 100wt% cement + 0.15wt% ZnO, 85% 

cement/15wt% metakaolin with 1.0 wt% ZnO addition added pre- and post-calcination for 

metakaolins calcined at 650°C (note that 1.0 wt% ZnO by weight of metakaolin is equivalent to 

0.15% ZnO by weight of cementitious materials).  The data presented in Figure 6(a) are only for 

using Cement B; the rest of the results shown are for Cement A. Figure 6(a) shows that cement 

paste with 0.15wt% ZnO addition has a chemical retardation of approximately 27 hours followed 

by an increase in the apex of the hydration curve of 33% compared with a neat cement system. 

The retardation in the cement-ZnO system is in agreement with the literature (Dyer et al., 2009). 

In fact, the behavior of the ZnO in the cement paste is more indicative of a ‘delayed accelerator’ 

than a pure retarder, such that once the inhibition period has ended hydration proceeds at a faster 

rate than when no retarder has been added (Milestone, 1979) 

Figure 6(a) also shows a reduction in the apex of the heat of hydration by approximately 

15% for the 85wt% cement + 15wt% metakaolin system, demonstrating that metakaolin is 

relatively inert during early hydration at 3 h to 24 h, in agreement with the literature (Taylor, 

1997). The 15% reduction in heat of the metakolin-cement system with no zinc is eliminated 

with the addition of 1wt% ZnO, showing that the lost reactivity in early hydration can be 

overcome by the addition of ZnO. In addition, any chemical retardation exhibited by the pure 

cement-ZnO system is eliminated with the addition of the metkaolin, showing that the 

metakaolin can act as a buffer, reducing chemical retardation caused by ZnO-cement 

interactions.   
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Furthermore, no differences in the heat of hydration could be shown when ZnO was 

added to kaolinite before calcination or after calcination (Figure 6(a)). These results are in 

agreement with the DSC/TGA, XRD and NMR results which essentially demonstrated no 

structural differences between metakaolins calcined with ZnO compared to pure metakaolin. The 

fact that hydration is not sensitive to co-calcination allows for zinc-containing compounds to be 

simply added to a metakaolin-cement blend.  

Overall the results in Figure 6(a) demonstrate two critical objectives in this study: (1) 

ZnO has the potential of offsetting the reduction in early hydration due to an inert or slowly 

reacting SCM and (2) metakaolin enables the use of ZnO in concrete without retardation, 

opening the door to a variety of ZnO compounds, such as electric arc furnace dust to be 

successfully used in concrete. 

Figure 6(b) shows the hydration of metakaolin-cement paste with no ZnO, calcined at the 

four different calcination temperatures (500°C, 550°C, 600°C, and 650°C). From Figure 6(b) the 

degree of dehydroxylation does not affect the early reactivity of the metakaolin-cement blend 

confirming that the metakaolin is inert during early hydration (first 24 h).  

An investigation was conducted examining the influence of two variables: (1) the 

percentage of ZnO added to the kaolinite prior to calcination and (2) the influence of kaolinite 

dehydroxylation on the metakaolin-cement-ZnO system. Figure 6(c-f) shows an increase in the 

apex of the heat of hydration curve for metakaolin with increasing wt% ZnO. For example, the 

hydration peak height for non-ZnO samples ranged from 16 ± 0.5 J/h/g to 17 ± 0.4 J/h/g 

depending on the calcination temperature. 1% ZnO addition increased the average hydration 

peak height by 26% to 32% (ranging from 21.1 ± 0.9 J/h/g to 23.5 ± 0.5 J/h/g depending on 

calcination temperature). Figure 7(a) plots the maximum peak height as a function of the wt% 
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ZnO addition for each calcination temperature, with the error line representing the standard 

deviation from triplicate testing (~5%). A linear relationship, independent of calcination 

temperature, is shown in Figure 7(a) showing a clear correlation between increased wt% ZnO 

additions and increased peak height.   

 Coupled with the increase in the peak of the hydration curve with ZnO addition was an 

increase in the chemical retardation for metakaolins with decreasing dehydroxylation content. 

Figure 7(b) shows the average chemical retardation (eq. 3) as a function of the wt% ZnO 

addition for each calcination temperature.  Negative results signify that samples containing ZnO 

additions had shorter induction periods than control samples (i.e. samples with no ZnO 

additions). Samples containing 1.0wt% ZnO and having the largest degree of dehydroxylated 

kaolinite exhibited the least chemical retardation (Table 3).  Samples with long induction periods 

also had a delay in the time to reach the hydration peak and a lower cumulative heat at 24 hours 

(Table 4). Overall, the chemical retardation of the metakaolin-cement paste with 1wt% ZnO 

could be reduced only by using the highest calcination temperature of 650°C.  

Figure 7c shows the ascending slope (J/g·hr2) determined from the average heat of 

hydration curve established from three calorimetry tests per sample as a function of the wt% 

ZnO additions at 500°C, 550°C, 600°C and 650°C calcination temperatures. The ascending slope 

is an indication of the rate of reaction during this time period. A linear relationship was 

determined showing an increase in the slope as the wt% ZnO additions increase (R2=0.85).  

  The XRD scans of paste mixtures dried and crushed at 21 hours containing 15wt% 

metakaolin fired at the prescribed calcination temperatures (500°C, 550°C, 600°C, 650°C) with 

1wt% ZnO additions are shown in Figure 8 and summarized in Table 6. The XRD results 

revealed that no zinc crystalline phases formed in the pastes. The crystalline phase calcium 
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zincate (CaZn2(OH)6·2H2O) was reported in the literature to reduce the pozzolanic reaction 

between Ca(OH)2 and fly ash in systems containing no portland cement; this phase was not 

detected in the present study. The principal crystalline cement phases and hydration products 

C3S, CH, and ettringite (C6AŜ3H32) were identified in the hydrated pastes. The relative degree of 

hydration of the cement can be roughly determined by analyzing the peak intensity of the C3S. 

Pastes containing metakaolin calcined at 500°C and 550°C showed greater C3S peak intensity 

(hkl 021, 024 and 009) than samples calcined at 600°C and 650°C (Figure 8, Table 6). The XRD 

data are in agreement with calorimetry results, which showed samples with increased calcination 

temperatures reach the peak of hydration at a faster rate than samples with lower calcination 

temperatures (Figure 6c-f), resulting in the more rapid consumption of C3S to form C-S-H and 

crystalline CH hydration products. Additionally, the results confirm the disappearance of the 

primary and secondary kaolinite peaks (hkl spacing of 001 and 002) for kaolinite fired at 600°C, 

in agreement with Figure 3(b). 

 

3.3 Pozzolanic Reactivity 

 While early-age isothermal calorimetry demonstrates the effects of additives on the early 

hydration rate of cement, it provides little information on the pozzolanic reaction, which occurs 

later. The Chapelle test was therefore used to examine pozzolanic reactivity of the materials. No 

differences were shown in the results from the Chapelle test for samples with and without 1wt% 

ZnO additions (Table 5), indicating that the addition of ZnO to kaolinite prior to calcination does 

not change the pozzolanic reactivity of the metakaolin.  Samples calcined at 650°C fixed 1758 ± 

22 mg of calcium hydroxide, slightly less than metakaolin samples with 1wt% ZnO, which fixed 

1825± 10 mg, but within error. Samples calcined at 500°C had a reduction in the amount of fixed 
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calcium hydroxide by more than 50%, exhibiting less pozzolanic reactivity compared to 

metakaolins calcined at 650°C (Table 5).  The results from the Chapelle test in this study are 

within the range of Kakali et al. (2001). The amount of fixed calcium hydroxide has been shown 

to vary due to the crystallinity of the original kaolinite, where less ordered kaolinites exhibit a 

higher reactivity (Kakali et al., 2001).  

 As stated earlier, methods of increasing the reactivity of SCMs to enable the use of less 

reactive material can be effective by either compensating for the dilution effect due to the 15wt% 

substitute of SCM which becomes reactive at later stages of hydration or by increasing 

pozzolanic reactivity. According to the Chapelle test results, it appears that ZnO additions to 

metakaolin-cement blends achieve the former, but not the latter.  

To further investigate the pozzolanic reactivity, XRD scans of pastes were conducted at 

the ages of 7 and 28 days. These data are shown in Figure 9 (a-d) and are summarized in Table 6 

along with the 21 h data discussed earlier. Each calcium hydroxide peak (hkl 001, 011, 012) was 

respectively the same across all 21 h scans, regardless of the calcination temperature of the 

metakaolin. Therefore, the formation of calcium hydroxide at this time is due to the hydraulic 

reactions. A reduction in CH peak height between 21 h and 7 day scans is due to the pozzolanic 

reactions from the metakaolin. Pastes containing metakaolin calcined at 500°C showed greater 

C3S peak intensity (hkl 021, 024 and 009),  greater calcium hydroxide intensities (hkl 001, 011, 

012) and greater kaolinite peaks (hkl 002) than samples calcined at 650°C, at both 7 and 28 days 

(Figure 9(a-d), Table 6), indicating a lower degree of cement reaction and lower pozzolanicity.  

These results are in agreement with finding from the DSC/TGA and Chapelle tests, where the 

higher calcination temperature resulted in a larger degree of dehydroxylated kaolinite and was 

therefore more pozzolanically reactive. There is some variation in the primary calcium hydroxide 
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peak (hkl 001) height between samples containing ZnO and non-ZnO samples (Table 6). 

However, the differences are minimal and within error. Overall, the XRD scans demonstrated 

differences in the pozzolanic reactivity are influenced more by calcination temperature than ZnO 

addition.  

 

3.4 Compressive Strength 

 Figure 10a-c shows the mortar cube compressive strengths (MPa) for (a) 3-day, (b) 7-day 

and (c) 28-day specimens for mortars with neat cement (control), 15wt.% metakaolin (no ZnO), 

and metakaolin with 1wt% ZnO calcined at each temperature (500°C, 550°C, 600°C, 650°C). 

The average compressive strength was taken from three replicate batches with 3 cubes tested at 

each age for each sample type.  

The 3-day compressive strength results reveal that substitution of 15wt.% metakaolin for 

cement lowered the early compressive strength when the metakaolin was incompletely calcined 

(500°C with and without ZnO and 550°C without ZnO), but had no significant effect on 3-day 

strength at high calcination temperatures (Figure 10a). At seven days, the average compressive 

strength of mortars containing 1wt% ZnO-kaolinite calcined at 650°C was stronger than all other 

samples (Figure 10b). Mortars with metakaolin and 1wt% zinc additions maintained comparable 

strength relative to metakaolin mortars without ZnO.   

 The 28-day compressive strength results (Figure 10c) followed the same trends as the 7-

day results.  Strength was significantly higher for metakaolin with1wt% ZnO calcined at 650°C 

compared to all other samples.  Both ZnO and non-ZnO samples calcined at 650°C achieved 

greater compressive strengths than the control (containing no metakaolin), which is expected 
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given the pozzolanic reaction of the SCM.  Metakaolins which were incompletely calcined 

lowered strength compared to the control.   

 It is surprising that the metkaolin calcined at 650°C with 1wt% ZnO had a higher 

compressive strength than the mortar containing a similar metakaolin without ZnO considering 

that the Chappelle test suggested no change in pozzolanic reactivity due to ZnO.  This could be 

because the Chappelle test is a convenient, but imperfect method of measuring pozzolanic 

reactivity since it measures reactivity in an idealized lime solution rather than in a cementitious 

system. It could also be that the presence of ZnO changes the microstructure in the cement-

metakaolin system.  Elucidation of the mechanism for this strength difference requires further 

investigation. 

 

4.0. Conclusions    

This study reported on the observed increased reactivity of metakaolin-cement systems 

with the addition of ZnO, demonstrating that an increase in early cement hydration compensated 

for any dilution effect caused by the SCM in the first 24 h.  In the absence of metakaolin, ZnO 

behaved very similarly to sucrose, acting like a ‘delayed accelerator’, with an extended induction 

period followed by an increased reaction rate during the acceleratory period of hydration. When 

combined with metakaolin, the retardation caused by ZnO was diminished (as a function of 

dehydroxylated content), however the reaction rate acceleration was preserved. The ability to 

utilize the increased rate of reaction may offset the low reactivity of poorly pozzolanic SCM, 

facilitating their use. Of particular interest in a future study is the use of impure calcined clays 

which are more accessible, inexpensive and require less manufacturing compared to pure 

metakaolin.  
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In this study it was shown that the degree of dehydroxylation and pozzolanicity of 

kaolinite were influenced by increasing the calcination temperatures, but not by ZnO additions. 

This was further supported by the fact additions of ZnO pre- or post-calcination resulted in the 

same rate of heat evolution. For both ZnO and non-ZnO containing samples calcined at 650°C, 

greater than 85% dehydroxylated metakaolin was obtained; thus this temperature was determined 

to be the optimum calcination temperature for the materials and firing parameters used in this 

study. Paste and mortars containing metakaolin with increasing ZnO additions and increasing 

calcination temperature exhibited the following trends in heat flow during calorimetry testing: (i) 

an increase in the maximum peak height, (ii) a reduction in chemical retardation, (iii) a reduction 

in the time to reach the maximum peak, (iv) a steeper average ascending slope and, (v) an 

increase in the cumulative heat. In addition, the 7 and 28-day compressive strength results for 

mortars containing 1wt% ZnO additions to kaolinite calcined at 650°C showed slightly higher 

strengths relative to non-ZnO samples. For this study the optimal ZnO-metakaolin SCM was 

determined to contain 1wt% ZnO calcined at 650°C. This mixture showed minimal chemical 

retardation (10.2 minutes), an increase of ~26% in maximum heat flow during hydration, and 

23% average improvement in compressive strength relative to Type I portland cement mortar.  

The findings from this study demonstrate it is possible to overcome the severe retardation 

associated with zinc compounds discussed in previous studies (Dyer et al. 2009; Puertas et al. 

2010). The use of metakaolin combined with ZnO virtually eliminates chemical retardation (for 

highly dehydroxylated metakaolin), allowing for a variety of ZnO-containing waste materials 

that could be used as concrete additives, such as electric arc furnace dust (EAFD).  
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Table 1: Oxide content of Type I Portland cement from Texas Lehigh. 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Oxide 
Cement A 

Composition 
(%)

Cement B 
Composition 

(%)
SiO2 19.69 19.36

Al2O3 5.52 5.13

Fe2O3 2.49 2.53

CaO 63.06 63.17

MgO 1.16 1.03

SO3 3.38 3.22

Na2O 0.77 0.086

K2O 0.97 0.88

TiO2 0.25 0.23

SrO NA 0.08

Mn2O3 NA 0.042

P2O5 0.29 0.22

Cl NA 0.009

ZnO NA 0.0071

Cr2O3 NA 0.0104
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Table 2: The experimental matrix, showing the calcination temperature and wt% of ZnO 
additions selected for the metakaolin preparatory treatment and the experimental test conducted.  
 

 

 
 

 

 

 
 
 
 
 
 
 
 

Sample
DSC 

&    
TGA

XRD 
(kaolinite)

29Si  & 27Al 
MAS NMR 

Isothermal 
Calorimetry

XRD    
(21 hr.)

Chapelle 
Test 

XRD       
(7 & 28 day)

Compressive 
Strength  

No ZnO x x
0.1wt%ZnO
0.5wt%ZnO x x
1.0wt%ZnO x x

No ZnO x x x x x x
0.1wt%ZnO x
0.5wt%ZnO x x x
1.0wt%ZnO x x x x x x x

No ZnO x x x x
0.1wt%ZnO x
0.5wt%ZnO x x x
1.0wt%ZnO x x x x x

No ZnO x x x x x x x
0.1wt%ZnO x
0.5wt%ZnO x x x
1.0wt%ZnO x x x x x x x x

Calcination Temperature 550
o
C and 600oC

Calcination Temperature 650
o
C

Letter 'x' indicates the sample was tested  

Uncalcined (Temperature 23
o
C)

Calcination Temperature 500
o
C
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Table 3: DSC results for samples with 0.0wt%, 0.5wt%, 1.0wt% ZnO flux additions, at ambient 
and calcination temperatures of 500-650°C at intervals of 50°C. Calculations were made per 
Equation 1. 
 

