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ABSTRACT 

 

CALCINATION AND CHARACTERIZATION OF CLAYS OBTAINED 

FROM CEMENT PLANTS OF TURKIYE 

 

 

Yeşilyurt, Oğul Can 

Master of Science, Civil Engineering 

Supervisor : Prof. Dr. İsmail Özgür Yaman 

 

 

January 2023, 134 pages 

 

With the increasing concern regarding global warming, alternative methods to 

improve the sustainability of cement manufacturing gained attraction. Partial cement 

substitution with supplementary cementitious materials (SCM) carries a huge 

potential to improve sustainability or even performance when optimized properly. 

The commonity of the clay deposits provides a huge advantage to the clays as SCM, 

but due to vast differences in composition and behavior, proper characterization of 

the clays is required. In this study, 8 clays that are obtained from various cement 

factories in Türkiye are calcined at 600 °C and 800 °C and characterized with various 

physical, thermal, and mineralogical experiments. Compressive strength, flexural 

strength, and Strength Activity Index (SAI) of all raw and calcined clay 

incorporating blends are tested for early, standard, and late ages. The relationships 

between the clay compositions and post-calcination behavior, along with several 

other factors, are discussed. It is observed that the calcite presence in the clay 

composition played a crucial role in the strength development. With 600 °C 

calcination 3 clays, with 800 °C calcination 5 clays, all of which incorporate >10% 

calcite, were able to satisfy the 75% SAI threshold stated in ASTM C-618 Standard. 

Keywords: Characterization of Clays, Calcined Clay, Strength Activity Index, Clay 

Composition 
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ÖZ 

 

TÜRKİYE ÇİMENTO FABRİKALARINDAN ELDE EDİLEN KİLLERİN 

KALSİNASYONU VE KARAKTERİZASYONU 

 

 

Yeşilyurt, Oğul Can 

Yüksek Lisans, İnşaat Mühendisliği 

Tez Yöneticisi: Prof. Dr. İsmail Özgür Yaman 

 

 

Ocak 2023, 134 sayfa 

 

Küresel ısınmaya yönelik artan endişe ile birlikte çimento üretiminin 

sürdürülebilirliğini artıracak alternatif yöntemler giderek önem kazanmaktadır. 

Çimento İkame Malzemeleri (ÇİM) ile kısmi çimento ikamesi, uygun şekilde 

optimize edildiğinde sürdürülebilirliği ve hatta performansı iyileştirmek için büyük 

bir potansiyel taşımaktadır. Kil yataklarının yaygınlığı kile ÇİM olarak büyük bir 

avantaj sağlamaktadır, ancak her kilin bileşim ve performansında görülen büyük 

farklılıklar uygun karakterizasyon gerektirmektedir. Bu çalışmada Türkiye'deki 

çeşitli çimento fabrikalarından temin edilen 8 adet kil 600 °C ve 800 °C'de kalsine 

edilerek çeşitli fiziksel, termal ve mineralojik deneylerle karakterize edilmiştir. Tüm 

karışımların basınç ve eğilme dayanımı ile Dayanım Aktivite İndeksi (DAİ) erken, 

standart ve geç yaş için test edilmiştir. Kil bileşimleri ve deney sonuçları ilişkisi, bazı 

diğer faktörlerle birlikte tartışılmıştır. Kil bileşimindeki kalsitin dayanım gelişiminde 

önemli rol oynadığı görülmüştür. 600 °C kalsinasyon ile 3, 800 °C kalsinasyon ile 5 

kil, ASTM C-618 Standartında belirtilen %75 DAİ gereksinimini karşılayabilmiştir. 

Bu killerin hepsi kompozisyonunda %10’dan fazla kalsit içermektedir. 

Anahtar Kelimeler: Killerin Karakterizasyonu, Kalsine Kil, Dayanım Aktivite 

İndeksi, Kil Bileşimi 
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CHAPTER 1  

1 INTRODUCTION  

1.1 General 

Due to the climate change caused by greenhouse gas emissions, sustainability has 

become an important focus and several countries agreed to reduce their CO2 

emissions (Ledley et al., 1999; United Nations, 2015). Concrete is the second most 

widely used substance after water (Scrivener, John, and Gartner 2018; Monteiro, 

Miller, and Horvath 2017), and its main binder Portland cement’s annual production 

is expected to reach 5 billion tons by 2030 (Müller & Harnisch, 2008).  Therefore, 

being under close scrutiny the cement industry has taken endeavors to improve the 

sustainability of cement production. High fuel consumption for over 1450 °C 

temperatures and released CO2 during clinker manufacturing are major reasons for 

cement emissions (Bedard & Sordyl, 2007; Feiz et al., 2015; Kosmatka et al., 2002; 

Miller, 2018; van Oss & Padovani, 2003). Approximately 0.94 tons of CO2 is 

released for 1-ton clinker production, 0.55 tons of which are released from the 

decomposition of limestone (Gartner, 2004; Pacheco Torgal et al., 2012). The usage 

of supplementary cementitious materials (SCM) not only reduces the CO2 emissions 

from clinker production by partially replacing the cement but may even improve the 

mechanical properties of the blend and enhance service life (Duchesne, 2021; 

Prakasan et al., 2020). As Figure 1.1 shows cement is the most demanding 

component of concrete, in terms of cost and energy. The clinker burden can be 

reduced by partial replacement of cement with SCM (Ahmaruzzaman, 2010). Since 

most SCM are industrial by-products or naturally found, their need for treatment is 

minimal; thus, they can be used with cement to reduce overall environmental burden 

(Celik et al., 2015; Kajaste & Hurme, 2016; Miller, 2018). 
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Figure 1.1. Simulated energy usage and CO2 emissions of cement manufacture in 

the United States (Prakasan et al., 2020). 

1.2 Objectives and Scope  

This thesis is conducted on the raw clay materials that are provided by the Turkish 

Cement Manufacturers Association (TCMA, also known as TÜRKÇİMENTO) from 

various cement plants across Türkiye (formerly denoted as Turkey). The objectives 

of this study are to provide a basis for future studies including calcined clays of 

Türkiye, such as limestone calcined-clay cement (LC3) technology, by 

characterizing the Turkish clays with a frame based on the composition and 

performance relationship. The scope of this thesis includes the determination of the 

post-calcination strength of the clays according to the Strength Activity Index (SAI), 

applying analytical analysis methods, such as Differential Thermal Analysis (DTA), 

Thermal Gravimetric Analysis (TGA) and X-Ray Diffraction (XRD), physical 

methods, such as Particle Size Distribution (PSD) or Flow Table Test, to determine 

the compositions and taking an endeavor to unravel a correlation between the raw 

clay composition and post-calcination strength, while briefly considering other 

parameters such as fineness, water demand or limestone presence. The limits of the 
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thesis scope are as follows: A constant grinding time is adopted regarding the 

literature and particle size distribution tests. The clay samples are calcined at 600 °C 

and 800 °C temperatures, which are determined with the TGA/DTA and compared 

with their raw state. The samples are tested for their pozzolanicity at 7, 28, and 90-

days to observe early, standard, and later age strength development. Both EN and 

ASTM Standards are adopted and modified for the study’s needs.  

In the second chapter of this thesis, an in-depth literature review regarding the 

supplementary cementitious materials (SCMs), most common SCMs, potential 

advantages of calcined clays over other SCM, hydration mechanisms of calcined 

clays, studies about the clay calcination parameters, effects of calcined clay usage 

on cement/concrete performance, and importance of clay characterization as 

highlighted in the literature, is conducted. 

In the third chapter of this thesis, Experimental Program, materials used and their 

properties, experiment procedures, and results of some of the physical, chemical, and 

mineralogical tests are presented. 

In the fourth chapter, Results and Discussion, critical findings and results are 

presented. Based on the evidence, scenarios regarding the correlation between the 

SAI results and other parameters are discussed. Also, based on the experiment 

results, several arguments that can benefit further studies are presented. 

In the fifth chapter, Conclusion and Recommendations, the study and the notable 

discoveries are summarized, and key findings and recommendations for future 

studies are presented. 