 

 

 
 
 

 

 

 

 
 

Sample
Endothermic 

Peak       
(W/g)

Area of 
Endothermic 

Peak       
(J/g) 

Degree of 
Dehydroxylation

(J/g)

No ZnO -0.92 -356 Base Line 
0.5wt.%ZnO -0.96 -357 Base Line 
1.0wt.%ZnO -0.82 -291 Base Line 

No ZnO -0.85 -315 11.52

0.5wt.%ZnO -0.85 -313 12.32

1.0wt.%ZnO -0.71 -250 14.09

No ZnO -0.19 -84.11 76.37
0.5wt.%ZnO -0.24 -93.96 73.68

1.0wt.%ZnO -0.27 -97.94 66.34

No ZnO -0.15 -43.14 87.88
0.5wt.%ZnO -0.22 -62.33 82.54
1.0wt.%ZnO -0.23 -53.25 81.70

No ZnO -0.14 -29.79 91.63
0.5wt.%ZnO -0.13 -32.47 90.90
1.0wt.%ZnO -0.15 -39.54 86.41

Not Calcined

Calcination Temperature 500
o
C

Calcination Temperature 550
o
C

Calcination Temperature 600
o
C

Calcination Temperature 650
o
C
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Table 4: Hydration parameters from isothermal calorimetry  for samples containing no flux and 
additions of 0.1wt.%, 0.5wt% and 1.0wt.% ZnO flux for the four calcination temperatures 
(500°C, 550°C, 600°C, 650°C). The cumulative heat is taken at 24 h following mixing.  
 

 

 

 

 

Table 5: Results from the Chapelle Test. 

 

Sample
Induction 

Period       
(h)  

Chemical 
Retardation   

(h)

Maximum Peak  
(J/h/g)

Time to 
Maximum Peak  

(h) 

Ascending 
Slope 

(J/g/h
2
)     

(10
-3

)

Cumulative Heat  
(J/g)

No ZnO 1.7±0.04 Baseline 15.95 ± 0.53 8.45 ± 0.59 5.6 195.98 ± 0.99
0.1wt%ZnO 1.7±0.07 -0.01 16.77 ± 0.40 7.89 ± 0.16 6.3 197.65 ± 0.82
0.5wt%ZnO 2.3±0.51 0.59 18.94 ± 0.88 8.81 ± 0.53 8 200.46 ± 3.79
1.0wt%ZnO 7.6±1.59 5.89 21.07 ± 0.92 15.04 ± 2.42 11.1 182.20 ± 9.18

No ZnO 1.7±0.04 Baseline 16.72 ± 0.09 8.06 ± 0.19 6.4 198.63 ± 1.15
0.1wt%ZnO 1.7±0.06 0 16.84 ± 0.25 8.09 ± 0.03 6.4 197.73 ± 1.34
0.5wt%ZnO 2.0±0.23 0.37 20.66 ± 0.40 8.16 ± 0.50 9.6 206.05 ± 2.26
1.0wt%ZnO 6.1±0.19 4.36 23.00 ± 0.36 13.64 ± 0.53 13.2 187.07 ± 3.67

No ZnO 1.7±0.01 Baseline 16.79 ± 0.18 8.00 ± 0.06 6.5 198.23 ± 1.17
0.1wt%ZnO 1.7±0.06 0 17.32 ± 0.44 7.91 ± 0.04 7.1 196.85 ± 2.92
0.5wt%ZnO 1.8±0.19 0.08 20.27 ± 0.43 7.77 ± 0.34 9.7 205.77± 3.14
1.0wt%ZnO 4.6±1.35 2.91 23.52 ± 0.46 12.11 ± 2.18 13.5 195.73 ± 11.24

No ZnO 1.7±0.04 Baseline 17.14 ± 0.40 8.06 ± 0.25 6.6 199.99 ± 1.39
0.1wt%ZnO 1.65±0.04 -0.06 17.48 ± 0.39 8.02 ± 0.16 6.9 200.18 ± 0.44
0.5wt%ZnO 1.8±0.35 0.11 19.94 ± 0.53 8.06± 0.74 7.3 205.52 ± 0.44
1.0wt%ZnO 1.8±0.31 0.17 22.57 ± 0.55 8.93± 0.82 10 210.79 ± 3.91

Calcination Temperature 500
o
C

Calcination Temperature 550
o
C

Calcination Temperature 600
o
C

Calcination Temperature 650
o
C

Sample 
Calcination Temperature     

(°C)
Standard Deviation       

(mg/g)

Metakaolin 500 731.64 6.47
Metakaolin w/ 1wt% ZnO 500 877.22 6.47

Metakaolin 650 1761.90 17.11
Metakaolin w/ 1wt% ZnO 650 1825.36 5.60
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Table 6: The peak intensity taken from the XRD scans shown in Figure 8 and Figure 9. 

 

 

 

1wt% ZnO No ZnO 1wt% ZnO No ZnO 1wt% ZnO
hkl 21hr. 7 day 7 day 28 day 28 day 

Ca(OH)2 (001) 2041 1013 1226 1419 1049

Ca(OH)2 (011) 1132 1353 1263 1336 1221

Ca(OH)2 (012) 480 491 492 463 467

C3S (021) 731 410 501 337 337

C3S      

C2S

(024) 
(116)

1281 601 475 563 463

C3S      

C2S

(009) 
(020)

800 469 476 563 404

C3S      

C2S

(208) 
(310)

451 255 236 233 229

Kaolinite (001) 462 271 376 345 283
Kaolinite (002) 374 177 224 211 198

1wt% ZnO No ZnO 1wt% ZnO No ZnO 1wt% ZnO
hkl 21hr. 7 day 7 day 28 day 28 day 

Ca(OH)2 (001) 890 829 628 731 858

Ca(OH)2 (011) 1187 984 942 1005 947

Ca(OH)2 (012) 441 404 348 353 344

C3S (021) 502 427 460 356 383

C3S      

C2S

(024) 
(116)

771 586 587 443 569

C3S      

C2S

(009) 
(020)

797 484 518 444 487

C3S      

C2S

(208) 
(310)

481 265 235 230 344

Kaolinite (001) na na na na na
Kaolinite (002) na na na na na

 Peak Intensity (Metakaolin calcined at 500°C)

 Peak Intensity (Metakaolin calcined at 650°C)
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Figure 1: Cumulative percentage undersize (%) vs. particle size (m) of kaolinite, kaolinite heat 
treated. 
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(a) (b) (c) 

Figure 2: DSC-TGA analysis of kaolinite (a) with no added flux and, (b) with 0.5wt% addition of ZnO and (c) with 1.0wt% 
addition of ZnO at (1) ambient, (2) 500°C, (3) 550°C, (4) 600°C and (5) 650°C, calcination temperatures. 
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(b) 
Figure 3(a,b): XRD analysis of kaolinite with no added flux and kaolinite with 0.5wt% ZnO and 
1wt%ZnO at (a) ambient and calcination temperatures of 500°C, (b) calcination temperatures of 
550°C and 600°C, and (c) calcination temperature of 650°C. Where ‘Q’ represents quartz (SiO2), 
‘Z’ represent zinc oxide (ZnO) and ‘K’ represents kaolinite (Al2Si2O5(OH)4). 
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(c) (d) 

                 

(e) (f) 

Figure 6(a-f): The rate of heat evolution (J/h/g) vs. time (hours) for cement pastes containing (a) 
100wt% cement, 100wt% cement + 0.15wt% ZnO, cement with a substitute of 15wt% 
metakaolin with 1.0 wt% ZnO addition added pre and post calcination; (b) cement with a 
substitute of 15wt% metakaolin for calcinations temperatures of  500°C, 550°C, 600°C, 650°C; 
cement pastes containing 15wt% metakaolin, with 0 to 1.0 wt% ZnO flux addition, for 
calcinations temperatures of (c) 500°C, (d) 550°C, (e) 600°C and (f) 650°C.  Note 6(a) used 
cement B and the remaining plots used cement A.    

 

0 5 10 15 20
Time (hours)

0

10

20

30
R

at
e 

of
 H

ea
t E

vo
lu

tio
n 

(J
/h

/g
)

Metakaolin w/o ZnO
0.1wt.% ZnO

Preparatory Calcination Temp: 500oC

0.5wt% ZnO
1.0wt%ZnO

0 5 10 15 20
Time (hours)

0

10

20

30

R
at

e 
of

 H
ea

t E
vo

lu
tio

n 
(J

/h
/g

)

Metakaolin w/o ZnO
0.1wt% ZnO

Preparatory Calcination Temp: 550oC

0.5wt% ZnO
1.0wt%ZnO

0 5 10 15 20
Time (hours)

0

10

20

30

R
at

e 
of

 H
ea

t E
vo

lu
tio

n 
(J

/h
/g

)

Metakaolin w/o ZnO
0.1wt% ZnO

Preparatory Calcination Temp: 600oC

0.5wt% ZnO
1.0wt%ZnO

0 5 10 15 20
Time (hours)

0

10

20

30
R

at
e 

o
f H

e
at

 E
vo

lu
tio

n 
(J

/h
/g

)
Metakaolin w/o ZnO
0.1wt% ZnO

Preparatory Calcination Temp: 650oC

0.5wt% ZnO
1.0wt%ZnO



 

70 
 

       

(a) (b) 

 

(c) 

Figure 7(a-c): (a) the maximum peak height (J/h/g) ±5.0% error, (b) the chemical retardation to 
reach initial set (h) and, (c) the average ascending slope (J/g·hr2) ±5.0% error, all as a function of 
the wt% ZnO additions at calcination temperatures of 500°C, 550°C, 600°C and 650°C.  
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Figure 8: XRD scans of paste mixtures dried and crushed at 21 hours containing 15wt% 
metakaolin substitute, fired at the prescribed calcination temperatures (500°C, 550°C, 600°C, 
650°C) with 1wt% ZnO additions. ‘E’ represents ettringite (C6AŜ3H32) and ‘K’ represents 
kaolinite (A2S2O5(OH)4). 
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Figure 9(a-d): XRD scans of paste mixtures dried and crushed at 7 and 28 days containing 
15wt% metakaolin substitute, fired at the prescribed calcination temperatures (500°C and 650°C) 
with 1wt% ZnO additions. ‘E’ represents ettringite (C6AŜ3H32) and ‘K’ represents kaolinite 
(A2S2O5(OH)4), CH represents calcium hydroxide (Ca(OH)2). 
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(a) (b) 

 

 

(c) 

Figure 10(a-c): Mortar cube compressive strengths (MPa) for (a) 3-days, (b) 7-days and (c) 28-
days,  consisting of cement-Ottawa sand mixtures with neat cement (control, shown in black), 
15wt.% metakaolin-SCM from kaolinite calcined at each temperature (K500, K550, K600, 
K650, shown in light gray) and metakaolin-ZnO SCM from kaolinite and 1wt.% ZnO calcined 
together at each temperature (KZ500, KZ550, KZ600, KZ650, shown in dark gray).  
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Appendix B: The influence of zinc oxide additions on calcined 
montrmorillonite and illite supplementary cementitious materials 

 
Citation: Not published  
 
1 Introduction 
  

Calcined kaolinite, or metakaolin, is a highly pozzolanically reactive material that 

improves the compressive strength and durability of portland cement concrete when used as a 

supplementary cementitious material (SCM). Widespread use of metakaolin is limited by 

regional availability and high manufacturing costs. To overcome these limitations there is 

increasing interest in implementing non-kaolinite minerals, such as montmorillonite and illite 

shale, as inexpensive alternatives to metakaolin (Fernandez et al., 2011). Despite widespread 

abundance, impure, calcined clay minerals as SCMs are not commonly used in the concrete 

industry due to poor pozzolanic reactivity and a subsequent reduction in concrete mechanical 

performance.   

Kaolinite is classified as a 1:1 clay mineral, consisting of one tetrahedral sheet and one 

octahedral sheet held together by hydroxyl groups (Sajidu et al. 2008). Bentonite clays are 

typically comprised of mostly montmorillonite [(Na,Ca)0.33 (Al,Mg)2 (Si4O10) (OH)2·nH2O] and 

illite shales are sedimentary rocks [(K,H3O) (Al,Mg,Fe)2 (Si,Al)4 O10[(OH)2,(H2O)] both having a 

repeating triple layer structure (tetrahedral-central octahedral-tetrahedral) and containing less 

hydroxyl groups relative to kaolinite, making structure collapse due to thermal treatment more 

difficult (Fernandez et al. 2011; Early et al., 1952; Emmerich et al., 1999; Carroll et al. 2005).  

Heat-treating the clay, a process called calcination, is the most common method in 

increasing a clay mineral’s pozzolanic reactivity, although other activation methods have been 

shown to be successful (Chatterji et al. 1960; Kuechler 1926). Kuechler (1926) used cone fusion 
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to show that the addition of titanium dioxide and hematite prior to calcination lowered the 

refractoriness of calcined kaolinite (i.e. thermal resistance). Srinivasan (1956) demonstrated that 

the addition of hematite to clays increased the pozzolanic activity of surkhi (a finely powdered 

burnt clay and generally made from slightly under-burnt bricks). Chatterji et al. (1960) 

demonstrated that zincite additions of 0.001wt%, 0.01wt% and 0.1wt% changed the reactivity of 

kaolinite measured by lime reactivity tests. Taylor-Lange et al. (2012) demonstrated that the 

addition of zincite to metakaolin cement pastes increased the early cement hydration reactivity. 

However, the use of zincite with cement may also result in an unwanted chemical retardation 

during hydration (Taylor-Lange et al., 2012; Dyer et al., 2009).  

To the best of our knowledge, no studies have investigated the effect of zincite addition 

on montmorillonite and illite clay minerals to enhance the early cement hydration kinetics in 

their presence or their later pozzolanic reactivity.   Successful enhancement of the reactivity of 

non-kaolinite calcined clays and subsequent performance enhancement would enable impure, 

blended clay materials to become competitive SCMs for use in concrete. With widespread 

availability and lower cost compared to pure kaolinite, clays containing montmorillonite and 

illite minerals may become a competitive, more sustainable building material option. Therefore it 

is of great interest to investigate methods to improve the reactivity of montmorillonite and illite 

minerals for use as SCMs.  

 
2 Experimental Procedures  
 
2.1. Material Characterization  
 
 The clay minerals used in this study include a montmorillonite clay 

{(Na,Ca)0.3(Al,Mg)2(Si4O10) (OH)2∙nH2O]} (Wards Natural Science Establishment, Inc.), labeled 

MMC and a illite shale {(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2, H2O]} (Wards Natural Science 
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Establishment, Inc.), labeled ISC.  In addition, quartz, labeled Q, (SiO2) (Old Hickory, Clay 

World) was used as an inert filler, for comparison (Bentz et al. 2012). The performance of 

kaolinite [Al2Si2O5(OH)4] (Wards Natural Science Establishment, Inc.) was also tested as a 

reference material for a highly reactive pozzolan. Metal oxide additions included the use of 

zincite (Acrōs Organics, 99%). ASTM C150 Type I portland cement (Texas Lehigh Cement Co., 

processed November 2011), ASTM C109 Ottawa Silica Sand (Humboldt) and deionized water 

were used in making pastes and mortars. The chemical composition of the portland cement is 

presented in Table 1, obtained by X-ray florescence using a 1 kW Wavelength Dispersive S4 

Explorer (Bruker-AXS). 

 The particle size distributions of the clay minerals, quartz, cement and zinc oxide were 

determined using a Spraytec particle size analyzer (Malvern Instruments, Inc.). Prior to testing, 

the illite shale was ground using an aggregate grinder (Barun Chipmunk VD67) to pass sieve 

No.4 (4.75 mm diameter), then pulverized using a sand grinder (Bico Inc. Burbank, California). 

The resulting powder was sieved to pass 200 mesh (0.074 mm). The other constituents were 

purchased in powder form.  Figure 1 shows the cumulative percent undersize for cement, MMC, 

ISC, MKC and Q samples.   

The average particle diameter (d50) for the zincite was 1.1 m. The surface areas of the 

MMC, ISC and MKC were determined using a Micromeritics BET 2020-Analyzer as 21.07 

m2/g, 15.19 m2/g and 29.84 m2/g, respectively. The BET surface area results were in good 

agreement with Grim (1962) and Van Olphen et al. (1979), who measured BET nitrogen surface 

areas of natural kaolinite and smectite (montmorillonite) with results varying from 10 to 25 m2/g 

and from 16 to 97 m2/g, respectively. 
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2.2. Zincite and calcination treatments    
 

The calcination temperatures for montmorillonite and illite were chosen according to He 

et al. (1995) to be 830°C and 930°C, respectively. In addition, a lower calcination temperature of 

650°C, corresponding to that used for kaolinite in an earlier study (Appendix A), was used for 

montmorillonite and illite to investigate the potential of having a single calcination temperature 

for the three mineral types. The chosen temperatures differ slightly from those used by 

Fernandez et al. (2011) of 600 and 800°C for the same clays. The calcination protocol included 

(i) increasing the temperature from 23°C to the specific calcination temperature at a rate of 

5°C/minute, (ii) maintaining the specific calcination temperature for one hour and, (iii) slow 

cooling to 23°C temperature at a rate of 5°C/minute. Calcination was performed in a Lindberg 

Blue M furnace.  

In addition to thermal treatment, the clays were combined with zincite either before or 

after calcination as follows:  

(1) 1.0wt% zincite added to 5 g of each MMC and ISC mixed by hand for 2 minutes prior 

to calcination;  

(2) 1.0wt% zincite added to 5 g of each MMC and ISC mixed by hand for 2 minutes 

following calcination;  

The goal was to investigate the thermal dependence of the effects of metal oxides on the clay 

performance as SCMs by comparing additions pre-calcination to post-calcination. In addition, 

1.0wt% zincite was added cement and a cement-quartz blend with no SCM for comparison. 

Thermal dependence of zincite additions, pre vs. post calcination, was investigated by Taylor-

Lange et al. (2012) for kaolinite, with the observation that the stage of addition (pre or post-

calcination) had no effect on early hydration behavior.  
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Specimen nomenclature throughout this study includes the SCM label, followed by the 

thermally treated calcination temperature shown in °C, followed by an indication of zincite (Z) 

additions added either pre-calcination or post-calcination designation. 

 

2.3 X-ray diffraction  

X-ray diffraction (XRD) was used to (i) identify the primary and companion minerals in 

each mineral, and (ii) monitor peak intensities following each calcination and zincite treatment 

method.  XRD scans used CuKα radiation over a scan range of 5°- 45° 2θ in increments of 0.02° 

2θ (Siemens Diffraktometer) with the results analyzed using Jade analysis software (Materials 

Data, Inc.). The amount of quartz in each sample was approximated using the reference intensity 

ratio (RIR) method using a calibration curve created using the following constituent 

combination: (1) 10wt% zincite, (2) a varied wt% of quartz, 10- 90wt% in 10wt% increments, 

and (3) a cement filler for the remaining wt% fraction, such that the sum of zinc oxide, quartz 

and cement equaled 100wt% (Hillier, 2000).  From these nine calibration XRD scans, the peak 

intensity of the quartz (hkl 101) and zincite (hkl 101) was identified. Curve fitting provided a 

linear relationship between the wt% quartz and the ratio of the zincite to quartz peak intensities. 

A 10wt% zinc oxide internal standard, following the procedure of Buchwald et al. (2009), was 

added to non-calcined samples of MMC, ISC, MKC to determine the wt% quartz in each clay. 

Figure 2 shows the relationship between the wt% quartz and the ratio of the zincite to quartz 

peak intensities with the percentage of crystalline silica in the MMC, ISC, MKC constituents 

determined as: 3.1wt%, 13.5wt% and 1.3wt%, respectively.  
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2.4 Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) was used to quantify the thermal energy used 

during the dehydroxylation of each clay. Using a differential thermal analyzer (NETZSCH STA 

409), samples were tested in platinum crucibles under a nitrogen atmosphere with a scanning rate 

of 10°C/min from 25°C to 1000°C. Results were analyzed using Proteus Thermal Analysis 

software, with a linear baseline assumption. An approximate quantification of the percent 

dehydroxylation after calcination was determined by using the endothermic peak area acquired 

from DSC data and following the assumptions by Bich et al. (2009). 

 

2.4 Reactivity of treated calcined clay minerals on pastes during the first 72 hrs. of hydration  

To investigate the influence of each zincite treatment method on the early hydration of 

MMC and ISC containing cement pastes, isothermal calorimetry experiments were conducted in 

accordance with ASTM C1702-Method B. An eight-channel isothermal calorimeter (TA 

Instruments TAM Air) was used to determine the rate of heat evolution (J/h/g) of pastes contains 

a 15wt% replacement of the cement with the prepared clay mineral and having a water-to-

cementitious material ratio of 0.4 (by mass). Paste preparation included hand mixing for two 

minutes followed by placing 10 g of paste into a specimen vial. The isothermal heat of hydration 

was measured for a 72 h period, directly following mixing and was normalized per g of 

cementitious material (cement and SCM). The initial heat release when the water contacted the 

cement-SCM powder was not captured. Deionized water reference vials were used, with the 

volume of water held constant and calculated to match the specific heat capacity of a metakaolin 

cement paste.   
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Moreover, additional tests were conducted to differentiate between the effects of inert 

filler and reactive material (Bentz et al. 2012), where pastes containing 15wt% substitute of 

MKC, and Q, with and without zincite additions were tested. To consider the influence of cement 

behavior independent of the calcined clays, 0.15wt% zincite additions were added to control 

pastes. Recall a 1wt% addition of zincite to an SCM with 15wt% replacement, results in 

0.15wt% zincite in the paste.    

The average hydration curve and standard error were taken from triplicate tests from 

three separate batches of each respective sample. From the calorimetry results, the following 

hydration parameters were quantified: (i) the end of the induction period (a.k.a. the time to the 

start of the acceleratory period), (ii) the relative chemical retardation, (iii) the maximum peak 

value and the time to reach this maximum peak and, (iv) the average cumulative heat at 72 hours 

and (v) the difference in cumulative heat relative to a 100wt% cement paste sample. The time to 

the start of the acceleratory period was determined as the time of last observed thermal minimum 

taken from the rate of heat evolution vs. time curve. The relative chemical retardation was 

defined as difference between the end of the induction period for the sample in question relative 

to the 100wt% paste sample.  

 

2.5. Pozzolanic activity of calcined clay minerals at 28 and 90 days  

While early-age isothermal calorimetry demonstrates the effects of additives on the 

hydration rate of cement, it provides little information on the pozzolanic reaction, which occurs 

later roughly at 28 to 90 days. The goal of testing the pozzolanic reactivity is to assess the 

influence of the zincite as an activating flux to enhance the pozzolanic reactivity. In addition, a 

comparison of the pozzolanic behavior of the montmorillonite and illite shale with metakaolin 
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was conducted. The remaining portlandite content in pastes containing treated and non-treated 

calcined clays was monitored over time to investigate the impact of treatment methods on 

pozzolanic reactivity. Thermogravimetric analysis (TGA) was used to approximate the mass loss 

due to the evaporation of hydroxyl groups from the portlandite present in the paste at a 

temperature range from 400°C to 550°C.  A differential thermal analyzer (Mettler-Toledo) was 

used, with samples tested in aluminum oxide crucibles under a nitrogen atmosphere with a 

scanning rate of 20°C/min from 45°C to 1000°C. Following curing maturation at 28 or 90 days, 

samples were weighed, ground smaller than 45 µm and then subjected to an ethanol flushing-

vacuum filtration technique to stop hydration. Samples were dried in a fume hood for 20 min. 

and then weighed again prior to being stored in a vacuum desiccator to avoid any further 

carbonation. A final mass was recorded following 72 h of storage in the vacuum desiccator, with 

the recorded mass used to back calculate the free water content. The free water content averaged 

7.2 ± 0.5% and 5.0 ± 1.4% for 28 and 90 day samples, respectively, and did not vary 

significantly with sample type. 

 

2.6. Mechanical properties of treated and non-treated clay-cement mortars  

The compressive strengths of 50 mm mortar cube specimens were tested following 

ASTM C109. Mortars consisted of Type I portland cement with 15wt% SCM (except for control 

samples) and Ottawa silica sand. Mixing procedures for mortars followed ASTM C305 

specifications.  Compressive strength specimens were demolded at 24 h and placed into a lime-

water bath at 23°C, until testing. Three cubes were tested from a single batch at each age of 1, 3, 

7, 28 and 90 days, with two replicate batches per curing age per sample.  
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3 Results 

3.1 Mineral characterization and dehydroxylation 

The diffraction patterns of uncalcined MMC, ISC and MKC showed primary peaks 

corresponding to the diffraction of the basal planes of each clay mineral structure and additional 

diffraction of the basal planes of the mineral impurities. Figure 3(a-e) shows the XRD results of 

the following samples: (a) MMC, (b) MMC650, (c) MM650Zpre, (d) MM830, (e) MM830Zpre. 

The crystalline minerals identified include montmorillonite, albite, muscovite, cristobalite and 

quartz. The results show the montmorillonite mineral (MM) at a series of crystalline stages, 

including the original structure (raw), partially dehydroxylated (650°C) and slightly more 

dehydroxylated at (830°C).  A shift from 6.7° to 9.1° 2θ and a 22% reduction in peak intensity 

for the primary montmorillonite peak (hkl 001) following calcination was observed, due to the 

removal of interlayer water. The muscovite (hkl 002) peak showed greater intensity following 

calcination at 650°C and then a reduction in intensity at 830°C. The albite peak (hkl 002) is 

shown to absorb its own neighboring peak (hkl 220), illustrative of structural reorganization 

following calcination. The cristobalite peak (hkl 101) becomes more pronounced following 

calcination at 830°C. Crystalline zincite was identified in scans containing treatment additives, 

but did not change the crystalline structure of the minerals.  

Figure 4(a-e) shows the XRD results for the following illite samples: (a) ISC, (b) ISC650, 

(c) ISC650Zpre, (d) ISC930, (e) ISC930Zpre. The crystalline phases identified were illite, 

clinochlore, quartz and zincite. A calcination of 650°C resulted in little change from the original, 

untreated material, indicating that this temperature is ineffective at considerably changing the 

illite crystal structure. However, a disappearance in the clinochlore peak (hkl,002) was observed 

following calcination at 650°C and a reductions in the illite peak height intensity (hkl 002, 004 
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and 110) could be shown following calcination at 930°C. The changes observed at 930°C may be 

a hopeful indicator of the creation of a pozzolanic illite, as previous researchers have suggested 

that  illite is relatively inert (He et al., 1995).  Alternatively, the reduction in illite peak height 

intensity could indicate the formation of a silica or aluminosilicate that is pozzolanically 

ineffective. The zincite treatment added pre-calcination appears ineffective at influencing the 

illite mineral crystal structure during dehydroxylation.    

Figure 5(a,b) presents the results of the XRD analysis for the MKC and MKC650 

samples. The influence of zincite treatment added pre-calcination is presented in Taylor-Lange et 

al. (2012). MKC results are presented to demonstrate the effectiveness of calcination at 650°C 

for disorganizing the kaolinite and muscovite crystal structure, as shown by the absence of 

crystalline peaks, in particular the kaolinite primary (hkl 001) and secondary peaks (hkl 002) at 

12.3° and 24.9° 2θ  and m(hkl 002) at 9° 2θ .  

In comparison, the montmorillonite, following calcination at 830°C, and illite following 

calcination at 930 still retain a crystalline structure (indicated by the peaks). From the quartz 

calibration curve, the montmorillonite and illite minerals have initially 2.4 and 10.4 times higher 

concentration of crystalline silica, respectively, compared with kaolinite and is partially 

responsible for the residual crystallinity. The results are compliant with the trend that tetrahedral-

octahedral-tetrahedral mineral structures functional require higher calcination temperatures 

relative to a 1:1 mineral such as kaolinite. This suggests that kiln manufacturing temperature 

may be highly dependent upon the mineral, with dual-sheeted minerals needing lower 

temperatures than triple-sheeted minerals. From these XRD data, the primary clay minerals can 

be ranked in order of ascending crystal content following calcination as: metakaolin < 

montmorillonite < illite < quartz. 
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3.2. The dehydroxylated crystal structure due to calcination    

Differential scanning calorimetry was used to provide a better understanding of the 

dehydroxylated content due to calcination of MMC and ISC samples. Figure 6 and Figure 7 

show the heat consumed per mass of MMC and ISC sample on heating, as a function of 

temperature.  

The initial valley (labeled I) corresponds with the removal of interlayer water and the 

second endothermic valley (labeled II) is dependent upon the starting quantity of hydroxyl 

groups in the mineral. The second endothermic valley shifts due to the starting location of the 

hydroxyl groups and as a function of the prescribed calcination temperature. The ratio of the 

non-calcined to calcined areas of valley II can be used to approximate the percent loss of 

hydroxyls with the results presented in Table 2.  

The results indicate that the calcination of MMC at 830°C and ISC at 930°C resulted in 

over 90% of the hydroxyl groups being removed. The reduction in calcination temperature to 

650°C resulted in a substantial reduction in the amount of hydroxyl groups removed by 

calcination to only 58% and 68%, for MMC and ISC, respectively, suggesting the higher 

calcination temperature for the montmorillonite and illite clay minerals should produce more 

reactive pozzolans.  

 

3.2. Influence of treatment methods on early hydration behavior 

 Isothermal calorimetry was used to test the influence of the treatment methods during the 

first 72 h of cement hydration. Figure 8 shows the rate of heat evolution, normalized by the mass 

of cementitious material (cement and SCM), as a function of time for paste mixtures containing 
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15wt% replacement of MMC830 and ISC930, compared with the control paste. A reduction in 

the peak heat by roughly 14% (Table 3) for MMC830 and ISC930-containing samples is 

indicative of a dilution effect from the reduction in the total cement quantity. One goal with the 

zincite treatments is to be able to overcome this dilution in order to improve early-age 

mechanical performance. 

Figure 9(a) shows the heat of hydration as a function of time for MMC containing 

samples, where the addition of 1wt% zincite by weight of SCM was added pre- and post-

calcination. The addition of zincite to the control paste exhibited a delayed-accelerator behavior 

(Taylor-Lange et al. 2012), with a differential of 16 h in the delay in the induction period (Table 

3), followed by a differential increase in the maximum peak height of roughly 4 J/h/g, compared 

with control samples containing no zincite additions. The montmorillonite calcined with 1wt% 

zincite added pre-calcination at 830°C (MMC830Zpre) showed almost no induction period delay 

compared with the control paste, yet overcame its initial dilution effect and added a 20% heat 

gain (Table 3). The partially dehydroxylated, lower temperature calcined montmorillonite 

(MMC650Zpre) exhibited a larger chemical retardation relative to the montmorillonite calcined at 

the higher temperature (MMC830Zpre). This behavior is in agreement with Taylor-Lange et al. 

(2012) who showed that reductions in the metakaolin calcination temperature resulted in 

increased chemical retardation for zincite additions added pre-calcination. The chemical 

retardation was more pronounced for zincite additions added post-calcination (MMC830Zpost) 

relative to pre-calcination (MMC830Zpre). The results demonstrated uniquely different effects 

pre- and post-zincite treatments that were not observed for metakaolin; for metakaolin, pre- or 

post-calcination zincite additions did not affect chemical retardation. This suggests that the effect 

of zincite additions on retardation are dependent on the SCM.  
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Figure 9(b) shows the heat of hydration as a function of time for illite containing pastes 

with each prescribed treatment method and with the control paste for comparison. The hydration 

behavior of the pastes with illite and zincite were similar to the montmorillonite zincite pastes in 

that all zincite containing samples were able to overcome the initial dilution effect, in some cases 

gaining roughly a 30% increase in the maximum peak heat released for ISC650Zpost, relative to 

the control (Table 3). The partially dehydroxylated, lower temperature calcined illite 

(ISC650Zpre) exhibited a larger chemical retardation than the illite calcined at the higher 

temperature (MM930Zpre). As with the montmorillonite, the chemical retardation was more 

pronounced for zincite additions added post-calcination, suggesting that minerals with a triple-

layer structure are influenced by the method of the zincite addition, with additions pre-

calcination resulting in less chemical retardation than post-calcination.  

The most noteworthy finding of this early hydration behavior is that zincite additions to 

metakaolin-containing pastes resulted in a 30% to 40% increase in the cumulative heat released 

at 72 h, whereas zincite additions to montmorillonite and illite-containing pastes generally 

showed a reduction in the cumulative heat at 72 h or a very small increse, relative to control 

samples (Table 3). Increases in the cumulative heat of hydration have been linked with elevated 

compressive strengths (Bentz et al. 2012). Therefore, despite an increase in the peak heat 

released, the overall cumulative heat from MMC and ISC systems was often reduced, relative to 

the control, and may be indicative of lower strength. Lastly, the results suggest hydration curves 

for pastes containing zincite had more variability than those for the pastes without zincite, as 

represented by the standard deviations in the parameters quantified from the calorimetry data 

(Table 3).  
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3.3. Pozzolanic reactivity at 28 and 90 days  

The pozzolanic reactivity was determined by measuring the remaining portlandite in the 

SCM cement paste following 28 and 90 days of curing, presented in Table 4.  Recall the free 

water content of samples, calculated to be 7.2 ± 0.5 % and 5.0 ± 1.4 % for 28 and 90 day 

samples, respectively, was considered when calculating the percent of portlandite remaining in 

the paste relative to the total weight of paste.  