 

 

 

 

 



 

 

4 

 

 

 

 

 

 

 

 

 

 



 

 

5 

CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Supplementary Cementitious Materials 

Supplementary cementitious materials (SCMs) define the materials that can be used 

in corporation with the cement to improve the blend’s properties (Panesar, 2019; 

Snellings et al., 2012). SCMs are either pozzolanic or self-cementitious materials: 

Pozzolanic materials consist of siliceous or siliceous and aluminous compounds, 

carry little to no cementitious properties by themselves but form pozzolanic reactions 

to contribute to the cement matrix strength with the presence of a hydrant -most 

commonly water- and Ca(OH)2 or Ca+2. Self-cementitious materials incorporate lime 

and do not require additional external lime to form pozzolanic reactions; thus, only 

require water (ASTM C-618, 2002; Dodson, 2013; Malhotra & Mehta, 2004; 

Snellings et al., 2012). While used as a cement substitute, pozzolanic SCM, such as 

Class F fly ash, silica fume, or ground granulated blast furnace slag, has arguable 

advantages over self-cementitious SCM, such as Class C fly ash or lime, due to a 

few factors: (i) cement already includes the lime which the pozzolanic reactions can 

consume, so no additional lime is needed (ii) replacing a self-cementing material 

with another self-cementing material is less convenient than using a pozzolanic 

SCM, (iii) pozzolanic SCM are generally more available than self-cementing SCM. 

 

2.1.1 Hydration Mechanisms of Supplementary Cementitious Materials 

During a pozzolan-lime reaction, silicates and aluminates of the pozzolanic material 

react with the lime in the water presence. The fundamental pozzolanic reactions are 

given in Equations [1] to [3], where C is CaO, S is SiO2, A is Al2O3, and H is H2O. 
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Dissolved silicates sourced from the pozzolan react with the water and lime to form 

C-S-H (tobermorite) phase (Snellings et al., 2012). Since C-S-H formation is a 

process where short monomer and dimer silicates convert to a longer polymer, it 

grants additional strength to the matrix (Brough et al., 1995). In a typical pozzolanic 

reaction, aluminates can either form calcium-aluminate-hydrates (C4AH13-19 C-A-

H,) or partially incorporate into the C-S-H gel (I. G. Richardson, 2008; Taylor, 

1997). During cement hydration, four main phases contribute to the strength gain: 

Alite (C3S), belite (C2S), aluminate (C3A), and ferrite (C4AF). While calcium 

silicates (C3S and C2S) react with water to form C-S-H gel (Roller & Ervin Jr, 1940), 

reaction products of calcium aluminates depend on the sulfate content: When there 

are no sulfates and not enough Ca(OH)2, which is most common when a calcined 

clay, such as metakaolin, is used as only SCM, C2ASH8 (strätlingite, C-A-S-H), 

C4AHx (hydrogarnet) or C3AH6 (calcium-aluminate-hydrate) is formed, depending 

on the temperature (Ambroise et al., 1994; Ogawa et al., 1980; Serry et al., 1984).  

Hydrogarnet is usually observed when the internal temperature is above 40 °C (de 

Silva & Glasser, 1992), or when it is stabilized with sulfates or carbonates (Pöllmann, 

2006). When sulfates are provided to the system by gypsum addition or usage of 

SCM such as fly ash or GGBFS, Ca(OH)2 will initially form C-A-S̄-H (C6AS̄3H6, 

ettringite), where S̄ is a hyphenation of SO3, or C4AS̄H12 (monosulfoaluminate), or 

both (Snellings et al., 2012; Taylor, 1997).  

𝐶2𝑆 + 2𝐻 →  𝐶3𝑆2𝐻3 (𝐶 − 𝑆 − 𝐻) + 𝐶𝐻 [1] 

 

𝐶3𝑆 + 3𝐻 → 𝐶3𝑆2𝐻3 (𝐶 − 𝑆 − 𝐻) + 3𝐶𝐻 [2] 

 

𝐶3𝐴 + 6𝐻 → 𝐶3𝐴𝐻6 (𝐶 − 𝐴 − 𝐻 ) [3] 
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Ettringite (C-A-S̄-H) formation is generally desired in a cementitious system since it 

prevents flash setting by increasing the setting time. In a traditional cement system, 

ettringite is converted to the monosulfoaluminate (SO3-AFm) (Berman & Newman, 

1963), after sulfate content drops below 3% (de Silva & Glasser, 1992). When 

adequate limestone is incorporated into the system, along with the sulfate, meta-

stable hemicarboaluminate forms (Lothenbach et al., 2011) instead of 

monosulfoaluminate due to the increased concentration of initial carbonates. After 

around 1-year, the hemicarboaluminate phase converts to the monocarboaluminate 

(CO3-AFm), which is a very stable product (François et al., 1998).  Equations [4-7] 

show the ettringite stabilization process by the carboaluminate phase conversion 

reactions:  

 

3𝐶𝑆̅𝐻2 + 𝐶3𝐴 + 26𝐻 → 𝐶6𝐴𝑆3̅𝐻32 [4] 

 

𝐶6𝐴𝑆3̅𝐻32 + 2𝐶3𝐴 + 4𝐻 → 3𝐶4𝐴𝑆̅𝐻12 [5] 

 

3𝐶4𝐴𝑆̅𝐻12 + 2𝐶𝐶̅ + 18𝐻 → 𝐶6𝐴𝑆3̅𝐻32 + 2𝐶4𝐴𝐶̅𝐻11 [6] 

 

𝐶3𝐴 + 𝐶𝐶̅ + 11𝐻 → 𝐶4𝐴𝐶̅𝐻11 [7] 

 

While forming phases greatly vary, many studies (Atkins et al., 1992; Fujii & Kondo, 

1981; Lothenbach et al., 2011; Roller & Ervin Jr, 1940; Walker et al., 2007) are 

conducted to layout the mechanisms behind, and a ternary diagram (Figure 2.1) that 

shows the relation between the main binding products and amount of SiO2, CaO, and 

Al2O3 are created. Regardless of their performance, all relevant pozzolanic SCM 

obey the ternary diagram rules. For example, when the Ca/Si ratio is over ≈1.5, C-S-
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H will co-exist with the portlandite (C-H). If the Ca/Si is lower than ≈0.7, C-S-H will 

co-exist with silica gel (SiO2) (Lothenbach et al., 2011; Lothenbach & Nonat, 2015). 

Generally, C-S-H gel is one of the most important phases in a typical cement mixture 

because it covers more than half of the paste and contributes to the strength most 

(Bullard et al., 2011). Note that, while Figure 2.1 does not include sulfate, the 

diagram topology remains the same with sulfate presence, only changing ettringite 

and monosulfoaluminate being more stable (Snellings et al., 2012). Due to the high 

Ca content, a typical OPC blend usually has a high Ca/Si ratio (1.2-2.1) where C-S-

H gel dominates (I. G. Richardson, 1999). The inclusion of SCM into the blends 

almost always reduces the Ca/Si ratio and increases the Al/Ca ratio, by bringing high 

amounts of Si or Al or both, which increases the C-A-S-H formation (I. G. 

Richardson, 1999, 2008; I. G. Richardson & Groves, 1997). Furthermore, while 

Ca/Si ratio in C-S-H gel decreases with pozzolan addition, overall C-S-H formation 

is increased, which greatly benefits the strength development (Massazza, 1993). To 

summarize, the literature showed that in a SCM incorporated cement system, 

silicates join the formation of tobermorite (C-S-H) and strätlingite (C2ASH8) phases, 

aluminates join the formation of calcium-aluminate-hydrate (C-A-H) and strätlingite 

(C2ASH8) phases, and sulfates join the ettringite (C-A-S̄-H) and AFm conversions 

(monosulfoaluminate). Since the cement is quite rich in Ca(OH)2, the addition of a 

SCM with high silicates and/or aluminates content, such as calcined clays, will form 

additional C-S-H, C-A-S-H (strätlingite) and C-A-H until one of the constituents is 

depleted. Also, due to the consumption of Ca(OH)2, SCM incorporating systems 

usually have lower pH than cement-only systems. Strength and durability gain is tied 

to the formation of additional binding phases which enhance the gel-packing of the 

matrix and improve pore refinement and the filler effect of the SCM not only 

improves solid/water ratio but also provides the new nucleus for C-S-H gels to grow 

from; thus, also contribute to the strength (Bahhou et al., 2021; Dhandapani et al., 

2018; Juenger et al., 2019). Note that, mentioned reaction products are of ambient 

temperature and the phase assembly also changes and the reactions occur faster with 

elevated temperatures (Shi & Day, 1993), which are not within the scope of this 
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study. Snellings et al. (2012) state that due to the difficulties caused by the greatly 

varying nature of the actual reactions, studies generally focus on empirical 

determination of the SCM performance, which further supports the importance of 

the characterization of SCMs. 