The control samples with no SCM contained the largest amount of calcium hydroxide at 

28 and 90 days. The relative amount of calcium hydroxide generally decreased as (i) a function 

of the SCM constituent in the following order: Q and ISC > MMC > MKC and, (ii) as a function 

of time with 28 days containing more portlandite than at 90 days. A 15% reduction in the amount 

of calcium hydroxide in the inert quartz paste was expected, due to the removal of 15wt% 

cement during the SCM substitution. Montmorillonite and illite samples calcined to 650°C 

exhibited larger amounts of portlandite compared to counterpart samples calcined at 830°C and 

930°C, respectively. MMC830 and MMC830Zpre at 90 days showed reduced portlandite levels 

compared with the control paste and quartz, indicating pozzolanic behavior. Systems with 

calcined illite behaved similarly to the inert filler system, quartz, suggesting no pozzolanic 

reactivity, regardless of calcination temperature.  No differences could be demonstrated between 

samples with or without zincite, indicating that zincite treatment additions have no influence on 

the pozzolanic reactivity. Lastly, the metakaolin demonstrated the most pozzolanic reactivity, 

providing a nice benchmark for comparing montmorillonite and illite to a highly reactive 

pozzolan.  
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3.4. Mechanical performance and significance   

 Figure 10(a-c) shows the compressive strength results for each sample tested. The results 

suggest that zincite additions had no effect on compressive strength. The MMC830 and ISC930 

samples at 1 and 3 days showed about the same early strengths as the inert filler quartz and the 

metakaolin. All 1 and 3 day compressive strengths of SCM-containing mortar cubes were lower 

than the control. Samples QZpost, MMC830Zpost and ISC930Zpost, all with zincite treatments 

added post-calcination, demonstrated further reduced early strengths, in agreement with the 

observed chemical retardation shown by the calorimetry.   

By 28 and 90 days, samples containing zincite had overcome their early strength losses. 

Montmorillionite and illite-containing samples, with or without zincite, calcined at 830°C and 

930°C, respectively, exhibited comparable compressive strengths to the neat cement mortar at 28 

and 90 days and elevated strengths relative to the inert filler. A reduction in the calcination 

temperature to 650°C for MMC and ISC samples resulted in a reduction in strength, relative to 

MMC and ISC calcined at the higher respective calcination temperature. The metakaolin-cement 

mortar demonstrated an overall 20% strength gain compared with the neat cement mortar at 90 

days. Ideally, montmorillonite and illite compressive strengths should be similar to metakaolin 

performance to be considered a competitive alternative.  The results in Figure 10 suggest that the 

montmorillonite and illite do not offer significant advantages over a quartz filler, even when high 

calcination temperatures are used and zincite additions. 

 

4 Conclusions     

The overall object of this work was to investigate treatment methods which may enhance 

the performance of montmorillonite and illite clay minerals allowing these materials to become 
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competitive SCMs. Zincite and thermal treatment methods were tested in an effort to increase 

early hydration effects and/or later pozzolanic reactivity of montmorillonite and illite clay 

minerals. Thermal treatment proved effective in removing the hydroxyl groups and changing the 

crystalline content of the montmorillonite and illite minerals as shown by x-ray diffraction and 

differential scanning calorimetry.   

 Increased reactivity during early hydration with the addition of zincite was observed for 

montmorillonite and illite clay minerals, compensating for the initial dilution effect of using the 

SCM. Pronounced chemical retardation was shown for zincite additions added post calcination. 

Therefore, co-calcination proved to be one technique to help remove the retardation due to the 

delayed accelerator behavior of the zincite. Despite observed increases in the heat of hydration 

peak from the zincite, the cumulative heat released for MMC and ISC was reduced or roughly 

the same, when compared with the cement control. This suggests the overall hydration kinetics 

were not improved, a finding which was distinctly different than metakaolin.  

The lower calcination temperature of 650°C for montmorillonite and illite resulted in less 

pozzolanic reactivity and reduced compressive strengths. The thermal treatment of 

montmorillonite at 830°C resulted in slight pozzolanic behavior shown at 90 days, whereas illite 

remained mostly inert regardless of calcination. From these results, it is suggested that 

montmorillonite has a better potential for use as an SCM than illite shale, demonstrating 

comparable strengths to the cement control at 28 and 90 days.  The findings from this study help 

with the development of low reactivity, poorly pozzolanic SCMs to enhance their potential for 

use in concrete. In addition these findings provide insight into the potential uses of zincite as an 

activator or delayed accelerator. Elucidation of the inconsistencies in early hydration behavior 

may limit the use of zincite, as a retarder or as an activator, in industry applications, so further 
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research should be conducted to characterize the limit states of this early hydration behavior with 

different SCMs.    
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Table 1: The oxide composition of the Texas Lehigh cement.  

 

 
 
Table 2: The area of the endothermic peak and the degree of dehydroxylation for MMC (not 
calcined, 650°C, 830°C), ISC (not calcined, 650°C, 930°C) and MKC ( not calcined, 650°C) 
using differential scanning calorimetry.   
 

 
 

 
 

Oxide 
Cement  

Composition 
(%)

SiO2 19.36

Al2O3 5.13

Fe2O3 2.53

CaO 63.17

MgO 1.03

SO3 3.22

Na2O 0.086

K2O 0.88

TiO2 0.23

SrO 0.08

Mn2O3 0.042

P2O5 0.22

Cl 0.009

ZnO 0.0071

Cr2O3 0.0104

Label

Area of 
Endothermic 
Peak              
(J/g)

Degree of 
Dehydroxylation   
(%)

MMC -106 MMC Baseline
MMC650 -44.4 58%
MMC830 -9.1 91%
ISC -105 ISC Baseline
ISC650 -33.8 68%
ISC930 -1.4 98%
MKC -356 MKC Baseline
MKC650 -29.8 92%
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Table 3: The hydration parameters taken from the isothermal calorimetry curves for MMC 
(650°C, 830°C) and ISC (650°C,  930°C) samples with zincite preparatory treatments conducted 
‘pre’ and ‘post’ calcination. Included are the results for MKC, Q and the control, as comparisons. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample              
Label 

End of 
Induction 
Period          
(h) 

Relative 
Chemical 
Retardation  
(h) 

Maximum 
Peak             
(J/h/g)

Time to 
Maximum 
Peak         
(h) 

Average 
Cumulative 
Heat         
(J/g)

Cumulative     
Heat Increase (+) 
or Decrease (-)     
(%)

control 1.3 ± 0.1 Baseline 7.5 ± 1.0 7.2 ± 0.5 160 Baseline

controlZpost 17.1 ± 2.1 15.8 11.4 ± 1.0 25.6 ± 1.4 172 8

MMC650 1.6  ± 0.1 0.3 6.6 ± 0.8 7.7 ± 0.3 159 -1

MMC650Zpre 3.8 ± 0.5 2.5 8.0± 0.2 8.3 ± 0.3 155 -3

MMC650Zpost 9.5 ± 2.1 8.2 10.3 ± 1.0 21.4 ± 2.6 148 -8

MMC830 1.2 ± .6 -0.1 6.5 ± 0.7 8.5 ± 1.6 148 -8

MMC830Zpre 2.6 ± 0.7 1.3 8.0± 0.2 8.3 ± 0.3 159 -1

MMC830Zpost 10.3 ± 2.5 9 10.3 ± 1.0 21.4 ± 2.6 155 -3

ISC650 1.6  ± 0.1 0.3 7.6 ± 0.4 7.3 ± 0.2 159 -1

ISC650Zpre 3.8 ± 0.2 2.5 9.7 ± 0.3 11.2 ± 0.1 166 4

ISC650Zpost 9.5 ± 3.0 8.2 10.7 ± 2.0 18.6 ± 2.5 147 -8

ISC930 1.8 ± .3 0.5 6.5 ± 0.8 6.9 ± 0.8 146 -9

ISC930Zpre 1.6 ± 0.3 0.3 8.4 ± 0.4 8.2 ± 0.1 170 6

ISC930Zpost 10.7 ± 3.0 9.4 7.0 ± 2.4 22.5 ± 2.9 168 5

MKC650 1.0 ± .43 -0.3 7.5 ± 1.4 8.8 ± 0.3 148 -8

MKC650Zpre 3.3 ± 1.0 2 10.0 ± 1.3 15.3 ± 6.4 225 41

MKC650Zpost 3.6 ± 2.6 2.3 10.6 ± 0.2 12.4 ± 3.4 209 31

Q 1.8  ± 0.4 0.5 4.6 ± 0.9 7.8 ± 0.7 141 -12

QZpost 15.8 ± 5.9 14.5 9.9 ± 0.1 27.1 ± 6.2 192 20
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Table 4: The percent portlandite remaining in the SCM paste following 28 and 90 days of 
hydration. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

Label

control 18 18

controlZpost 18 17

MMC650 16 15

MMC650Zpre 16 16

MMC830 15 13

MMC830Zpre 15 14

ISC650 17 16

ISC650Zpre 17 16

ISC930 18 16

ISC930Zpre 15 14

MKC650 11 10

MKC650Zpre 11 10

Q 15 15

QZpre 16 16

% Ca(OH)2 in SCM paste lost 

between 400°C to 550°C      
28 days        90 days 
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Figure 1: The particle size distribution for the cement, MMC, ISC, MKC and Q used in this 
study, as a function of particle diameter. 
 

 

 

 
 
Figure 2: A calibration curve used to determine the wt% quartz in MMC, ISC, MKC samples. 
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Figure 3(a-e): XRD results for the following samples (a) MMC, (b) MMC650, (c) 
MMC650Zpre, (d) MMC830, (e) MMC930Zpre (MM: montmorillonite, m: muscovite, a: albite, 
cr. cristobalite, Q: quartz, Z: zincite).  
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Figure 4(a-e): XRD results for the following samples (a) ISC, (b) ISC650, (c) ISC650Zpre, (d) 
ISC830, (e) ISC930Zpre (I: illite, c:clinochlore, Q: quartz, Z: zincite).  
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Figure 5(a,b): The XRD results for (a) MKC and (b) MKC650 samples. (m: muscovite, K: 
kaolinite, Q: quartz).  
 
 

 

Figure 6: Differential scanning calorimetry showing the behavior of MMC, MMC650 and 
MMC830 samples.  
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Figure 7: Differential scanning calorimetry showing the behavior of ISC, ISC650 and ISC830 
samples.  
 
 

     
 

Figure 8: The rate of heat evolution vs. time for pastes containing a 15wt% replacement of 
MMC830 and ISC930, compared with the control paste. 
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Figure 9(a,b): The rate of heat evolution (J/h/g cementitious material) vs. time (hours) for (a) 
montmorillonite samples and (b) illite samples, containing zincite compared with control 
samples.  
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Figure 10(a-d): The compressive strength results for mortars at 1, 3, 7, 28 and 90 day strength.
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Appendix C: Impact of cement renders on airborne ozone and carbon dioxide 
concentrations 

Citation: Taylor-Lange S.C., Juenger M.C.G., Siegel J.A. Impact of cement renders on airborne ozone and carbon 
dioxide concentrations, Atmospheric Environment, 2013; 70: 263-266 
 
 
1 Introduction 
 

Increasing concentrations of atmospheric pollutants poses a threat to climate stability and 

human health. The uptake of these pollutants by building surfaces coated with cement render 

may provide a unique opportunity for improving indoor and outdoor air quality. Approximately 

62% of the façade cladded buildings in Europe are covered by cement renders (Balaras et al., 

2004; Gaspar and de Brito, 2011). A render is a coating applied to a brick or stone structural 

surface. Cement renders are composite materials composed of a binder material, such as portland 

cement, which binds with sand when mixed with water. Renders may also contain alternative 

binder materials, such as the supplementary cementitious materials (SCMs) fly ash or 

metakaolin, replacing a portion of the cement. Despite having great potential to impact indoor 

and outdoor air quality, to the best of our knowledge, no studies to date have investigated 

engineering renders for passive pollutant removal. There is evidence for this idea, including 

previous durability studies of cement-based materials suggesting that binder selection influences 

the rate of uptake of carbon dioxide (Mc Polin et al., 2007; de Gutierrez et al., 2009).  Veiga et 

al. (2009) demonstrated that lime-based mortars containing metakaolin exhibited deeper carbon 

dioxide penetrations when compared with a non-SCM lime render. 

Use of SCMs in mortar requires less cement per application, lowering the energy 

expenditure associated with its manufacturing, and thus categorizing SCMs as sustainable 

alternatives. Despite the potential carbon benefits associated with SCMs, the use of metakaolin 

in renders and other cement-based materials may negatively impact the uptake of some 
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pollutants. Previous studies focusing on ozone uptake suggested increasing the intrinsic surface 

area, for example by altering curing age and binder selection, is important in allowing large 

amounts of ozone to be scavenged (Morrison and Nazaroff, 2002). Khatib and Wild (1996) 

demonstrated the size of large pores (radius > 0.02 mm) decreased with increasing amounts of 

metakaolin in the binder as well as with increasing curing time. Therefore, the selection of 

metakaolin for use in a render system may potentially reduce ozone uptake due to pore size 

reductions. Conversely, Darling et al. (2012) showed that clay wall coverings containing 

kaolinite (non-calcined metakaolin) displayed a large ozone uptake potential, suggesting 

metakaolin-cement renders may have a similar affinity for passive ozone removal.       

 This study investigated engineering renders for passive pollutant removal, highlighting 

some of the potential implications when considering indoor and outdoor domains. We tested the 

uptake of carbon dioxide and ozone by four renders having binder compositions of 100wt% 

cement, and 85wt% cement with 15wt% metakaolin, at two distinct ages. We quantified the 

amount of carbon dioxide uptake using thermogravimetric analysis and measured the ozone 

deposition velocity using accelerated ozone chamber experiments. Finally, we assessed the 

interplay between render composition, pollutant uptake and potential applications. 

 
 
2 Materials & Methods 
 
2.1 Specimen Preparation  
 

The primary materials used in this study included (i) ground kaolinite [Al2Si2O5(OH)4] 

(Wards Natural Science Establishment, Inc.), (ii) ASTM C150 Type I portland cement (Texas 

Lehigh Cement Co., processed in June 2009), (iii) ASTM C109 Ottawa Silica Sand [SiO2] 

(Humboldt) and, (v) deionized water (ASTM C150, 2012; ASTM C109, 2011). To create 
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metakaolin, kaolinite clay was heated in an electric furnace (Lindberg Blue M) at a rate of 

25°C/minute from ambient to 650°C and then maintained at 650°C for one hour as prescribed by 

Taylor-Lange et al. (2012). Six mortar specimens with dimensions 140 mm  140 mm  38 mm 

(length, width, depth) were prepared following ASTM C305 (2011) mixing specifications for 

each mixture tested. The binder used for these mortar specimens consisted of 100wt% cement 

(referred to as ‘C’), whereas cement-metakaolin samples consisted of a 15wt% replacement of 

cement with metakaolin (referred to as ‘MK’).  All samples had a water to binder ratio of 0.57 

and a binder to graded sand ratio of 1:3, common proportions for cement renders (Sri 

Ravindrarajah and Mansour, 2009). Non-greased, plastic molds were used to avoid any potential 

reactivity from form oils. At 24 hours following mixing, specimens were de-molded and placed 

in a lime-water bath (42 grams of CaO to 14 liters of water at 23°C) to prevent leaching of 

calcium hydroxide during curing, while providing sufficient access to water for hydration 

reactions. Two different curing ages, 1 and 28 days, were selected; curing for 1 day resulted in 

greater porosity than curing for 28 days because the water and cement does not have sufficient 

time for reaction, leaving a large quantity of unreacted water in the capillary pores (Mindess et 

al., 2003). Following curing, mature specimens were removed from the lime bath and stored in 

an environmental chamber maintained at 23°C and 50% relative humidity, selected to maximize 

the rate of carbon dioxide ingress (Neville, 1995). Throughout this study specimens are referred 

to as C-1, C-28, MK-1 and MK-28, indicating binder type and curing age, respectively.  

 
2.2 Effects of carbon dioxide uptake on cement chemistry  

The process of carbon dioxide uptake is easiest to describe using portlandite (Ca(OH)2), 

one of four primary cement hydration reaction products along with calcium-silicate-hydrate, 

ettringite and monosulfoaluminate (Mindess et al., 2003). The process starts with the diffusion of 
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carbon dioxide into the pores of the cementitious material and the dissolution into the pore 

solution to form carbonic acid (Johannesson et al., 2001). Due to the high pH of the pore 

solution, the bicarbonate ion dissociates to form carbonate ions. The carbonate ions are then free 

to react with calcium ions in the pore solution. At this point, the calcium ion concentration in 

solution has been lowered and the dissolution of portlandite (solubility 9.95 × 10-4) occurs, while 

calcium carbonate (solubility 0.99 × 10-8) remains stable because of a lower solubility coefficient 

(Lagerbald, 2005). Calcium-silicate-hydrate also contributes calcium ions to react with carbonate 

ions, lowering the Ca/Si ratio of the calcium-silicate-hydrate (Stronach and Glasser, 1997).  

During this process, the pH drops from 12.5 to 8.6 (Mindess et al., 2003), triggering the 

dissociation of ettringite and monosulfoaluminate phases (Lagerblad, 2005). Mc Polin et al. 

(2007) demonstrated pH profiling techniques are a relatively accurate, simple method to measure 

the carbon dioxide penetration depth. In addition, renders containing pozzolanic materials supply 

amorphous silica which competes with the carbon dioxide for available portlandite (Mindess et 

al., 2003).  