 

Figure 2.1. Ternary phase formation diagram with respect to Cao, SiO2, and Al2O3 

ratios (Lothenbach et al., 2011). 

2.1.2 Usage of Notable Supplementary Cementitious Materials 

Even though understanding SCM hydration mechanisms is relatively recent, SCM 

usage goes back. Since the Neolithic Era, the mixing of lime, gypsum, clay, or mud 

to form plaster was known (David Kingery et al., 1988; Gourdin & Kingery, 1975). 

Especially, lime usage was more common, as such, floors and coatings made out of 

lime plasters that include natural pozzolans are observed in ancient sites such as 

Asikli Höyük, Çatalhöyük, Tell Ramad, and Hathor Temple in Egypt (Chiotis et al., 

2001; Mellaart, 1967; Todd, 1968). Shaw (2009) states that Minoans mixed lime, 

finely ground ceramics, and natural pozzolans originated from Crete Island, near the 
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city of Knossos, to produce water-resistant pastes. It is presumed that pozzolanic 

volcanic ash sourced from Santorini Island, also known as Santorin-earth, was later 

utilized in the mixtures (Kitsopoulos & Dunham, 1996). During a long period of 

time, this technology spread to the Roman Empire where the mixture is improved by 

using nearby volcanic tuff and pumice sources, such as Pozzulini where the 

“pozzolana” term originates from (Drdácký et al., 2013; Shaw, 2009). Some 

buildings, such as Pantheon or Ponte di Augusto (Figure 2.2), made with pozzolan-

lime mortars still withstand due to the exceptional durability combined with the 

mixing and proportioning methodology developed by the Romans (Drdácký et al., 

2013; Malinowski & Garfinkel, 1991). With the Industrial Revolution, increased 

demand for construction hastened cement development, which resulted in modern-

day cement (Guillerme, 1986). However, developing technologies and industries 

also presented new supplementary cementitious materials which can provide new 

potential solutions for more eco-friendly cement-based materials (Scrivener et al., 

2018). Currently, the most widely used and studied SCMs are fly ash (FA), ground 

granulated blast furnace slag (GGBFS), silica fume (SF), natural pozzolans, and 

calcined clays (WBCSD, 2014). 

 

Figure 2.2. Restorated Ponte di Augusto (Drdácký et al., 2013). 
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2.1.2.1 Fly Ash 

Fly ash is the residual ash that is a by-product of pulverized coal combustion, which 

is collected with an electrostatic precipitator due to environmental regulations 

(Meyer, 2009; Shirkhanloo et al., 2021). It consists of silicon dioxide, calcium, 

aluminum, iron, and trace amounts of impurities, such as potassium, magnesium, 

sulfur, etc. (American Coal Ash Association, 2003). While there is also Municipal 

Solid Waste Incineration (MSWI) bottom ash, which is also a type of fly ash, it is 

usually not considered in the SCM studies due to the very high concentrations of 

hazardous heavy metals (Gartner & Hirao, 2015; Loginova et al., 2019; van Gerven 

et al., 2005). Joshi & Lohita (1997) states that approximately 80% of all industrially 

produced ash is fly ash, which is around 500 Mt (million tons). Produced fly ash is 

the most commonly used in concrete production but its utilization greatly varies 

between the regions, average fly ash utilization is only 16% of the total ash produced, 

which corresponds to 80 Mt (Ahmaruzzaman, 2010; Joshi & Lohita, 1997). A 

significant portion, for example, a quarter of the produced fly ash (approximately 

32.5 Mt) in India, is used for the construction and cement industry (Bhattacharjee & 

Kandpal, 2002). According to the American Society for Testing and Materials 

(ASTM C-618, 2002), fly ash is divided into two classes: Class C and Class F. Class 

C fly ash is produced from the combustion of low-grade (lignite and sub-bituminous) 

coal, includes more calcium (>20% CaO) and fewer silicates than the Class F fly ash, 

which is produced from the high grade (bituminous and anthracite) coal combustion 

and includes high silicate content (Akbar, 2013; ASTM C-618, 2002; Shirkhanloo et 

al., 2021; Wardhono, 2018). Combustion of sub-bituminous, bituminous, and lignite 

is much more common compared to anthracite, which makes anthracite coal FA 

relatively rare (Ahmaruzzaman, 2010). In the study of Snellings (2016), the annual 

estimated volume of Class C FA is 100-200 Mt and Class F FA is 600-900 Mt. While 

both classes have pozzolanic properties, Class C fly ash also has self-cementing 

properties, which means it does not need a lime-including agent, such as cement, to 

be used as a stabilizer; thus, it is arguably more suitable to use Class F fly ash in 
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combination with the cement. Class C is self-cementitious (does not require lime) 

because according to the standard (ASTM C-618, 2002), it includes high lime and 

only 50-70% SiO2 + Al2O3 + Fe2O3 content, which is at least 70% for the Class F; 

thus, Class C incorporation may not reduce the heat of hydration as much as Class F 

(Shirkhanloo et al., 2021). FA incorporation in cementitious mixtures is known to 

improve durability, reduce cost, provide higher late-age strengths, reduce the rate of 

heat, and improve workability (Assi et al., 2018; Ishak & Hashim, 2015; Meyer, 

2009; Padhye & Deo, 2016; Rao & Babu, 2017; Thomas, 2007). Gupta & Sharma 

(2003) mentioned that the fly ash cost is virtually zero at the coal plant and without 

heavy transportation, laying and rolling costs FA can greatly reduce the economic 

burden of a cementitious blend. Several studies (Giaccio & Malhotra, 1988; 

Malhotra, 1990; Naik et al., 1991) analyzed the high cement replacement with Class 

F FA and proved that the FA-blends showed excellent strength and durability 

properties. Ravina & Mehta (1986) and Siddique (2004) showed that the Class F FA 

can be used up to 50% as a cement replacement. Pei-Wei et al. (2007) investigated 

the FA incorporation for dam construction, where the rate of heat reduction is 

important, and showed that 50% FA incorporation performs better than OPC-

concrete dams. Several studies (Atiş et al., 2004; Yamei et al., 1997) proved that 

even non-standardized FA can be used to achieve satisfactory performance. These 

improvements are not only caused by the pozzolanic reactions, but also by the ball-

bearing filler effect of the spherical shape of the FA particles, and 30% FA 

replacement of the binder is considered to improve strength and durability without 

compromising any other properties that come with higher replacement rates 

(Gutteridge & Dalziel, 1990; Snellings, 2016). However, FA also carries several 

disadvantages that cause concern regarding its usage as a SCM in the future: FA with 

desired quality is only available in relatively small regions and regional distribution 

may create additional transportation costs (Ahmaruzzaman, 2010; Lovecchio et al., 

2020). Besides, the content of the FA is dependent on the origin matter and the 

required carbon, lime, and magnesium oxide limitations are not always possible to 

satisfy (Snellings, 2016). Ahmaruzzaman (2010) states that fly ash potentially 
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contains highly toxic elements, which not only carry potential harm to the 

environment but may also cause fly ash disposal to greatly increase in costs or even 

become illegal, in the future. This statement is supported by Snellings (2016), which 

also remarks on the possible indirect limitation to FA reserves due to environmental 

concerns. If coal power usage becomes wider in the future, FA disposal and 

transportation costs will increase; and if coal power usage is reduced in the future 

due to environmental concerns, FA production will be reduced (Ahmaruzzaman, 

2010; Joshi & Lohita, 1997). Also, Scrivener & Kirkpatrick (2008) foresee a 

reduction in fly ash and GGBFS due to future technological advancements that 

provide better efficiency and fewer by-products. All in all, the literature shows that 

FA viability greatly depends on future advancements, and other alternative SCM 

which does not share the mentioned FA disadvantages can be invaluable for the 

forthcoming cement technologies. 

2.1.2.2 Ground Granulated Blast Furnace Slag 

According to the ASTM C-125 (2003) definition, blast furnace slag (BFS) as a non-

metallic molten blast furnace product that is produced with iron, consists of silicates 

and aluminosilicates of calcium and may include manganese, sulfur, or some oxides 

(Akbar, 2013). The majority of the BFS composition is SiO2, Al2O3, CaO, and MgO 

(Xing et al., 2020). Blast furnace slag, or slag, in short, is a by-product product that 

is formed during the treating of iron oxide ore with coke and limestone at 1500 °C 

to produce pig iron (Yuksel, 2018). There are also other slag types, such as steel slag 

and copper slag, but studies suggest that more research is required for their usage as 

a SCM (Akbar, 2013; Scrivener et al., 2018; Snellings, 2016). Due to having lower 

density molten slag accumulates above the molten iron layer, where it can then be 

harvested. The chemistry and properties, thus, the naming of the BFS changes 

depending on its cooling rate and methods: When molten slag is left to slowly cool 

with the ambient temperature, it is denoted as air-cooled blast furnace slag (ABFS 

or ACBFS). Due to slow cooling, ABFS minerals turn into the crystalline form which 
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does not carry any pozzolanic properties but since ABFS becomes denser, it can be 

used as aggregate (Akbar, 2013; Federal Highway Administration, n.d.; Mostafa et 

al., 2001). When a molten slag is treated with a pelletizer which uses a mixture of 

water and air for cooling, it expands. This expanded material has huge pockets of air 

inside which makes it lightweight and a great insulator. Expanded blast furnace slag 

can be used for lightweight concrete applications as an aggregate. When molten slag 

is rapidly cooled via water jets, it gains a glassy texture which provides it 

cementitious properties due to the granulation of the glassy particles that form sand-

like particles, caused by the rapid cooling process, new amorphous material is 

denoted as granulated blast furnace slag (GBFS). Since GBFS consists of coarse 

particles, it requires very fine grounding to elevate its cementitious properties, after 

which it is denoted as ground-granulated blast furnace slag (GGBFS) (Akbar, 2013; 

Pal et al., 2003; Yuksel, 2018). While GGBFS’s importance as a SCM is recognized 

(Bougara et al., 2010), and various methods to correlate its reactivity and chemical 

content are explored (Behim et al., 2013; Yi et al., 2016), several studies (Behim et 

al., 2013; Chen & Brouwers, 2006; Swamy, 1993) reported that the GGBFS reactions 

are not fully understood due to too many factors affect the reactivity. For example, 

Pal et al. (2003) found no correlation between glassy mineral content and reactivity. 

Nonetheless, it is safe to say that the GGBFS addition obeys the rules of the 

previously mentioned ternary diagram by providing additional silicates, aluminates, 

and lime that forms new binding phases, such as C-S-H and C-A-H, and improve the 

overall performance. Several studies (Akbar, 2013; Hogan et al., 1981; Suresh & 

Nagaraju, 2015) showed that when GGBFS is incorporated (up to 50%), early-age 

strength development is slower than of control but after between 7-28 days, strength 

values are known to catch up and slightly surpass the control’s strength at late ages. 

While up to 70% replacement is common (Scrivener et al., 2018), high GGBFS 

replacement rates reduce the strength, compared to a 100% cement blend (Zhang et 

al., 1999). With the GGBFS presence: (i) excess water that increases the capillary 

pores is reduced (Singh & Siddique, 2016) (ii) additional binding phases are formed 

(Suresh & Nagaraju, 2015), and (iii) cement matrix got denser due to the GGBFS 
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particles (Cheng et al., 2005); all of which impair the penetration of chemical agents 

and improve the durability. Slag addition is also known to improve workability (D. 

N. Richardson, 2006). Similar to the FA, GGBFS has several obstacles which 

significantly reduce its future potential as a SCM: Scrivener et al. (2018) estimate 

annual global available slag as 330Mt, which is already arguably limited, and states 

that it is diminishing. The study also states that most slag production occurs in 

industrially developed countries while most demand for cement and SCM 

incorporation is in developing countries. The study also mentions that almost all of 

the suitable BFS are already used as SCM, which indicates that there is not much 

room for improvement in terms of greenhouse gas reductions (Snellings, 2016; 

WBCSD, 2014). Furthermore, Scrivener et al. (2018) argue that, unlike air-cooled 

BFS, granulated BFS needs granulation equipment and facilities, which may be 

costly, and affect the cost reduction of the SCMs. The disadvantages of GGBFS 

motivate the research involving other SCMs with more potential. 

2.1.2.3 Silica Fume 

Silica fume (SF), also referred to as microsilica, is an amorphous pozzolanic powder 

that consists of 85-98% SiO2, at the very least (ASTM C1240, 2005; Chung, 2002; 

de Belie et al., 2018). It is a by-product of high-temperature silicon or ferrosilicon 

alloy production in electric arc furnaces (de Belie et al., 2018). During this process 

oxygen from quartz is removed and as a result, silicon monoxide vaporizes at the 

furnace top, where is forms silicon dioxide (SF), which is later extracted via filters 

(Chung, 2002; de Belie et al., 2018). In 1951-1952 Norway, SF was first utilized in 

concrete but despite good results, the new technology was abandoned due to the lack 

of massive industrial capacity to produce meaningful volumes of SF, until Norway 

put new environmental laws two decades later and motivated the research about SF 

utilization. While the chemical composition of SF remains mostly the same 

regardless of the production, four different SF forms significantly affect the featured 

blend due to particle sizes and shapes: Undensified SF have a quite low bulk density 
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of 200-300 kg/m3, which makes it unsuitable for many concrete applications. If SF 

is treated to improve its bulk density by the agglomeration of ultrafine particles, it is 

named densified SF, which can be utilized in a range of construction areas. SF can 

be pelletized, in a process similar to the FA, to be used as a landfill. Lastly, SF can 

be mixed with water to form a dense slurry that is suitable to be used with concrete 

but this process is more sophisticated that the other three (de Belie et al., 2018). 

American Concrete Institute (ACI) released an in-depth guide for SF usage in 

concrete (Aldred et al., 2006) and SF specifications are established in ASTM C-1240 

and EN 13263-1 standards. Similar to other pozzolanic materials, silica fume reacts 

with the lime, which occurs very rapidly due to the high surface area of SF particles, 

when incorporated in a cement mixture (ASTM C1202, 2012; Kishar et al., 2010; 

Mitchell et al., 1998). SF incorporation improves the properties of the cementitious 

system by enhancing strength and durability, increasing the concrete volume per kg 

cement and reducing the costs, and compensating for the delay caused by other SCM 

incorporations, such as FA (de Belie et al., 2018; Detwiler & Mehta, 1989; Diamond, 

1986; Lewis, 2018; Sellevold & Radjy, 1983). Unlike other SCMs, the strength 

enchantment can be observed as early as within 24 hours (Hjorth et al., 1988; Sabir 

et al., 2001) and this effect is also observed at later ages, as some studies proved: 

Kumar & Roy (1984) showed that 10% silica fume improved strength by 30-50% at 

28 days. In a cementitious system matrix, the weakest spot is generally the transition 

region between the aggregate and cement, the interfacial transition zone (ITZ) 

(Ollivier et al., 1995). Due to its very fine and highly reactive particles, SF fills the 

ITZ and creates a homogeneous zone between the aggregate and binder, which 

immensely improve the strength (Bentur et al., 1987; Claisse, 1988; Regourd, 1984). 