 

2.3 Carbon Dioxide Uptake Testing  

Following one year storage in the thermo-control room, samples were removed and cut 

vertically in half, exposing the interior. A 1% phenolphthalein indicator mixed in 50% ethanol 

solution was painted onto the newly exposed surface to show the total carbon dioxide ingress 

depth. Locations where the indicator solution turned pink, the pH was above 10. Where the 

solution remained clear, the pH of the mortar was below 8.6, suggesting the formation of calcium 

carbonate (Lawrence et al., 2006). Following this test, discrete layers of sample at 2 mm 

increment depths were removed using a profile grinder (PF-1100, German Instruments). Each 
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layer was taken starting at the top surface (140 mm  140 mm face) and working toward the 

interior to a depth surpassing a pH of 10 as indicated from the phenolphthalein indicator test. 

Each layer represented 82 cm2 or approximately 42% of the total specimen area. Upon removal, 

layers were sealed in a plastic container and stored in a vacuum desiccator until testing. Between 

layer intervals, the surface of the specimen was cleaned using a high-pressure air jet to remove 

any residual powder. Layers were tested using a thermogravimetric analyzer (NETZSCH STA 

409) in platinum crucibles under a nitrogen atmosphere with a scanning rate of 10°C/min from 

25°C to 1000°C. Quantification of the mass loss due to the release of carbon dioxide from 

calcium carbonate was analyzed using Proteus Thermal Analysis software.  

 

2.4 Ozone Chamber Testing 

Four 48-L electro-polished stainless steel chambers (25 cm  38 cm  50 cm) were used 

to test the ozone deposition velocity of each render specimen. Activated carbon-filtered room air 

was pumped using a compression pump (Thomas Model 607CA220), conditioned to a relative 

humidity of 32 ± 5% (TSI, Inc., Q-Trak 8551), and then dosed with ozone (150 ± 10 ppb) 

generated by a modified zero air generator (Perma Pure LLC). The conditioned air was then 

continually streamed into the chambers, with an air exchange rate of 1.22 ± 0.01 hr-1 controlled 

using four mass flow controllers (Aalborg, USA). Prior to the start of experimentation, air flow 

rates were checked using a bubble flow meter (Gilibrator 2, Gilian, Sensidyne, LP) and a steady 

ozone concentration was measured using a single UV absorbance cell ozone monitor (Model 

202, 2B Technologies). The ozone concentration was recorded automatically every 3 minutes, 

cyclically sampling from each chamber. Triplicate samples were run simultaneously allowing for 

one empty chamber.  
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A mass balance was used to calculate the ozone deposition velocity (vd) following the 

work of Hoang et al. (2009) (Eq. 1): 

where Q is the flow rate (cm3/s), Co is the inlet ozone concentration (ppb), C is the measured 

ozone concentration in the chamber (ppb), vdw is the deposition velocity of ozone to the chamber 

walls (cm/sec), Aw represents the surface area of the stainless steel chamber walls (cm2), A 

represents the surface area of the specimen (cm2). Samples were placed at the bottom of the 

chamber with the non-exposed area accounted for in the calculations. Data was taken following 

2.5 hours of ozone exposure representing steady state conditions. Uncertainty was taken as the 

experimental standard deviation from triplicate sample runs, which was greater than the error 

propagation from the uncertainty of the ozone analyzer. 

 

2.5 Compression Cube Testing  

Traditionally, compressive strength has served as a benchmark for performance for 

cement-based materials, such that lower strengths are correlated with higher capillary porosities 

for materials of a given composition. Mortar cube specimens (50 mm  50 mm  50 mm) were 

made to test compressive strength following ASTM C109 (ASTM C109, 2011), with mixing 

procedures followed the ASTM C305 (ASTM C305, 2011). Mortar cubes were demolded 

following 24 hours and tested immediately in a compression tester (Forney System 1000) for 1 

day specimens or alternatively cured in the lime bath (23°C), until compression testing at 28 

days. The standard deviation was taken from nine replicates for each C-1, C-28, MK-1 and MK-

28. 

 

                                             [cm/sec]                                    (1) 
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3 Results  

Table 1 summarizes the results showing the sample label, binder description, carbon 

dioxide penetration depth, total carbon dioxide sequestered, ozone deposition velocity and 

compressive strength of each sample. The carbon dioxide and ozone uptake was the greatest for 

samples cured for 1 day, as shortening the curing age proved more effective at increasing 

pollutant uptake than altering the binder composition. However, this shorter curing duration 

resulted in a reduction in the compressive strength. Strengths of C-1 and MK-1 were reduced by 

≈52% and ≈72%, respectively, relative to the recorded strengths from the 28 day counterparts. 

Elucidation of structural and durability implications due to this reduction in curing requires 

further investigation.  

The carbon dioxide penetration depth was reduced by roughly half for specimens cured 

for 28 days, likely due to the reduction in the capillary pore volume associated with the increased 

curing time (Khatib and Wild, 1996). Moreover, the ozone deposition velocity reduced by ≈18% 

for 28 day cured samples. A reduction in the ozone deposition velocity translates into an increase 

in the resistance, resulting in less ozone uptake. In addition to the prolonged curing duration (28 

days), the use of metakaolin in the render also resulted in a reduction in the ozone deposition 

velocity relative to the cement-only render. However, all renders proved to be more effective at 

ozone removal than brick (0.062-0.017 cm/sec) when tested from 0-90% relative humidity 

(Grontoft and Raychaudhuri, 2004). 

The carbon dioxide profile as a function of layer depth is shown in Figure 1. For samples 

cured for 1 day, the use of metakaolin resulted in a deeper penetration profile than that of the 

cement render. Samples cured for 28 days showed similar profiles, regardless of binder type. 

MK-1 displayed the largest carbon dioxide uptake of 26 ± 1.7 g in the one year exposure time 
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frame. However, the greater carbon dioxide penetration did not always result in greater carbon 

dioxide uptake (Table 1). Lastly, no aesthetical, cracking or deterioration problems were 

observed. Future studies are suggested to investigate the impact of pollutant uptake on render 

durability. 

 

4 Discussion 

The results provide insight for selecting and engineering renders for a desired outcome. 

In this study two characteristically different gasses, carbon dioxide and ozone, exhibited 

dissimilar uptake behavior in renders with different binders and of different curing ages. As 

ozone removal decreased, the carbon dioxide ingress and compressive strength increased. 

Therefore, passive removal success is dependent upon the adaptation of the render for the most 

effective application, considering an indoor or outdoor domain and the pollutant of concern.  

From a regulatory perspective we care considerably about potential sequestration 

technologies, since rising concentrations of carbon dioxide associated with global climate change 

may have serious negative impacts on society and the environment (DaRosa, 2005). The results 

suggest the use of metakaolin in the render binder appears beneficial for carbon savings, which 

are appreciated during both manufacturing and service-life phases (with the largest reductions 

most likely realized during manufacturing).    

However, if the goal is to target ozone uptake, for example in an indoor environment, the 

use of the metakaolin in the render composition would be ill-advised. On average Americans 

spend 90% of their time indoors (Robinson and Nelson, 1995), with elevated ozone levels 

associated with decreased lung function and increased mortality (Levy et al., 2005). The cement 

render cured for one day (C-1) would provide the best opportunity for passive indoor ozone 
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removal. Comparing this with some of the leading indoor passive removal materials, the C-1 

would be approximately three and a half times less effective than activated carbon (with a 

deposition velocity of 0.57 cm/sec) and two and a quarter times less effective than unpainted 

gypsum wall board (0.36 cm/sec) (Kunkel et al., 2010). However, cement renders can cover 

large surface areas and exhibit greater durability, than the aforementioned materials, perhaps 

neutralizing the discrepancy in deposition in some cases. Lastly, Cros et al. (2012) demonstrated 

activated carbon and perlite-based ceiling tile passively removed ozone for six months in indoor 

environments, with suggestive sustained removal. Future studies should consider (i) how long 

surfaces can retain the capacity to continually remove pollutants, (ii) the impact of SCMs on 

lime-based renders, (iii) the potential durability implications associated with more porous 

renders, and (iv) the uptake of other pollutants not addressed in this investigation, especially 

those associated with outdoor air pollution. 

 

5 Conclusions 

This study explores the potential to use renders as a passive pollutant removal material. 

The results suggest distinct opportunities for optimizing cement render composition for different 

pollutant removal from different location specific building surfaces. Reducing the curing time 

resulted in greater pollutant uptake of carbon dioxide and ozone. The use of a metakaolin binder 

resulted in an increase in the carbon dioxide penetration, a decrease in ozone uptake and an 

increase in compressive strength. The results demonstrate that engineering renders for the uptake 

of one specific pollutant may lead to unfavorable consequences regarding the relative uptake of 

other pollutants. The implications of the results suggest that the proper manipulation of the 
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render composition on different building surfaces may result in valuable indoor air quality or 

carbon savings consequences for specific applications. 
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Table 1:  The binder description, carbon dioxide penetration depth following one year of 
exposure, the total carbon dioxide sequestered in that year, the ozone deposition velocity and the 
compressive strength of each sample.  

 
 

 
 

 

 

 

 
 
Figure 1:  The layer depth tested from the sample profile grinding as a function of the percent of 
carbon dioxide contained in each layer to provide a profile of the carbon dioxide penetration.  

Sample Label 
Binder Description                  

(Amount for 3 samples used in this study)

Carbon 
Dioxide 

Penetration 
Depth

Total Carbon 
Dioxide 

Sequestered

Ozone 
Deposition 
Velocity 

Compressive 
Strength 

(grams) (mm) (grams) (cm/sec) (Mpa)

C-1 750 cement 12 - 14 24 ± 1.5 0.16 ± 0.02 16 ± 0.8

MK-1 750 cement 13 - 15 26 ± 1.7 0.11 ± 0.01 14 ± 1.0

C-28 637.5 cement; 112.5 MK 6 - 8 16.5 ± 1.1 0.13 ± 0.01 37 ± 1.0

MK-28 637.5 cement; 112.5 MK  7 - 9 11.3 ± 0.7 0.09 ± 0.01 51 ± 1.0
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Appendix D: The contribution of fly ash toward indoor radon pollution from 
concrete 

  
Citation: Taylor-Lange S.C., Juenger M.C.G., Siegel J.A. The contribution of fly ash toward indoor radon pollution 
from concrete, Building and Environment, 2012; 56:  276-282. 
 

 
1.0. Introduction 

 

Radon (222Rn) is one of the most pervasive and serious global indoor air concerns. 222Rn 

gas becomes an indoor air pollution problem when it penetrates into buildings directly from the 

soil or is emitted from building materials such as concrete (Nielson et al., 1997). Some concrete 

constituents contain uranium (238U) which decays to radium (226Ra) and the daughter product 

radon (222Rn) (Cohen et al. 1998). The exhalation of radon and progenies can contribute up to 

30% of the total indoor radioactive pollution (Gadd and Borak, 1994). With radon and non-

exhalable progenies credited to be the second leading cause of lung cancer, inhalation of indoor 

radon is a serious health concern in the United States (USEPA, 2003). The U.S. National 

Academy of Sciences (USNRC, 1999) reports that between 15,000 and 22,000 Americans die 

each year of lung cancer related to radon and daughter-product damage to the lung lining.  

The use of waste ash material to replace cement in concrete has become popular due to 

the economic and environmental savings associated with using less cement. However, this often 

results in the amplification of concrete radioactivity and may contribute to an increase in indoor 

radon and progeny exposure. For example, fly ash, a common cement replacement material, has 

been shown to contain concentrated levels of uranium compared to unburned coal (Hvistendahl, 

2007; Kant et al., 2010).  Fly ash typically accounts for only 1-4% (by volume) of the total 

concrete mixture, but has been shown to have larger orders magnitude of radium specific 
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activity, relative to cement and aggregate constituents (Siotis and Wrixon, 1984). 

The use of fly ash in concrete has clear benefits including reduced economic cost of 

manufacturing of concrete and the utilization of a waste material which ordinarily would end up 

in a landfill (Bijen et al. 1996). Fly ash replacement offsets cement, reducing manufacturing 

demand which is a heavy contributor of CO2 emissions (Limbachiya et al., 2012).  Fly ash has 

been shown to improve fresh state properties, including workability and bleed water reduction 

(Thomas, 2007), hardened state properties such as late-age compressive strength, and durability 

of concrete (Lopez-Calvo et al., 2012). Many of the observed benefits from fly ash come from 

microstructural changes due to hydraulic and/or pozzolanic reactions (Thomas, 2007). It is the 

pozzolanic reactions and ensuing microstructural changes in fly ash-concretes which may 

complicate the assessment of the impact of fly ash on the radon exhalation rates from concrete. 

Over the past five decades, different researchers have investigated radon exhalation rates 

from concrete containing fly ash. Van der Lugt and Scholten (1985) showed the usage of 15wt% 

to 35wt% fly ash with radium activities between 87 and 300 Bq kg-1 decreased radon exhalation 

rates relative to similar samples containing no fly ash. Stranden (1983), Ackers et al. (1985) and 

Man and Yeung (1997), also tested fly ash containing concretes and also found the addition of 

fly ash decreased radon exhalation rates. However, Siotis and Wrixon (1984) and Battaglia et al. 

(1992) found that the substitution of fly ash for cement increased radon exhalation rates. 

Battaglia et al. (1992) demonstrated an increase in the radon exhalation rate for fly ash concretes, 

using the same fly ash replacement and a lower fly ash radium activity, than that of Van der Lugt 

and Scholten (1985). In addition, Ulbak et al. (1984), Van Dijk and de Jong (1991), Yu (1994), 

and Kovler et al. (2005) showed no significant difference in exhalation rates from concrete 

samples with or without fly ash.  
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Thus, it is not clear from the results reported in the literature whether the incorporation of 

fly ash in concrete results in elevated indoor air radon concentrations posing health risks to 

inhabitants. Along with differences caused by fly ash additions, differences in the constituent 

radium content, constituent emanation fraction, the material porosity, the material density, age of 

the specimen and testing conditions, all contribute towards the variation in radon exhalation rates 

from concretes. 

This paper presents a holistic, statistical analysis of the literature data taking into account 

the specific activities of all the constituents of the concrete samples. A series of Monte Carlo 

simulations were used to determine the radon exhalation rate, indoor radon concentrations and 

associated effective annual dose from a residential building floor. From this analysis, an 

assessment is made as to whether there is an increased risk of radioactive pollution indoors due 

to the use of fly ash in concrete.  

 
 
2.0. Analysis Methods 
  
2.1. Modeling the radon exhalation rate based on the radium activity of constituents 
 

In order to calculate the radon production rate of a concrete sample, the radium specific 

activity of all concrete constituents must be known.  The radium specific activity of the concrete 

constituents: fly ash, cement, coarse aggregate, fine aggregate was taken from 28 articles in the 

literature. The specific activity of each constituent was well-described by a lognormal 

distribution (Figure 1, Supplementary Information). A Monte Carlo simulation was used to 

determine the percent cumulative frequency of the total radium specific activity for idealized 

concrete mixtures. For this, the lognormal distribution of the constituent’s radium specific 

activity was multiplied by the constituent’s weight percent and each term summed to create a 
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concrete mixture based on ACI §211.1-91 (2009) and shown in Equation 1:   

 

where, Q is the concrete specific activity (Bq kg-1) and RaFA, RaC, RaCoarseA,and RaFineA, are the 

radium specific activities of the constituents of fly ash, cement, coarse aggregate and fine 

aggregate, respectively. X and Y represent the quantity of fly ash and cement, respectively, where 

the sum of X and Y represent 17wt% of the total concrete. Three idealized concrete mixtures 

were created by varying the amount of fly ash, X, in the concrete: (1) no fly ash (0 wt% 

replacement of the cement), (2) low fly ash (25wt%) and, (3) high fly ash (40 wt%). The specific 

activity of water, which comprises 5wt% of the concrete, was considered negligible for this 

analysis.    

In order to put these specific activity values in context, the radium specific activity of a 

concrete mixture was used in calculating the radon exhalation rate from a concrete building 

element using a one dimensional approach outlined by Siotis and Wrixon (1984) in Equation 2: 

 

where, Jf  is the radon exhalation rate from the building element (Bq m-2 s-1); η is the decay 

constant of radon (2.1 × 10-6 s-1); ρ is the density of concrete (assumed 2500 kg m-3); f is the 

radon emanating fraction or the amount of radon released from grain to pore space relative to the 

total radium content in the particle, l0 is the diffusion length in concrete and; d is the half 

thickness of the building element. The emanation fraction and diffusion length were taken as 5% 

and 0.2 m, respectively (Siotis and Wrixon, 1984), and the emanation fraction is explored later in 

this paper. The building element typically modeled with Equation 2 is a wall, floor or ceiling 

slab. To simplify modeling, a single story slab-on grade construction was considered where the 

	 	 0.44	 0.34                           [Bq kg-1] (1)

	 	 	 	 	                                                                          [Bq m-2 s-1]   
(2)
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only concrete element modeled was a floor slab. The International Residential Code §506.1 

(2009) states that concrete slabs supported directly on the ground may not be less than 0.09 m (3 

½ inches) thick, with a continuous perimeter footing. Typically, additional concrete cover is 

required for mechanical, electrical and plumbing (MEP), increasing the thickness to an average 

of 0.15 m to 0.2 m (6-8 inches) (1994). Therefore, a floor slab thickness of 0.18 m (7 inches) was 

used in the modeling. This 1-D equation has been widely used to determine the radon exhalation 

rate for building elements (Siotis and Wrixon 1984; Nazaroff and Nero, 1988; Antonopoulos-

Domis et al. 1998; Sahoo et al. 2011). 

Each Monte Carlo simulation modeled in this study extended a hundred thousand 

iterations, with a median which changed by less than 0.01% when the number of iterations was 

increased by a hundred thousand. This indicated that all modeling results were independent of 

the number of iterations. Additionally, a nonparametric maximum likelihood estimator, Kaplan-

Meier estimator, was used in determining the cumulative frequency distribution of the concrete 

radium specific activity.  

 
2.2. Indoor radon concentrations and associated alpha exposures  
 
 A steady state, well-mixed, mass balance model was developed to determine the radon 

concentration in a home generated from a concrete floor, calculated from Equation 3: 

 

where Css is the steady state indoor radon concentration, λ is the air exchange rate in s-1, A is the 

concrete surface area in m2, V is the volume of the home in m3. The assumptions for this model 

include: (i) steady-state conditions, (ii) limited removal of radon and daughter products, due to 

the attachment of indoor aerosols, and (iii) limited interference with radon emission due to floor 

and wall coverings. These assumptions are consistent with those made by Nazaroff and Nero 

                                                                                                      [Bq m-3]   (3)
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(1988). Additionally, only airborne concentrations of radon were considered, the formation and 

fate of daughter isotopes were disregarding in this model. This assumption is substantiated by 

having the air exchange rate (5.5×10-5 s-1) at least an order of magnitude greater than the decay 

constant (2.1×10-6 s-1) (Nazaroff and Nero, 1988). The floor area of a single-family home built 

between 2006 and 2009 in the United States was modeled using a lognormal distribution with an 

average of 218 m2 (2,349 ft2) and a standard deviation of 30 m2 (325 ft2) (American Housing 

Survey, 2000). An assumed ceiling height of 2.4 m (8 ft) was used in determining the relative 

home volume. The air exchange rate was determined from a study of 2,844 American homes by 

Murray and Burmaster (1995). We considered their 10-90% lognormal distribution of the air 

exchange rates of 5.5×10-5 s-1 to 3.6×10-4 s-1 with a typical value of 1.4×10-4 s-1. In addition, 

variations due to the concrete surface treatment, temperature, building moisture and air pressure 

gradients were considered negligible.  

A unit conversion between radon concentration and annual effective dose was conducted 

to assess associated alpha particle exposure. The annual effective dose represents the yearly 

exposure to alpha energy, a parameter used in epidemiology studies as a direct estimation of the 

risk of lung cancer due to radon prodigy exposure. The assumptions made for this calculation 

were consistent with those made by Mahur et al. (2008), with the exception of the fraction of 

time spent inside of residences which was taken from Klepeis et al. (2001) as 68%. An additional 

conversion of 6.3 mSv per WLM (working level month) was used in determining the effective 

dose in mSv∙yr-1 (ICRP, 1987).  The maximum amount of fly ash allowed by the 2005 ACI 318 

building code is 25wt% (ACI, 2005). Therefore, exposure modeling only considered a 

comparison of code-acceptable concrete mixtures, which included concretes with no fly ash 

(0wt%) and low fly ash (25wt%) content.   
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3.0. Modeling Results 
 
3.1 Concrete radium activity and radon exhalation rates 
  

Figure 1 shows the radium specific activity of fly ash, cement, fine aggregate and, coarse 

aggregate constituents. The mean and standard deviation for the fly ash, cement, fine aggregate 

and, coarse aggregate constituents were 350 ± 319, 41 ± 14, 14 ± 8, and 17 ± 16 Bq kg-1, 

respectively. Similarly, the median values were for these constituents were 244, 31, 12, and 14 

Bq kg-1, respectively. The typical values published by UNSCEAR (1982) for cement and 

aggregates are 50 Bq kg-1 and 15 Bq kg-1, respectively. Typical ranges for fly ash are between 5 

and 300 Bq kg-1 (US EPA, 1983). The constituents with the largest radium specific activity were 

fly ashes originating in Greece. These fly ashes had radium activities of 1,000 and 1,040 Bq kg-1 

(Petropoulos et al. 2001, Papaefthymiou and Gouseti 2008, respectively).  Figure 1 shows the 

mean radium specific activity of fly ash can be between 8.5 to 25 times higher compared with the 

mean activities of the other constituents. The potential for fly ash to have large radium activities 

was the primary motivator for further assessing the potential increased risk of radioactive 

pollution indoors from fly ash concrete.  

With the radium specific activity of each constituent fully characterized (Figure 1), the 

total concrete radium specific activity of the modeled concretes (i) no fly ash, (ii) low (25wt%) 

fly ash and, (ii) high (40wt%) fly ash, was determined. Figure 2 shows the results of the Monte 

Carlo simulation with the cumulative frequency as a function of the concrete radium specific 

activity and radon exhalation rates. The results predict that concrete samples containing no fly 

ash have a higher probability of containing less total radium and have lower associated radon 

exhalation rates, compared to samples which contain fly ash.  Figure 2 predicts that 90% of 
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samples with no fly ash, low fly ash, and high fly ash have concrete specific activities equal to or 

less than 29, 50 and 65 Bq kg-1 respectively; with the associated radon exhalation rates of  

6.4×10-4, 11.0×10-4 and 14.3×10-4 Bq m-2s-1, respectively, assuming a constant emanation 

fraction for all constituents of 5%.   

 
 
3.2. Model comparison 
 

Using the results from the Monte Carlo simulation (Figure 2), we can predict the 

exhalation rate of a concrete sample.  To explore the reasonableness of the Monte Carlo model, 

we compared modeling results to experimental data taken from seventeen literature studies. 

Figure 3 shows the log scale of the radium specific activity of the three modeled concretes 

(shown in gray) with experimental values taken from the literature (shown in white). The 

literature data revealed that concretes containing no fly ash had a median and mean concrete 

radium activity of 20 Bq kg-1 and 25 Bq kg-1, respectively. The simulated data showed values 

slightly lower than the literature, with median and mean concrete radium activities of 18 Bq kg-1 

and 20 Bq kg-1, respectively.  

Due to the limited number of studies that recorded radium activity of concretes 

containing fly ash, simulated results for low (25wt%) and high (40wt%) fly ash containing 

samples were compared with literature data of specimens containing (1) 5wt% to 25wt% fly ash 

and (2) 26wt% to 40wt% fly ash, (Figure 3).  The results demonstrated that 66% and 85% of the 

time, concretes containing low and high fly ash quantities reached (or were below) the mean 

concrete radium activity recorded by the literature, respectively (Figure 2). Overall, the 

simulated values generated by the Monte Carlo simulation slightly under-predicted the total 

concrete radium activity, relative to literature values, but generally had reasonable agreement. 
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3.3. Radon concentrations in a home and associated exposure analysis 
 
 With greater confidence in the Monte Carlo model, it can be used for practical 

applications, such as assessing the radon concentration and associated annual exposure in a 

typical home. Presented in Figure 4 are the results from the steady-state mass balance model, 

which show the cumulative percent frequency of the indoor radon concentration and associated 

annual alpha particle exposure for no fly ash and low fly ash concretes. Figure 4 showed that 

90% of the time the indoor radon concentrations resulting from concrete containing no fly ash 

were equal to or less than 2.3 Bq m-3, with an associated upper annual exposure limit of 54 μSv 

y-1. For concretes containing 25wt% fly ash, these limits increased to 3.9 Bq m-3 and 95 μSv y-1, 

respectively. Therefore, the incremental dose from radon decay products from fly ash was 

predicted to be 41 μSv, slightly higher than Siotis and Wrixon (1984) predicted value of 35 μSv. 

The annual dosage exposure of fly ash concrete was slightly less than glazed ceiling tiles 

containing zircon of 120 μSv y-1 (UNSCEAR, 2008).  

 
4.0. Discussion 
 
4.1. Implications of the Results 
 

The radon concentrations determined from the modeling in this study represent at most 2-

4% of the WHO and U.S. EPA recommended indoor radon threshold levels of 100 Bq m-3 and 

150 Bq m-3, respectively (WHO 2009, EPA 2003). The estimated global average annual effective 

dose is 1150μSv y-1 (UNSCEAR 2008). Therefore, the results presented in this study are 

relatively small compared with the total average dose. However, lung cancer morbidity increases 

based on the accumulated inhaled dose, with a linear relationship between exposure and the risk 

of the disease (Kapińska et al. 2009). In addition, if the concrete surface area were to increase 
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and/or the volume of space were to decrease, for example in a basement, the radon 

concentrations and annual effective dose would rise.   

The results from this study also demonstrate how small percentages (~4% by mass of the 

total mixture) of fly ash impact the total radium specific activity of the concrete. A good 

parameter to gauge the constituent’s contribution toward the total radon exhalation rate of a 

concrete is the radium activity of the constituent multiplied with the wt% addition of that 

constituent. For example, Yu et al. (1996, 1997) used granite containing large amounts of 

uranium (238U) as a coarse aggregate constituent in concrete mixtures. The radon exhalation rates 

of these samples were approximately five times greater than similar concretes that did not 

contain highly radioactive aggregate. In this case, the usage of uranium (238U) containing 

aggregates dictated total concrete radium specific activity and radon exhalation rate, due to the 

combined effect of using highly reactivity aggregate and a large fraction of the concrete volume 

space (Yu, 2005).  

 
4.2. Emanation Fraction  

  
A discussion on the assumptions made for the emanation fraction in the modeling is also 

warranted. The emanation fraction is the fraction of radon produced which escapes the particle 

into the pore space of the concrete (Stoulos et al., 2004). It has been clearly demonstrated that the 

emanation fraction of fly ash in its dry state ranges from 1-3%, lower than the other constituents, 

which emanate 5-70% for rocks and soils and 4-10% for cements (Nazaroff and Nero, 1988; 

Stoulos et al. 2004).  In the model, a single value of 5% was used as the emanation fraction of 

the control concrete and fly ash concrete, which is within the range of literature values for rocks, 

soils, and cements, but higher than reported literature values for dry fly ash.  One limitation of 

the model is that it does not account for decreasing concrete porosity over time due to cement 
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hydration. Further, because fly ash is slow reacting, at early ages, the distribution of pore sizes in 

25wt% fly ash concretes is coarser compared with 100wt% cement control samples (Taylor, 

1997). This pore distribution changes during pozzolanic reactions, such that at later ages the 

distribution of the pore sizes is finer for fly ash concretes than control samples (Taylor, 1997). 

There is, however, insufficient information on the effects of time on emanation and also on 

whether fly ash emanation fraction remains low (1-3%) after it has been mixed in concrete. 

Experimental results have been presented showing the total concrete emanation fraction can 

increase (Battaglia et al., 1992) or decrease (Kovler, 2012; Van Dijk and de Jong, 1991; de Jong 

et al., 1996) due to the addition of fly ash, which may be related to the age at which the sample 

was tested and other material properties. The contribution of fly ash to concrete emanation is 

critical to legislation regarding the use of fly ash in concrete (Kovler, 2011).  

The modeling thus far has assumed that the total emanation fraction remains constant at 

5% for both fly ash and non-fly ash concretes. A sensitivity analysis varying the total fly ash 

concrete emanation fraction, from 3% to 8% by increments of 1%, was conducted for fly ash 

concretes containing 25wt% fly ash. This emanation range was taken from the experimental 

findings of Kovler (2012) and Battaglia et al. (1992). The results from the sensitivity analysis 

were compared with concretes containing no fly ash and having a total, fixed emanation fraction 

of 5%.  

Figure 5(a) shows the cumulative frequency as a function of the radon exhalation rate for 

concretes containing 25wt% fly ash with varied emanation rates. The results show that the mean 

radon exhalation rate will be equal to or less than 3.8×10-4,  5.0×10-4,  6.4×10-4,  7.6×10-4,  

8.9×10-4 and 10.3×10-4 Bq m-2 s-1, for the emanation rates of 3%, 4%, 5%, 6%, 7%, and 8%, 

respectively. At an emanation rate of 4%, the radon exhalation rates for 25wt% fly ash concretes 
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had a slightly higher probability of exposure than that of concrete floors without fly ash. The 

modeling results are in agreement with Kovler (2012) who demonstrated that some fly-ash 

concretes with a lower total radon emanation coefficient can still result in an increased radon 

exhalation rates, relative to pure concrete samples. For fly ash to be used beneficially, to reduce 

the radon exhalation rates from concrete, a reduction in the total emanation rate of approximately 

40%, from f = 5% to f = 3%, would need to be achieved according to the results of the model 

presented here. Kovler (2012) has experimentally shown usage of 25wt% fly ash additions can 

result in an emanation reduction of approximately 30%.   

Figure 5(b) predicts that 90% of the time the indoor radon concentration resulting from 

concrete containing 25wt% fly ash will be equal to or less than 2.3, 3.3, 3.9, 4.8, 5.6, 6.3 Bq m-3, 

with an associated upper annual exposure limit of 56, 78, 95, 114, 133, 152 μSv y-1, for 

emanation fractions of 3%, 4%, 5%, 6%, 7%, and 8%, respectively. A 25wt% fly ash-concrete 

with a total emanation of 3% results in roughly the same cumulative frequency distribution as a 

non-fly ash concrete with an emanation of 5%. However, if the additions of fly ash were to 

increase the total emanation, as suggested by Battaglia et al. (1992), the exposure could increase 

by a factor of three.   

Generally the radon emanation factor is inversely proportional to grain size, assuming 

radium is uniformly distributed throughout the grains (UNSCEAR, 2000). However, researchers 

have shown that the preferential location of uranium is within the glassy phases of fly ash 

particles (Zielinski, 1997), which dissolve in cement pore solution over time, potentially 

changing the radon emanation fraction from fly ash. During pozzolanic reactions, the radioactive 

decay products may become bound in the forming calcium silicate hydrates, also potentially 

changing emanation rates. A better understanding of the different factors which influence the fly 
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ash emanation fractions in hydrating cementitious systems would lead to a more complete 

understanding of the role fly ash has in contributing to or reducing indoor radioactive pollution.  

 

5.0 Conclusions 

This paper presented a holistic numerical approach to estimate the indoor radon concentrations 

and annual effective dose for different concrete mixtures. The key findings are highlighted as 

follows:  

1) On average, the fly ash specific radium activity is about 8 times higher than 

cement and roughly 25 times higher than aggregates. 

 

2) Concrete floors made with 25wt% fly ash resulted in 90% of the simulated homes 

having an indoor radon concentration of less than or equal to 3.9 Bq m-3 and an 

associated annual dose of less than or equal to 95 μSv y-1, representing 8% of the 

total effective dose experienced annually by the global population. This is roughly 

double the dose compared to the control concrete (2.3 Bq m-3, with an associated 

upper annual exposure limit of 54 μSv y-1), assuming the total concrete emanation 

fraction is 5%.  

 

3) Modeling 25wt% fly ash concretes with an emanation fraction of 3% resulted in 

approximately the same cumulative frequency distribution as non-fly ash 

concretes with an emanation fraction of 5%. This analysis demonstrated the 

potential neutralizing effect of fly ash, offsetting higher radium specific activities 

by reduceing the emanation fraction.  
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Overall, the model shows that there is a small, but increased chance of having elevated 

levels of indoor radioactive pollution from fly ash concretes, compared to ordinary concretes, 

unless a reduction in the emanation fraction is achieved by adding fly ash. The generally small 

increased dose associated with fly ash suggests minimal population health effects, representing 

4% to 8% of the total inhalation dose experienced annually by the global population. However, 

given the uncertainty in the literature for fly ash emanation fractions and the serious health 

effects of radon exposure, the influence of fly ash on radioactive pollution indoors deserves 

further exploration. 
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Figure 1: The radium specific activity of each constituents taken from the literature where the 
values in the parentheses are n = the number of samples tested and s = number of studies (n,s) 
(Kant et al. 2010; Siotis and Wrixon, 1984; Van der Lugt and Scholten et al. 1985; Stranden 
1983; Ackers 1985; Ulbak et al. 1984; Mahur et al. 2008; Petropoulos et al. 2001; Papaefthymiou 
and Gouseti, 2008; Ademola, 2008; Amrani and Tahtat, 2001; Damla et al. 2010; de Jong et al. 
2011; El-Bahi, 2004; Fathivand and Amidi, 2007; Hizem et al. 2005; Ingersoll, 1983; Keller et 
al. 2001; Khan and Khan, 2001; Lee et al. 2004; Mustonen, 1984; Roy et al. 2005; Sam and 
Abbas 2001; Schuler et al. 1991; Sorantin and Steger, 1979; Stranden and Bereiz, 1980; 
Varshney et al. 2010; Yu et al. 1992). 
 