Due to this effect, SF is often used in high-strength (+80 MPa) and very-high-

strength concrete (+120 MPa) (de Belie et al., 2018). While SF provides many 

benefits, its stockpiles are quite low to be impactful (1-2.5 Mt/year) (Juenger et al., 

2019; Scrivener et al., 2018), it causes a reduction in consistency and workability 

(Collins & Sanjayan, 1999; El-Didamony et al., 1999; Punkki et al., 1996; Thomas 

et al., 1999), and with the modern arc furnaces producing fewer by-products, its 
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supplies may reduce in the future. Thus, currently, SF is a material with limited 

availability that is used for sophisticated applications, such as high-strength concrete, 

and their potential is arguably minimal compared to other widely-found SCMs, such 

as calcined clays. 

2.1.2.4 Natural Pozzolans and Calcined Clays 

Massazza (1976) initially defined natural pozzolans as pozzolanic materials which 

only require grinding to react with lime, which leaves calcined clays out of the 

classification due to the required calcination process. On the other hand, Mehta 

(1987) categorized natural pozzolans into four categories: volcanic tuff, raw or 

calcined opaline silica, unaltered volcanic glass, and shale or calcined clay. ASTM 

C-618 refers to various materials which require calcination to achieve satisfactory 

cementitious properties, such as clays or shales, as “calcined natural pozzolans” and 

places them under Class N for further standardization. For the sake of consistency, 

the ASTM C-618 approach is adopted in this study. 

2.2 Clays and Clay Minerals 

2.2.1 Clays 

The term “Clay” has different meanings which often creates confusion; thus, many 

endeavors have been taken to clear its definition (Grim, 1952, 1953; Guggenheim & 

Martin, 1995; Hillier, 1978; Murray, 1999; Wentworth, 1922). Bergaya & Lagaly 

(2006) state that various disciplines have various definitions for “clay”, “clays” and 

“clay minerals” and it is not possible to find a definition that satisfies all parties. 

Grim (1953) states that the accurate description of clay as a rock term is difficult. As 

Murray (2000) explains, clay is most commonly used to define a natural, earthy soil 

that is composed of fine particles, simply, a soil type. However, this definition may 

also include shales or argillites. Another definition for clays, which is common 
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among mineralogists, is used for fine particles that are smaller than 4 microns, as a 

size term (Mukherjee, 2013; Weaver, 1989; Wentworth, 1922). However, Bergaya 

& Lagaly (2006) state that there is no generally accepted upper limit and some 

sciences use 1 micron as the definition cap. Besides, not all materials that are fine 

enough do not carry the other clay properties, which makes the definition 

unapplicable in most cases (Mukherjee, 2013). Additionally, Velde (2013) argues 

that the clay definition associated with particle size was due to a lack of a better 

understanding of crystal structures. Clay Minerals Society (CMS) and Association 

Internationale pour l’Etude des Argiles (AIPEA) organized Joint Nomenclature 

Committees (JNC) which tried to clarify clay definition and defined clay as a fine-

grained natural material which is generally plastic at appropriate water content and 

harden when dried or fired (Guggenheim & Martin, 1995). While this definition is 

vague, it also includes shales and argillites and excludes several non-plastic clays 

(Bergaya & Lagaly, 2006). Also, the plasticity requirement at appropriate water 

content does not apply to some clay, such as flint clay or Fuller’s earth, and due to 

the same reason, Mukherjee (2013) suggests that the term should not be used to 

define post-diagenesis rocks, such as pelitic rocks or claystone; and suggest the usage 

of “argilloid” as a more inclusive term. There are also specific market names for 

clays as follows: ball clay, bentonite, bleaching earth, China clay, Fuller’s earth, 

primary and secondary kaolin, nanoclay, etc. (Bergaya & Lagaly, 2006). The “clay 

mineral” definition is separated from the “clay” term by Guggenheim & Martin 

(1995) and it is recommended to refer to phyllosilicate minerals that are commonly 

found in clays, such as kaolinite, smectite, illite, chloride, and palygorskite and 

sepiolite, as “clay minerals” (Murray, 2000). Clay minerals must be natural, and 

impart plasticity but do not have to be phyllosilicate by definition (Mukherjee, 2013). 

Mukherjee (2013) also argues that if a natural, plasticity-providing but non-

phyllosilicate mineral is discovered in the future, it should also be defined as clay. 

All in all, this study experimented on clayey soils that are used in cement plants in 

Türkiye, harvested from natural clay deposits, and provided by the Turkish Cement 

Manufacturers’ Association (TCMA); these materials will be simply referred to as 
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“clays”. Phyllosilicate minerals that are commonly found within the clays, such as 

kaolinite, montmorillonite, illite, etc., will be referred to as “clay minerals”.  

2.2.2 Clay Minerals 

Clay is a raw and abundant material with properties that heavily depend on the 

amount of clay minerals, non-clay minerals, impurities, fineness, etc. (Grim, 1953). 

The most commonly found clay deposits are shown in Figure 2.3. Clays are utilized 

in many industries, including agriculture, paper, ceramic, construction, mining, 

drilling, etc. (Murray & Staff, 2000). Mukherjee (2013) explains clay constituents as 

(i) associated phases, (ii) associated minerals, and (iii) clay minerals. Associated 

phases are impurities, such as organic materials or some amorphous phases. 

Associated minerals are present in clay soil in most cases but do not contribute to 

plasticity, for example, quartz, iron oxides, aluminum oxides, hematite, magnetite, 

etc. Clay minerals are minerals that give clay its plasticity, and hardening with drying 

or firing properties. Note that, some studies categorize the clay minerals differently; 

for example, JNC (Guggenheim & Martin, 1995) defines chloride as a clay mineral 

by stating that all phyllosilicates should be considered as clay minerals, Mukherjee 

(2013) challenges this by remarking on the lack of plasticity effect chloride provides 

and suggesting that it should be referred to as an associated mineral. In this study, 

JNC’s definition is adopted as it is more commonly adopted in the literature, and 

further supported by Dixon & Schulze (2002). 
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Figure 2.3. Worldwide distribution of most common clay deposits on (a) topsoil 

and (b) subsoil (Ito & Wagai, 2017). 

Clay minerals belong to the silicate mineral class, which means that their main unit 

cell is four O-2 ions, surrounding a Si+4 ion in a tetrahedron form (SiO4
-4) due to the 

rules of orbital bonding geometry (Guggenheim & Martin, 1995; Mukherjee, 2013). 

A subclass of clay minerals is phyllosilicates, which define the sheet-like shape 

formed by the linked SiO4
-4 tetrahedra. These sheet-like structures are formed by 

oxygen ion interlinking of two SiO4
-4 tetrahedra and their width is approximately 20 

times its thickness (Velde, 2013); thus, these structures are often approached as 2D. 

It is important to highlight that Mg+2 may substitute the Si+4 ions, which give the 

tetrahedra sheet a net negative charge. This is called isomorphic substitution and 
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combined with the unshared oxygen on the edges, various net negative charges 

govern the layer mechanisms of clay minerals (Wang et al., 2017). In a clay mineral, 

SiO4
-4 tetrahedron never occurs alone and always with another crucial polyhedron, 

octahedra, which is formed by six oxygen surrounding a cation (Velde, 2013). The 

central cation is Al+3 in most cases but it can be replaced by Mg+2 or Fe+2 due to the 

isomorphic substitution. The aluminum octahedron is also named gibbsite. In clay 

minerals, tetrahedral and octahedral layers are linked through shared oxygens and 

clay mineralogists use a combination of these tetrahedral/octahedral sheets to 

categorize clay minerals (Brigatti et al., 2006; Velde, 2013; Yariv, 1992): If a clay is 

consisting of tetrahedral-octahedral layers (a single tetrahedral layer linked with a 

single octahedral layer, where dash represents the linkage), it is categorized as 1:1 

layer clay mineral. Kaolinite, halloysite, dickite, and nacrite are members of the 1:1 

layer group, also known as kaolin minerals (Grim, 1953). A tetrahedra-octahedra-

tetrahedra structure is categorized as a 2:1 layer structure. Smectite minerals 

(montmorillonite, nontronite, vermiculite, saponite, hectorite and sauconite) and 

illite are the members of the 2:1 layer group (Grim, 1953; Grim et al., 1937). A 

complex tetrahedra-tetrahedra-octahedra structure which includes a brucite-like 

octahedra interlayer is categorized as a 2:1:1 layer structure. Chlorite minerals are 

members of the 2:1:1 group, also known as the regular mixed-layer group 

(Gieseking, 2012). If various layers of a clay mineral are substituted with another 

clay mineral structure and discontinuities occur, these clays are categorized as 

mixed-layer clays (Velde, 2013). Members of this mixed layer group are denoted by 

the layer constitutes, such as kaolinite-smectite, illite-smectite, smectite-chlorite, etc. 

There is also sepiolite - palygorskite structures, which have a needle-like or chain-

like shape rather than a sheet but behave similarly to the smectites. Members of this 

group are palygorskite and sepiolite, as the name suggests, and they have a very high 

surface area (Hillier, 1978; Murray, 2000; Velde, 2013). Stacking of these specified 

layer combinations -sheets- on top of each other forms the clay mineral. A schematic 

representation of clay mineral layers is given in Figure 2.4. 
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Figure 2.4. Schematic representation of clay mineral layers (Kohno, 2020). 

The net negative charge of clay minerals caused by the isomorphic substitution and 

border oxygens might allow for an interlayer between tetrahedral and octahedral 

layers to satisfy electrochemical rules. Apart from the layer structure, interlayer 

presence is also used to categorize the clay minerals as it drastically changes the 

behavior of a clay mineral, most notably the swelling. The 1:1 layer group, kaolin 

group, has strong hydrogen bonds between the sheets. Due to the strong hydrogen 

bonds, water cannot form an interlayer and the clay does not swell. The most notable 

member of this group is the kaolinite mineral (Grim, 1953; Murray, 2000; Ross & 

Kerr, 1930). The 2:1 layer group often has Al+3 cations substitute the Si+4, which 

disrupts the charge balance and creates a positive charge deficiency. In this state, the 

bonds between the sheets are Van der Waals bonds, which are weak, and allow water 

in between; thus, causing swelling. The smectite group, most notably 

montmorillonite, is an example of this structure. However, when Al+3 substitution is 

more than what is typical in a montmorillonite structure, a cation interlayer may form 

between the sheets to balance positive charge deficiency (Wang et al., 2017). This 

cation layer can consist of K+, Ca+2, Mg+2, or Na+, and depending on the cation, a 
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different clay mineral is formed. Illite, which includes a K+ interlayer is the most 

notable member of this group. Due to the cation interlayer, bonds between the sheets 

are stronger than those of Val der Waals but weaker than hydrogen bonds, so, the 

swelling of illite is more than kaolinite but less than montmorillonite. There are 

numerous other clay minerals to discuss but only five clay minerals, kaolinite, 

montmorillonite, illite, nontronite, and clinochlore that had any significant quantity 

in Rietveld Analysis results of this study will further be explained. Nontronite is 

formed by the Fe+2 substitution of Al+3, it behaves quite similarly to montmorillonite. 

Consequently, the main focus of this study was on the most notable clay minerals, 

kaolinite, montmorillonite (smectite group), illite, and clinochlore, similar to several 

other studies (I. W. M. Brown et al., 1987; Fernandez et al., 2011; He, Osbaeck, et 

al., 1995; Jaskulski et al., 2020). 

2.2.2.1 Kaolinite 

Kaolinite is a 1:1 layer clay mineral that consists of water, aluminates, and silicates 

(Grim, 1953; Ross & Kerr, 1930). Apart from being a clay mineral group name, the 

Kaolin term is also used for rocks that consist of kaolinite minerals. Kaolin also 

called China clay, has white-ivory color and is commonly used in paper, paint, 

rubber, and ceramic industries (Murray, 1991; Wesley, 2014). Note that, there is no 

unification regarding what is called kaolin clay, as the term is used for high-grade 

kaolinite deposits from as low as 10% (low-grade) kaolinite contents (Murray, 2000). 

Most industries require high-grade kaolin clays for applications and any impurities 

which change the kaolin color may render the material unusable in color-sensitive 

industries like paper, paint, or ceramic, but these kaolin clays can be used as a SCM 

in the cement manufacturing industry, where the color is less critical (Murray, 2000; 

Wesley, 2014). Two color-sensitive industries, paper, and ceramic, are the biggest 

kaolin consumers. Murray (2000) states that the total annual global kaolin 

manufacture is 4 x 107 tonnes and the largest producers are England and the United 
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States. Besides, there are other notable kaolin deposits in China (Wilson, 2004), 

Brazil (Wilson et al., 2006), and Ukraine (Perederij, 2001). 

2.2.2.2 Montmorillonite 

Montmorillonite is a 2:1 smectite group clay mineral, which have Na-

montmorillonite (Na+ substitutes Al+3), and Ca-montmorillonite (Ca+2 substitutes 

Al+3), variations. Since other smectite group minerals, nontronite (Fe+2 substitutes 

Al+3), saponite (Zn+2 substitutes Al+3), and hectorite (Mg+2 substitutes Al+3), have 

similar behavior with the arguably most significant member of the smectite group, 

montmorillonite, “smectite” and “montmorillonite” terms are sometimes used 

interchangeably (Murray, 2000). Mukherjee (2013) and Wright (1968) suggested the 

usage of bentonite to define montmorillonite, which is another common 

montmorillonite term. The most important property of smectites is their swelling 

capacity. As defined by Douglas et al. (1980), “swelling” is the ability to keep cation 

structure with the presence of polar molecules, such as water. As the swelling 

property depends on the bond strength between the clay layers, only smectites and 

vermiculates show this property (Meunier, 2005). Swelling is completely reversible 

and causes volume changes, which may lead to catastrophic construction failures if 

ignored. There are many montmorillonite deposits all around the world including the 

United States, Wyoming (Knechtel & Patterson, 1962), Germany, Bavaria (Fahn, 

1965), India, Dhani (Siddiquie and Bahl 1965), and Greece (Grim & Guven, 2011). 

According to Murray (2000), global annual bentonite production is 11.5 x 106 tons. 

2.2.2.3 Illite 

Illite term is both the name of a mineral group and the clay mineral. Illites are similar 

to micas (Grim et al., 1937) and they are almost always mixed with other clays, non-

clays, or shales (Murray, 2000). Their deposits can be found virtually anywhere in 

the world (Murray, 2000), and are one of the most abundant sedimentary rock 



 

 

25 

minerals (Mukherjee, 2013) but they are generally exclusively mined for structural 

applications, such as bricks, tiles, terra cotta, rather than more sophisticated 

applications, because of the difficulties to determine their physical properties due to 

impurities. Murray (2000) estimates that annual illite production is over 1 x 108 tons. 

2.2.2.4 Clinochlore 

To understand the effects of clinochlore decomposition on a calcite-calcined clay 

blend, it is important to understand chlorite formation: Cai & Inoue (2019) explain 

that chlorites are formed when antigorite (Mg, Fe²⁺)₃Si₂O₅(OH)₄ is stabilized with 

high amounts of Al+3 under high pressure and with the presence of water. Clinochlore 

(Mg5Al2Si3O10[OH]8) is the most common member of the chloride group which is 

rich in Al+3 (Carrillo García et al., 2021). Also, Steudel et al. (2016) studied the 

various chlorites, including clinochlore, and showed that carbonates decompose at 

between 400-800 °C. Additionally, another study (Carrillo García et al., 2021) 

showed clinochlore decomposition at 425-800 °C, where secondary decomposition 

starts at 675 °C. Furthermore, chlorites decompose into forsterite, pyrope, spinel, and 

water between 750-900 °C (Staudigel & Schreyer, 1977). While there is arguably 

not enough research about the exact mechanisms behind the effects of the 

decomposed clinochlore, it is logical to assume that the conversion of Al-rich 

clinochlore into other phases introduces more exposed aluminates into the system, 

which can participate in the formation of binding phases. 