 
 
 

 
 
Figure 2: The cumulative frequency of the radon exhalation rate as a function of the concrete 
radium activity and the radon flux for concretes containing no, low (25wt%) and high (40wt%) 
fly ash. 
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Figure 3: The radium specific activity of concrete taken from the literature (shown in white) and 
the modeling results (shown in gray), where the values in the parentheses are n = the number of 
samples tested and s = number of studies (n,s).  
 
 
 
 
 

 
 

Figure 4: The indoor radon concentration and associated annual exposure for two concrete floor 
scenarios including no fly ash and low (25wt%) fly ash.  
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(a) 
 
 
 

 
 

(b) 
 

 
Figure 5(a,b): The concrete (a) exhalation rate and (b) indoor radon concentration and exposure 
for two concrete floor scenarios including no fly ash and low (25wt%) fly ash, with the total 
emanation fraction, f, varied from 3% to 8% for the fly ash containing concretes.  
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Supplement Figure 1: QQ-plots showing the log transformed quantiles of input sample data 
taken from Figure 1 of (a) fly ash, (b) cement, (c) fine aggregate and (d) coarse aggregate as a 
function of the standard normal distribution. For the QQ-plots, only unique batches were used, 
for example, the average of many samples from one cement lot comprised a batch. 
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Appendix E: Radon emanation fractions and alpha particle exposure from 
concretes containing fly ash and metakaolin 

Citation: Not published  

 
1 Introduction 

Uranium (238U), through a series of decay steps, forms radon and progenies, which are 

carcinogenic indoor air pollutants mainly affecting the human respiratory tract (Turhan et al., 

2010; IARC, 1988).  The second main source of indoor radon pollution (Tsakas et al. 2011) 

comes from building materials, with concrete among the highest contributors (Folkerts et al., 

1984; Poffijn et al., 1984). The exhalation of radon and progenies from indoor concrete surfaces 

has been shown to contribute up to 30% of the total indoor radioactive pollution (Gadd and 

Borak, 1994).  

Concrete is made by mixing the constituents cement, sand, aggregates, and water, with 

each constituent having a unique emanation fraction defined as the radon escape-to-production 

ratio. This is simply the ratio of the number of radon atoms that escape the host particle, called 

the effective activity, to the number of total potential radon atoms that can be formed through 

radium decay, called the specific activity (Rogers and Nielson, 1991; Stoulos, 2004). In concrete, 

emanated radon atoms from constituents must traverse the concrete pore network, with the rate 

of exit into the indoor environment called the concrete exhalation rate (Lau et al., 2003).  

Emanation fractions of constituents are influenced by the grain size, moisture content, 

atmospheric pressure, pore size, solid density, temperature, radium quantity and distribution 

(Sakoda et al., 2011). In addition to the aforementioned parameters, the constituents cement and 

supplementary cementitious materials (SCMs) participate in hydration and/or pozzolanic 

reactions, resulting in microstructural changes in the concrete and chemical changes of the 
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constituent (Mindess, 2003; Kovler, 2012). Therefore, the mechanisms influencing concrete 

emanation fractions are complex and sometimes opposing, making it challenging to determine 

the in-situ effects of using SCMs in concrete.  

The effect of using SCMs in concrete on the total concrete emanation fraction is not well 

understood. Stranden (1983) presented an emanation fraction range of 2% to 5% and Siotis and 

Wrixon (1984) suggested a wider range of 1% to 10% for the emanation fraction of concretes 

with and without fly ash. Kovler (2012) demonstrated a linear correlation between increasing fly 

ash quantities used and decreasing concrete emanation fractions from 5% to 1.5%. Ackers et al. 

(1985) demonstrated a similar trend as Kovler (2012) but at a larger magnitudes, suggesting an 

emanation fraction of 25% for traditional concrete and a range from 7% to 13% for concretes 

containing fly ash.  

This study incorporates the use of fly ash, metakaolin and fly ash-metakaolin blends in 

eleven different concrete mixture designs to study the effect of SCMs on the concrete emanation 

fractions. To provide practical applicability experimental results are coupled with numerical 

Monte Carlo simulations to assess differences in exhalation rates, indoor radon concentrations 

and associated alpha particle exposure from the different concrete mixtures. The primary goals of 

this study are to: (i) examine using SCM constituents as a method to alter concrete emanation 

fractions, (ii) demonstrate the differences in the indoor radon concentration and alpha particle 

exposure from concretes having varied emanation fractions, and (iii) provide SCM specific 

concrete emanation fractions for use indoor radon exposure modeling. 
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2 Materials and Methods  

2.1 Constituent materials and concretes mixtures  

Four Texas coal fly ashes, labeled FA16, FA10, FA9, and FA8 were used in this study. 

Nomenclature is such that the first letters refer to the constituent, for example FA refers to fly 

ash, followed by a number representing the total uranium quantity in µg per g of constituent. 

Two metakaolins (abbreviated MK) were tested including: (i) a kaolinite (Wards Scientific) 

calcined in the laboratory and labeled MK49 and, (ii) a commercial metakaolin (Dynapoz, 

Christy Minerals) labeled MK5. MK49 was created by heating kaolinite clay in an electric 

furnace (Lindberg Blue M) at a rate of 25°C/min. from ambient to 650°C, maintaining the 

temperature at 650°C for 1 h, and then cooling at the same rate to ambient. To make concrete, 

ASTM C150 (2012) Type I portland cement, labeled C4, (Texas Lehigh Cement Co., processed 

in November 2011), Colorado River (Texas) fine aggregate (defined as passing a 4.75 mm sieve) 

and coarse aggregate (defined as retained on a 4.75 mm sieve) (Texas, USA) and deionized 

water, were used. The average particle diameter (d50) and standard deviation from replicate tests 

for the powder constituents was determined using a Spraytec particle size analyzer (Malvern 

Instruments, Inc.). The specific gravities at a saturated surface dry state (SSD) for fine aggregate 

and coarse aggregate were 2.61 and 2.60, respectively, determined following ASTM C127 

(2012) and ASTM C128 (2012) specifications.  

Eleven different concrete mixtures were created, each having a water-to-binder ratio of 

0.47. A rotating drum concrete mixer (mixer volume of 0.5 m3) was used to make roughly 26 kg 

of concrete per mixture, considered a large enough quantity to obtain a representative volume for 

testing. The concrete was placed into four cylindrical plastic molds (diameter: 100 mm; height: 

200 mm) using an electric vibrating table for consolidation and allowed to hydrate sealed for 24 
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h prior to the molds being removed. Specimens were then placed into a thermo-control storage 

room (100% RH at 23°C) for 7 days and then moved to a second thermo-control room (50% RH 

at 23°C) for 14 days. All concrete specimens were tested at the maturity age of 21 days and 

labeled with the prefix CC followed by the SCM used.  

Concrete mixtures included fine aggregate, coarse aggregate and water mixed with 

different cementitious material compositions. Six concrete mixtures included the following 

binder permutations: (a) 15wt% metakaolin (MK49, MK5), 85wt% cement and, (b) 25wt% fly 

ash (FA16, FA10, FA9, FA8), 75wt% cement were tested with the following labels CCFA16, 

CCFA10, CCFA9, CCFA8, CCMK49 and CCMK5. Four ternary blends were created, such that 

each mix contained three different cementitious components as follows: 25wt% fly ash (FA16, 

FA8), 15wt% metakaolin (MK49, MK5) and 60wt% cement and corresponding with the 

following labels CCFA16MK49, CCFA16MK5, CCFA8MK49, CCFA8MK5. A concrete with 

100wt% cement binder, labeled CCC4, was used as the control. The binder material comprised 

15wt% of the total composite composition.  

 

2.2 Specific activity, effective activity and emanation fractions  

The specific activity is defined as the amount of radioactivity or the decay rate of a 

particular radionuclide per unit mass of the radionuclide. The constituent radium specific activity 

represents the total amount of radon potentially produced and was quantified using neutron 

activation analysis. The process of selecting a representative sample, included crushing 10 kg of 

Colorado River gravel using an aggregate grinder (Barun Chipmunk VD67) to pass sieve No.4 

(4.75 mm diameter); from this, selecting 1 kg to be pulverized using a sand grinder (Bico Inc. 

Burbank, California) to pass sieve No. 100 (0.152 mm diameter); from this, selecting 0.5 kg to 
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be hand-ground with a mortar and pestle to pass No. 325 sieve (0.044 mm), of which 170 mg 

was selected to be tested in the nuclear reactor. Moreover, the Colorado River fine aggregate was 

crushed following a hybrid procedure, using the pulverizer and mortar and pestle, due to the 

initially smaller aggregate size.  

Powder samples were irradiated using a 1.1 MW TRIGA research reactor (General 

Atomics) at the Nuclear Engineering Teaching Laboratory reactor facility. Roughly 170 mg of 

the powdered sample was sealed into 1.5 ml individual polyethylene ampoules and irradiated 

with epithermal neutrons, using a pneumatic facility with electronic timers.  Each constituent 

was irradiated for 60 s and then left for 10 min to allow for the decay of uranium (238U). Testing 

of two NIST fly ash standards (NIST 1633a and 1633b) was conducted to ensure accuracy.  With 

the assumption that the uranium is in secular equilibrium, a direct conversion provides the 

radium specific activity.  

Using the constituent values, the radium specific activity of the concretes was 

theoretically calculated by multiplying the constituent weight percentage with the respective 

constituent specific activity and summing each term, as shown in Eq.1: 

RnProduction = A (RaFA) + B (RaC) +  C (RaMK) + 0.34 (RaFineA) + 0.44 (RaCoarseA)     [Bq kg-1]    (1) 

where RnProduction is the concrete radium specific activity (Bq kg-1);  RaFA, RaC, RaMK, RaFineA 

and, RaCoarseA, represent the radium specific activities of the constituents, fly ash (FA16, FA10, 

FA9, FA8) cement, metakaolin (MK49, MK5), fine and coarse aggregate, respectively. A, B, and 

C represent the quantity of fly ash, cement and metakaolin used such that the total binder 

composition (the sum of A, B, and C) represents 15wt% of the total mixture. The specific 

activity of water, which comprises 7wt% of the mixture, was considered negligible in this 

calculation.  
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  The effective amount of radon released during radium decay was determined using 

radon chamber experiments. Each constituent and concrete was tested for the duration of 8 days 

in two separate aluminum radon chambers using continuous radon monitors (Sun Nuclear, 

Model 1028) with a sensitivity of 0.5 counts/h/pCi/l and a measuring interval of per h. 

Preliminary testing demonstrated the duration of two half-lives was sufficient to reach chamber 

equilibrium. The temperature and humidity was maintained constant at 22.5 ± 0.5°C and 36.8 ± 

0.35 % RH, recorded using an Onset HOBO U12 data-logger. Each constituent was placed at the 

bottom of the chamber with a stainless steel mesh shelf separating the constituent from the radon 

monitor and data logger. During each concrete test, two concrete cylinders were tested per 

chamber, accounting for all four specimens. The assumption was made that constituent 

geometry, such as the angularity of the aggregate, was negligible at influencing the steady state 

radon chamber concentration. Between samples, the radon chambers were washed, dried and left 

open in a fume hood for 20 min. prior to the next sample being placed into the chamber. 

Background radon levels determined using an empty chamber was removed from the data, 

during data processing. To determine the average and standard deviation of the effective radon 

release per specimen, triplicate chamber tests were conducted for all constituents and duplicate 

tests for all concretes. For duplication, a series of weekly concrete mixtures were made to 

maintain consistent curing durations and testing ages.   

The emanation fraction was determined for each constituent and concrete in a similar 

fashion to Stoulos (2004) in Eq. 2:  

	

	
                                      [%]      (2) 

where RnEffective represents the amount of radon emitted from the constituent or concrete 

determined using the radon chambers, considered as the effective activity; RnProduction is the 
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radium specific activity determined using the neutron activation analysis. The emanation fraction 

is typically used in exposure modeling to predict concrete exhalation rates.   

An investigation into the influence of crystallinity on emanation fraction was examined. 

The MK49 constituent initially starts as crystalline, labeled Kaolinite49. The crystal standard 

structure collapses due to the loss of lattice hydroxyl groups during kiln firing, resulting in an 

amorphous metakaolin structure (Taylor, 1997). Therefore, radon chamber testing of kaolinite 

was conducted prior to thermal treatment (crystalline structure) and post-thermal treatment 

(amorphous structure) to examine the effect of clay crystallinity on radon escape. 

 

2.4 Concrete exhalation rates, indoor radon concentrations and associated exposures   

The concrete emanation fraction ultimately influences the material’s contribution to the 

indoor radon pollution. A simplified 1-D concrete exhalation rate of a concrete floor was 

modeled considering the radium specific activity, emanation fraction, radon decay constant (2.1 

× 10-6 s-1), density, diffusion length and floor thickness. Floor exhalation rates were used in a 

series of Monte Carlo simulations, considering a steady state, well-mixed, mass balance model, 

to determine the indoor radon concentration and alpha particle exposure respired from the 

concrete floor in a single family home. Modeling assumptions are described in detail in Taylor-

Lange et al., (2012).  

Of the aforementioned modeling variables, there is a considerable range in the literature-

reported values for the emanation fraction (Stranden 1983; Siotis and Wrixon, 1984; Ackers et 

al. 1985; Kovler, 2012) with 5% considered typical. Given the serious health effects associated 

with radionuclide exposure, a sensitivity analysis was conducted comparing two theoretical 

concretes, each with a different emanation fraction of 5% (Siotis and Wrixon, 1984; Stranden, 
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1983) and 13% taken from this study. For these two theoretical concretes, a radium specific 

activity of 20 Bq/kg was used, representing the median value for a control concrete from Taylor-

Lange et al. (2012) and within error of the control specific activity (CCC4, 23.3 Bq/kg). The 

results from this sensitivity analysis demonstrate the quantitative change in exposure which 

arises when modeling with two extreme emanation coefficients, with all other variables held 

constant.   

Following this analysis, additional Monte Carlo simulations were performed to determine 

the cumulative percent frequency of the indoor radon concentration and alpha particle exposure 

from select (i) fly ash containing concretes, (ii) metakaolin containing concretes, and (iii) ternary 

blend mixtures determined experimentally used in this study.      

 

3 Results 

3.1 Constituent and concrete specific and effective activities  

 The results presented in Table 1 show for each constituent tested, the average particle 

diameter (d50) for the powder constituents, the quantity of uranium per gram in each constituent, 

the radium specific activity, and effective radon activity. The prescribed uranium content in the 

NIST 1633a and NIST 1633b fly ash samples is 10.2 ± 0.9 µg/g and 8.79 ± 0.36 µg/g, 

respectively, (U.S. Geological Survey Bulletin 2144, 1997; National Institute of Standards & 

Technology, 1993). Experimental results for these two samples shown in Table 1 are within 

error, providing security as to the accuracy of the testing apparatus. The error associated with the 

uranium quantities shown in Table 1 represents measurement uncertainty, which was greater 

than the experimental standard deviation determined from triplicate sample tests of FA9. Of 

interest, the metakaolin contained the highest uranium content of 49 µg/g; the constituents with 
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the lowest uranium contents included the cement and Colorado River fine and coarse aggregates 

which ranged between 2 and 4 µg/g.  

The radium specific activity in each fly ash sample ranged from 100 to 200 Bq/kg, which 

is within the range of typical published values (USEPA, 1983; Taylor-Lange et al. 2012). MK49 

had the highest specific activity of 600 Bq/kg, roughly 3 to 6 times higher than the fly ash 

samples. Comparatively, the MK5 specific activity of 67 Bq/kg, was about 3 to 1.5 times lower 

than the recorded activities of the fly ash samples. Fly ashes, with relatively large specific 

activities compared with cement and aggregate, showed some of the lowest effective activities (2 

to 2.8 Bq/kg), indicating that the radon atom does not emanate during decay. Lastly, ease of 

radon escape appeared not to be influenced by material crystallinity, such that crystalline 

kaolinite had roughly the same effective activity (54.43 ± 13.9 Bq/kg, pre-thermal treatment) as 

the amorphous kaolinite (50.48 ± 10.8 Bq/kg, post thermal treatment).   