2.2.3 Advantages of Clays as a Supplementary Cementitious Material 

Source  

While other SCM sources have the risk to be reduced, the potential clay amount the 

Earth has is virtually limitless. As Eberl (1984) and Tardy et al. (1973) explained, 

clays are continuously formed in nature by weathering and transformation cycles and 

there are more than enough clay deposits to meet the needs, on the condition that the 
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technology is developed enough to utilize most of them. Besides, none of the clay is 

dangerous to human health, unlike some SCM, such as FA (Murray, 2000). 

Currently, many industries require clays with certain specifications and quality, such 

as proper color, and there is a high demand for high-grade / almost-pure clay 

deposits. However, the cement industry is more robust and can incorporate these 

previously underutilized sources to improve the cost-efficiency and eco-friendliness 

of the cement. Many studies (Antoni, 2013; Bratoev et al., 2018; Canut et al., 2020; 

Díaz et al., 2018; Hollanders et al., 2016; Jaskulski et al., 2020; Krishnan et al., 2018, 

2020; Lemma et al., 2015; Nguyen et al., 2020; Rakhimova & Rakhimov, 2020; 

Sabir et al., 2001; Scrivener et al., 2018; Tironi et al., 2013; Trümer & Ludwig, 2018) 

are conducted on how to utilize clays and proper calcination process is discovered to 

improve the reactivity of some clays. 

2.3 Activation of Clays by Heat Treatment 

By default, cement includes a high amount of portlandite, some of which remain 

unreacted and provide high pH to the system. Consequently, there is excess C in the 

system, and by incorporating a high-silicate (S) and/or high-aluminate (A) SCM, it 

is possible to form more binding phases (de Silva & Glasser, 1990; Dunster et al., 

1993; Massazza, 1993; Turrizani, 1964). In addition to the extra binder phases, some 

SCM such as calcined clays, create a filler effect and more hydration nuclei, which 

further enhance the early strength (Wild et al., 1996). While raw clays include high 

amounts of silicates and aluminates, many phases that would contribute to 

pozzolanic reactions are trapped within the mineralogical structure of the clay; thus, 

these beneficial phases cannot be utilized to the fullest extent without calcination. 

Calcination is the heat treatment of raw clays, in order to improve their reactivity 

and it works by disrupting the clay structure and exposing the reactants, especially 

aluminates (Fernandez et al., 2011): When a clay is subjected to heat (Figure 2.5), 

clay get dehydrated and free water evaporates, initially (80 - 300 °C). Next, 

hydroxides decompose and chemically bound water evaporates (225-450 °C) (Garg 



 

 

27 

& Skibsted, 2016). After this phase, organic components combust and clay 

dehydroxylation occurs. Optimal dehydroxylation temperature depends on the clay 

type; for example, kaolinite requires a temperature range of 600-800 °C for complete 

dihydroxylation (Ambroise et al., 1985; Tironi et al., 2012), while montmorillonite 

requires 550-850 °C (Alujas & Fernando Martirena, 2015; Jaskulski et al., 2020) and 

illites 600-900 °C (Fernandez et al., 2011). If calcination temperature is increased 

beyond the dehydroxylation limit, such as more than 850 °C for kaolinite (Sperinck 

et al., 2011), new more stable crystalline phases may start to form and reduce clay 

reactivity (Hanein et al., 2022; Sabir et al., 2001). It is crucial to highlight that 

complete dihydroxylation is not mandatory to achieve desired strength results as 

even partial dihydroxylations at lower temperatures, combined with the other 

positive effects of calcined clays (filler effect, pore refinement, more nucleus for 

phase growth, etc.), can yield satisfactory results, as such, Boakye et al. (2021)’s 

study showed a great risk of strength compromise at temperatures above 900 °C and  

Alujas et al. (2015)’s study of the calcination temperature and reactivity relationship 

supports this by showing the reduced reactivity due to formed mullite and sintering 

effect above 900 °C. This causes great difficulties to determine optimal calcination 

temperatures for non-pure clays, as the temperature required to completely active a 

clay mineral may cause other clay minerals to “burn” (Sayanam et al., 1989). Apart 

from the mineralogical composition and calcination temperature; clay type 

(Fernandez et al., 2011) time (Ambroise et al., 1985), grinding method, and fineness 

(Mishra et al., 2019; Zunino et al., 2020), and kaolinite content (Krishnan et al., 

2020) are other factors which affect the reactivity. For calcination, several studies 

(Canut et al., 2020; Nguyen et al., 2020; Pinho et al., 2020) suggest rotary kiln usage, 

however, Krishnan et al. (2018) also showed the effectiveness of static calcination.  
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Figure 2.5. Typical changes that occur in a clay during calcination (Hanein et al., 

2022). 

As explained, clay minerals consist of silica-tetrahedra, aluminate-octahedra, and 

hydroxides that bind them. Inherently, silicate phases are resistant to heat and do not 

decompose as easily as hydroxides; thus, when heat is applied, aluminate phases get 

trapped within the silicate layers in illite and montmorillonite minerals, whereas 

much more aluminate exposition occurs when kaolinite is calcined (Fernandez et al., 

2011). This main mechanism not only determines the required calcination 

temperature for the activation, but also the reactivity of the calcined clay (Fernandez 

et al., 2011). As seen in Figure 2.6, kaolinite has the easiest and most exposition 

when OH groups are removed, which makes it the most reactive calcined clay, 

followed by montmorillonite and illite (Ambroise et al., 1985). Fernandez et al. 

(2011) studied the post-calcination reactivity of montmorillonites and illites, and 

reported them as having lower reactivity than calcined kaolinite. Due to this, calcined 

kaolinite, also known as metakaolin is the most widely used and studied calcined 

clay (Badogiannis et al., 2005; Rakhimova & Rakhimov, 2020). In short, a partially 

retained silicate structure makes calcined montmorillonite and illite less reactive than 

metakaolin, due to the reduced exposed aluminate amount. 
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Figure 2.6. Ideal representative mineral structure of a) kaolinite, b) 

montmorillonite, and c) illite (Fernandez et al., 2011). 

The earliest extensive studies about metakaolin characterization date back to 1959 

(Brindley & Nakahira, 1959b, 1959c, 1959a). Further, (He et al., 1995) discovered 

the potential reactivity increase of metakaolin by calcination. Ambroise et al. (1985) 

and Walters & Jones (1991) studied the purity-reactivity relationship of metakaolin 

and found that higher-grade calcined clays display better reactivity. However, 

Krishnan et al. (2020) state that in terms of compressive strength, there is a 

neglectable benefit to using calcined clays with more than 60% kaolinite. Poon et al. 

(2006)’s study proved that metakaolin is more reactive than FA or even silica fume. 

Qian & Li (2001) incorporated 15% metakaolin into the concrete and observed a 

nearly 50% compressive strength increase. Wild et al. (1996) reported a 35% 

compressive strength increase with 25% metakaolin incorporation. Alujas et al. 

(2015) proved that calcined kaolin with 40% kaolinite content can replace OPC 

without any comprise to the compressive strength. Rakhimova & Rakhimov (2020) 

states that even less than 10% metakaolin incorporation may greatly increase flexural 

strength. Garg & Skibsted (2014, 2015) studied the montmorillonite calcination and 
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proved that montmorillonite is one of the most active clays in its raw state and can 

exhibit pozzolanic activity when calcined, up until 1100 °C. Illite shows no reactivity 

in the raw state (Jaskulski et al., 2020) but the studies (He et al., 1995; Lemma et al., 

2015) showed a moderate pozzolanic reactivity gain with the calcination process. 

Note that, due to their relatively small particle size, illite is known to contribute to 

the strength by better densification of the matrix, and showing similar strength results 

of the OPC control, according to Marchetti et al. (2020).  Bratoev et al. (2018) 

showed that in clays with multiple dominant clay minerals, only kaolinite and 

montmorillonite contents mattered, as the impact of chloride and illite minerals was 

neglectable, however, Marchetti et al. (2020) proved that calcined illite-chlorite 

shales can surpass OPC blends in terms of strength due to dilution effect, which 

indicates that SCM potentials of the less studied materials, such as clinochlore, 

should also be explored. 