Table 2 shows the results for concretes, with the radium specific activity calculated using 

Eq.1 and the effective activity determined using the radon chamber experiments.  The specific 

activity of the control concrete CCC4 (23.3 Bq/kg) proved close to the median and mean 

concrete radium activities (of 20 Bq/kg and 25 Bq/kg, respectively) taken from seventeen 

literature studies (Taylor-Lange et al., 2012). The addition of fly ash to concrete increased the 

radium specific activity of the concrete by 9% to 24% relative to the CCC4 control, but the 

effective activity was within error of the value for CCC4. This suggests that (i) the increase in 

the radionucleotide content due to the fly ash addition did not result in an increase in the amount 

of radon emanating from the concrete, and (ii) the specific activity alone is an inconsistent 

indicator of the total radon released from the material. In contrast, concretes containing MK49, 
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with cement or in a ternary blend, exhibited roughly double the specific and effective activities 

relative to CCC4 samples, indicating high emanation rates from these concretes.  

 

3.2 Constituent and concrete emanation fractions  

The emanation fraction represents the radon escape-to-production ratio and in general 

each concrete constituent had a uniquely varied emanation fraction. Figure 1 shows the range of 

emanation fractions for the constituents in this study. The fly ash emanation fraction was the 

lowest among the constituents tested, with averages ranging from 1 to 3%. The fly ash emanation 

is uniquely low, considering the radionucleotide content in the constituent and is in agreement 

with the findings of Pensko et al. (1980), Nazaroff and Nero (1988), and Kovler et al. (2005). In 

contrast, the Colorado River coarse aggregate, representing the highest mass (44%) and highest 

average emanation fraction (30%), had one of the lowest specific activities, suggesting very little 

radon could be formed, but what was formed was easily released. The cement showed an average 

emanation of 11.5%, roughly ten times larger than the fly ashes. The emanation of the 

metakaolin varied greatly, ranging from 6.5% to 25.3%.  

Mixture design comparisons were made relative to the control concrete. Figure 2 shows 

the traditional or control concrete (CCC4) has an emanation fraction of 12.9 ± 3.3%, roughly 

within the same range as the cement emanation fraction of 11.5 ± 5.5%.  The emanation fraction 

from fly ash containing concretes was maintained or lowered relative to the control. Sample 

CCFA16MK5, a fly ash-metakaolin blend, exhibited roughly a 44% reduction in the concrete 

emanation fraction compared to CCC4, and represented the overall greatest reduction among all 

the mixtures. The mechanisms assisting in this emanation reduction include: (i) a 40% 

replacement of cement with MK5 and FA16 having individual constituent emanation fractions of 
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10.1% and 10.4%, respectively, and collectively lower than the cement it replaces (12.9%), and 

(ii) the use of SCMs contributing toward densification of the microstructure making it more 

difficult for the radon atom to travers the media. The worst performing concrete mixture design, 

from a health safety perspective, was the use of the MK49 which increased the emanation 

fraction by roughly 35% compared with the control concrete.  

 

3.3 The impact of emanation fractions on indoor concentrations and exposure  

Figure 3 shows the exhalation rate, the indoor radon concentration and equivalent annual 

radiation dose (µSv/y) for theoretically developed concretes where all input variables were held 

constant and the emanation fraction was varied from 5% to 13%. The results show 90% of the 

time, these two concretes have up to 3.3 Bq/m3 incremental difference in the indoor radon 

concentration, with an associated incremental difference in the exposure limit of up to 80 µSv/y. 

The consequence of underpredicted emanation coefficients can have considerable health 

consequences considering the severity of health effects correspond linearly with increasing radon 

exposure.  

Figure 4 presents the results from the Monte Carlo modeling using the experimentally 

determined emanation fractions and radium specific activities for the concretes labeled CCC4, 

CCFA16, CCFA8, CCMK49, CCMK5, CCFA16MK5. The results show that the indoor radon 

concentration and exposure for the concretes (i) CCC4 and CCFA16, and (ii) CCFA8 and 

CCMK5, resulted in almost identical cumulative frequency curves. The results show 90% of the 

time, concretes containing CCFA8 and CCMK5 will have an indoor radon concentration equal to 

or less than 5.0 Bq/m3 with an associated upper annual exposure limit of 118µSv/y, representing 

a 1.2 Bq/m3 and 30 µSv/y reduction from CCC4. The concretes CCMK49 and CCFA16MK5 
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represented extreme conditions; 90% of the time these concretes mixtures will result in an indoor 

radon concentration equal to or less than 13.1 Bq/m3 and 4.4 Bq/m3, respectively, with an 

associated upper annual exposure limits of 313.1 µSv/y and 105.2 µSv/y, respectively.  

 

4 Discussions 

4.1 Constituent and concrete emanation fractions 

One of the primary goals of this study is to determine the influence of SCM use on the 

resulting concrete emanation fraction. The results suggest the following trend: the use of fly ash 

constituents with specific activities ranging between 100 Bq/kg to 200 Bq/kg and constituent 

emanation fractions ranging from 1.1% to 2.5%, resulted in neutralized or reduced concrete 

emanation fractions, relative to control samples. The use of 25wt% cement replacement for FA8 

resulted in a reduction of the concrete emanation fraction by 3.4%, compared with CCC4, 

representing the largest emanation fraction reduction among the four fly ash containing 

concretes. Moreover, the data corroborates that the fly ash constituent emanation fraction is 

maintained when mixed in the concrete.   

The use of 15wt% cement replacement for MK5, with a specific activity of 66 Bq/kg and 

constituent emanation fraction average of 15.5%, reduced the concrete emanation fraction by 

5.6%, compared to CCC4. In this case, MK5 has a higher specific activity and larger emanation 

fraction than the cement which it replaces suggesting changes in the microstructure of the 

concrete account for the emanation fraction reduction, as suggested by Lau et al. (2003). The use 

of MK49, with a specific activity of 600 Bq/kg and emanation fraction of 8%, resulted in roughly 

a 5% increase in the concrete emanation fraction, compared to CCC4. This is in agreement with 

Siotis and Wrixon (1984) who demonstrated similar elevated concrete exhalation rates when 
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using fly ash constituents having specific activities above 330 Bq/kg and 880 Bq/kg. SCM 

constituents with radionuclide contents above roughly 300 Bq/kg appear to have a greater 

influence at elevating the emanation fraction of the concrete system.  

The results in this study highlight the unique emanation characteristics of fly ashes, such 

that unlike the metakaolin, the fly ashes maintain or reduce concrete exhalation rates relative to 

the fly ash contribution to the overall radionucleotide content of the concrete. However, it is 

difficult to draw further comparisons between in-situ fly ash and metakaolin behavior because 

each SCM had a different substitution dose following ASTM C618-12a (2012) specifications and 

each SCM uniquely changes the microstructure of the concrete. Lastly, we suggest, in agreement 

with Kovler (2012), the standardization of experimental techniques to allow for direct 

comparisons to be made between experimentally reported results in the literature. It is this 

corroboration of data which will help broaden our understanding of the role SCMs have on radon 

exhalation rates from SCM containing concretes.  

 

4.2 Implications of the results 

With convincing evidence that increasing airborne radon concentrations indoors increases 

lung cancer risk (Sevc et al. 1998; Samet et al. 1991; Karpinska et al., 2009), it is imperative to 

understand the influence of SCMs in concrete on airborne radon and progeny exposure. The use 

of some fly ashes and metakaolins, such as FA8 and MK5, demonstrated the ability to reduce the 

indoor airborne radon concentrations exhaled from the concretes containing these constituents. 

However, these finding were not universal. In particular, use of MK49 increased the annual 

upper exposure limit by roughly 165 µSv/y compared with CCC4 samples. Notably, MK49 

possessed abnormally large radionucleotide contents representing the potential variability that 
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may occur in constituents. A major challenge in predicting exposure from concretes from 

different mixture designs is that each constituent has uniquely different radionucleotide contents 

and emanation fractions.  

To provide perspective of the results presented in this study, the worst case scenario 

mixture CCMK49 resulting in the highest predicted exposure, contributes at most 27% of the 

annual per capita does from all natural sources of 1150 µSv (UNSCEAR, 2000). Moreover, the 

concretes CCMK49 and CCFA16MK5 representing the worst and best contributors to indoor 

airborne radon pollution in this study, represent at most roughly 13% to 4% of the WHO (2009) 

recommended indoor radon action level of 100 Bq/m3, respectively.  

 

5 Conclusions 

This study reports the specific activity, effective activity and emanation fraction for nine 

concrete constituents and eleven concrete mixtures. The results from the experimental testing 

indicate use of SCM constituents can greatly alter the concrete emanation fractions, resulting in 

differences in the indoor radon concentration and alpha particle exposure. The experimental 

results suggest concrete emanation fractions are specific to the SCM constituent used in the 

concrete. From the concretes in this study, an emanation fraction of 13%, 18% and 18%, 

conservatively selected from a health safety perspective, maybe used to capture concrete 

emanation behavior of concretes containing 25wt% substitution of cement for fly ash, 15wt% 

substitution of cement for metakaolin, and 40wt% substitution of cement for metakaolin and fly 

ash, respectively. The results collectively confirm an assumed emanation fraction of 5%, as 

suggested in the literature, would lead to underpredicted indoor radon concentrations. The results 

from the sensitivity analysis, altering the concrete emanation fraction from 5% to 13% show 
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90% of the time a difference in the indoor radon concentration of up to ± 3.3 Bq/m3 and an 

associated incremental difference in the exposure limit of up to ± 80 µSv/y, considering all other 

input variables are held constant. 

 Moreover, our results indicate in the best case scenario, the concrete mixtures containing 

FA8 and MK5 SCMs reduced the total average concrete emanation fractions by as much as 3.4% 

and 5.6%, respectively, resulting in overall reduction in the indoor radon concentration by 1.2 

Bq/m3 and associate alpha particle exposure by 30 µSv/y, compared with the control concrete. 

However, not all SCM constituents used resulted in concrete emanation fraction reductions. For 

instance, FA9 did not influence concrete emanation fractions and MK49 elevated the emanation 

fraction by roughly 5%, suggesting selection of the emanation fraction for exposure modeling 

should be conducted with careful consideration.  

This study is the first to explore concrete emanation fractions considering mixtures 

containing ternary-blends of metakaolin, fly ash and cement binder. The results of this study are 

encouraging and support the potential of using SCM in concrete to reduce radon exposure, 

contingent upon the SCM constituent radionucleotide content and emanation fraction. Future 

studies should explore the effects of other SCM materials, not investigated in this study, such as 

silica fume, ground granulated blast furnace slag, zeolites, volcanic ash and other natural 

pozzolans on concrete emanation fractions.  
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Table 1:  The particle size for constituent powder samples (error represents the standard 
deviation from triplicate tests), the uranium content determined using neutron activation analysis 
(instrument error shown), the radon-222 specific activity (error propagation shown), and the 
effective activity determined using radon-222 chamber experiments (error represents the 
standard deviation from triplicate tests).  
 

 
 
 
 
 
 
 
 

Sample I.D. Description
Particle Size         

(d50)

 Uranium 
Quantity    

(
238

U)

Specific 
Activity    

(RnProduction)

Effective 
Activity    

(RnEffective)

(µm) (µg/g) (Bq/kg) (Bq/kg)

NIST 1633a fly ash powder n.a 10.20 ± 0.24 124.5 ± 8.9 n.a

NIST 1633b fly ash powder n.a 8.51 ± 0.21 103.9 ± 7.7 n.a

FA16 fly ash powder 9.0 ± 0.5 16.14 ± 0.39 197.1 ± 14.4 2.2 ± 0.5

FA10 fly ash powder 18.8 ± 1.4 9.72 ± 0.24 118.7 ± 8.9 2.8 ± 1.9

FA9 fly ash powder 20.7 ± 0.4 9.25 ± 0.22 112.9 ± 8.1 2.0 ± 1.9

FA9 fly ash powder 20.7 ± 0.4 9.31 ± 0.23 113.7 ± 8.5 2.0 ± 1.9

FA9 fly ash powder 20.7 ± 0.4 9.02 ± 0.22 110.1 ± 8.1 2.0 ± 1.9

FA9 (avg.) fly ash powder 20.7 ± 0.4 9.19 ± 0.22 112.0 ± 8.2 2.0 ± 1.9

FA8 fly ash powder 4.3 ± 0.2 8.29 ± 0.20 101.2 ± 7.4 2.5 ± 2.2

Kaolinite49 (crystalline)
a kaolinite powder 5.3 ± 0.1 49.02 ± 0.97 598.5 ± 35.9 54.4 ± 13.9

MK49
a metakaolin powder 5.3 ± 0.1 49.02 ± 0.97 598.5 ± 35.9 50.5 ± 10.8

MK5 metakaolin powder 12.4 ± 0.2 5.46 ± 0.22 66.6 ± 8.1 10.3 ± 6.4

C4 cement powder 10.0 ± 0.2 3.85 ± 0.16 47.0 ± 5.9 5.4 ± 2.5

Colorado River     
Fine Aggregate 

granular > 4.75 mm sieve 1.59 ± 0.15 19.4 ± 5.6 0.9 ± 0.1

Colorado River 
Coarse Aggregate 

granular < 4.75 mm sieve 1.80 ± 0.13 22.0 ± 4.8 6.7 ± 1.4 

a
 Kaolinite49 and MK49 is the same constituent sample tested pre and post kiln treatment.  
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Table 2:  The concrete specimen label, binder composition used in the mix design, concrete density taken 21 days following mixing, 
concrete radon specific activity (error propagation shown), the effective activity (error represents the standard deviation from 
duplicate tests)and the calculated 1-D exhalation rate used in the Monte Carlo modeling.    
 
 

 
 
 

 

Concrete      
Specimen           
Label

Binder Composition 
Density    
(ρ)

 Specific 
Activity from 
Eq. 1   

(RnProduction) 

 Effective 

Activity  

(RnEffective)    

1-D Exhalation 
Rate                  

(10-4)

(kg/m3) (Bq/kg) (Bq/kg) (Bq/ m2/s) 
CCC4 3.92 kg Cement (100wt% Cement) 2278 23.3 ± 5.1 3.0 ± 0.4 12
CCFA16 2.94 kg Cement, 0.98 kg FA (75wt% Cement, 25wt% FA) 2217 29.0 ± 5.7 3.0 ± 0.5 12
CCFA10 2.94 kg Cement, 0.98 kg FA (75wt% Cement, 25wt% FA) 2053 26.0 ± 5.3 2.6 ± 0.5 9
CCFA9 2.94 kg Cement, 0.98 kg FA (75wt% Cement, 25wt% FA) 2303 25.8 ± 5.2 3.4 ± 0.6 14
CCFA8 2.94 kg Cement, 0.98 kg FA (75wt% Cement, 25wt% FA) 2303 25.4 ± 5.2 2.4 ± 0.5 10
CCMK49 3.33 kg Cement, 0.59 kg MK (85wt% Cement, 15wt% MK) 2278 35.7 ± 7.4 6.4 ± 0.9 26
CCMK5 3.33 kg Cement, 0.59 kg MK (85wt% Cement, 15wt% MK) 2309 23.8 ± 2.3 2.4 ± 0.7 10
CCFA16MK49 2.35 kg Cement, 0.98 kg FA, 0.59 kg MK (60wt% Cement, 25wt% FA, 15wt% MK) 2272 41.4 ± 7.9 6.8 ± 1.2 27
CCFA8MK49 2.35 kg Cement, 0.98 kg FA, 0.59 kg MK (60wt% Cement, 25wt% FA, 15wt% MK) 2266 37.8 ± 7.4 6.5 ± 1.0 26
CCFA16MK5 2.35 kg Cement, 0.98 kg FA, 0.59 kg MK (60wt% Cement, 25wt% FA, 15wt% MK) 2248 29.4 ± 5.7 2.2 ± 0.7 9
CCFA8MK5 2.35 kg Cement, 0.98 kg FA, 0.59 kg MK (60wt% Cement, 25wt% FA, 15wt% MK) 2256 25.8± 5.2 3.1 ± 0.8 9

All samples contained the following: 8.88 kg Fine Aggregate; 11.50 kg of Coarse Aggregate; 1.83 kg of H2O
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Figure 1:  The constituent emanation fraction with the standard deviation determined using error 
propagation. 
 
 

 
 
Figure 2:  The concrete emanation fraction with the standard deviation determined using error 
propagation 
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Figure 3: Results from a sensitivity analysis demonstrating differences in the exhalation rate, 
indoor radon concentration and associated alpha particle exposure for a theoretical concrete with 
an emanation fraction of 5% vs. 13%.  
 

 
Figure 4: The cumulative percent frequency as a function of the indoor radon concentrations and 

associated alpha particle exposures for the CCC4, CCFA16, CCFA8, CCMK5, CCMK49 and 
CCFA16MK5 samples.  
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