The grade of a calcined clay defines its reactive clay mineral content. A high 

kaolinite content almost guarantees high reactivity, as stated by Rakhimova & 

Rakhimov (2020). For example, a high-grade metakaolin should include high 

percentages of kaolinite mineral, but there are no definite percentage values for the 

grade; thus, the term is used liberally. Sabir et al. (2001) define high-grade 

metakaolin as clays with more than 90% kaolinite content. According to Trümer & 

Ludwig (2018), at least 40% kaolinite content is required to achieve the same 

strength values as an OPC blend. While it is possible to find high-purity kaolin 

deposits, high-grade metakaolin demand is high due to its usage in paper, paint, 

ceramic, construction, etc. industries. As sources (Murray, 2000; Wesley, 2014) 

remark, high-grade metakaolin is high in demand due to its color, reactivity, and 

predictability as the paper industry uses most of the high-grade metakaolin. Murray 

(2000) and Wesley (2014) also argue that the cement industry still is not one of the 

major users of this desired material. Due to this, the price of metakaolin is 2-3 times 

the cost of OPC (Scrivener et al., 2018), which motivated the construction material 

researches to utilize low-grade metakaolin, use other clays for calcination such as 

montmorillonite, or use calcined clays in ternary blends to further improve 
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substitution rate with minimal compromise to the strength and durability. Several 

studies (Amin et al., 2016; Fernandez et al., 2011; Hollanders et al., 2016) proved 

that satisfactory results can be obtained even with low to mid-grade kaolin clays. 

One of the crucial factors to understand why low-grade calcined clay utilization or 

ternary blends work is the bottleneck effect that occurs within the blended cement 

matrix: A reaction, such as the pozzolanic reaction, continues as long as there exist 

enough reactants and proper conditions. In a traditional cement matrix, there exists 

unreacted Portlandite (C-H), which increases the pH of the solution but is also proven 

to reduce durability (Žemlička et al., 2015). These C-H phases can react with the 

aluminum oxides (A) and silicon oxides (S) sourced from calcined clay in a binary 

blend; however, due to high A and S amounts of calcined clays, Portlandite may 

deplete at high substitution ratios, which not only reduce pH and stop C-S-H and C-

A-S-H formation but also reduce the stability of existing binding phases (Avet et al., 

2019; Avet & Scrivener, 2020; Sabir et al., 2001). To overcome this problem, 

numerous studies about limestone incorporation to develop an optimized ternary 

blend are conducted: Kostuch et al. (2000) proved that only 20% calcined kaolin 

incorporation was enough to remove all C-H in the concrete in 28-days. Oriol & Pera 

(1995)’s study on cement pastes also showed depletion of all Portlandite with 30-

40% metakaolin substitution in 28-days. In a ternary blend, limestone provides 

additional calcium phases for aluminate and silicate phases of calcined clay to react. 

This simple design approach allows for greatly increased binding phases, which 

allows for the utilization of lower-grade calcined clays or much higher substitution 

rates (Antoni et al., 2012). One of the most promising trends of these ternary blends 

is Limestone Calcined-Clay Cement (LC3), which has a traditional composition of 

50% cement clinker, 30% calcined clay, 15% limestone, and 5% gypsum (Figure 

2.7).  
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Figure 2.7. Suggested LC3 composition. Source: https://lc3.ch/ 

Several studies (Alujas et al., 2015; Fernandez et al., 2011; Scrivener et al., 2018) 

proved that a traditional LC3 blend with 40% kaolinite content calcined clay, is 

enough to show comparable strength results with OPC at 7-days. Krishnan et al. 

(2019) compared various blends and showed that the LC3 blend has the same 

strength values as OPC at 28 and 56 days but no notable strength gain was observed 

at  90 days. Antoni et al. (2012) compared 11 different blends with OPC and reported 

that 15% metakaolin incorporation improved strength at all ages; 30%, 45%, and 

60% had higher strengths after 7-days; and even 60% substitution had a Strength 

Activity Index (SAI) value of 93% at 28-days. Apart from the physical property 

improvements, calcined clay incorporation also reduces CO2 emissions (Antoni et 

al., 2012; Güneyisi et al., 2005) and improves durability. Studies (Antoni, 2013; 

Samson et al., 2003) about chloride attack show that LC3 is superior to OPC in terms 

of chloride ingression, as such, LC3’s diffusion coefficient was only 10% of the 

OPC’s. Nguyen & Castel (2020) studied the corrosion resistance of LC3 with 20% 

calcined clay and reported that while reduced pH makes the blend more susceptible 

to reinforcement corrosion, improved refinement greatly reduces the permeability; 

thus, balancing the reduced pH effect. Several studies (Scrivener et al., 2018; Shah 

& Bishnoi, 2018) the carbonation resistance of ternary blends, and it is stated that 
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while reduced Portlandite content reduces the CO2 binding capacity of the blend, this 

problem is also balanced by the lower permeability caused by the pore refinement. 

Chappex & Scrivener (2012) investigated SCM usage against alkali-silica reaction 

(ASR), and it is proven that high alumina – high silica incorporating SCM, such as 

calcined clays, is one of the best methods to prevent ASR since reactive alumina in 

calcined clay adsorbs the reactive silica and prevents its dissolution. The same study 

(Chappex & Scrivener, 2012) also shows that 15% metakaolin reduces the matrix 

alkali concentrations by a factor of 3. In addition, Gettu et al. (2019) reported that 

calcination energy is 40% less than the energy required for cement manufacture. 

2.4 Calcination Temperature for Optimum Reactivity 

In order to achieve optimum calcined clay reactivity, calcination temperatures 

require to be high enough to disrupt the mineral structure by completely removing 

water and hydroxides but low enough so that reduced reactivity caused by 

crystallization or formation of unwanted phases, such as mullite, is avoided. 

Furthermore, it is important to consider that there are two calcination temperature 

ranges, theoretical and optimal, for clay minerals: Theoretical calcination 

temperatures define the temperature limit of a clay mineral to decompose (Hanein et 

al., 2022). Optimal temperature is where the clay mineral structure is the most 

disrupted, thus, exhibits the highest reactivity after calcination. For example, 

calcination of kaolinite technically occurs within the 500-650 °C (Gasparini et al., 

2013; Ortega et al., 2010) but Fernandez et al. (2011)’s study with 27Al NMR 

(Nuclear Magnetic Resonance) shows a great increase in structural disorder between 

600-800 °C in the mineral structure. In other words, while kaolinite mineral 

technically decomposes at lower temperatures, 600-800 °C is considered as optimum 

calcination temperature due to the increased amount of exposed aluminates. 

Montmorillonite minerals have a wider calcination temperature range of 550-850 °C 

(Alujas & Fernando Martirena, 2015; Jaskulski et al., 2020). Illite minerals include 

the most silicate in their mineralogical structure, thus, their optimum calcination 
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temperature is 600-900 °C, while their theoretical calcination temperature is 450-700 

°C according to some studies (Irassar et al., 2019; Msinjili et al., 2019) and 350-800 

°C according to another (Avet et al., 2016). Additionally, above 850-950 °C, specific 

surface, thus, the reactivity of the clay reduces because of the newly formed crystal 

minerals (Figure 2.8). 

 

Figure 2.8. Representative SCM reactivity versus temperature graph of a clay 

calcination process (Hanein et al., 2022). 

Another crucial aspect to consider when selecting the calcination temperature is the 

decarbonization of the calcites which occurs at ~700-750 °C (Dathe et al., 2021). 

While industrially pure limestone decarbonates at 900 °C (Hanein et al., 2021), 

several studies proved that decarbonization is possible at lower temperatures: Hanein 

et al. (2021) showed the decarbonization of the limestone is even possible at 

atmospheric temperatures. The lower temperature decarbonization of calcite is 

caused by the increasing CO2 pressure, which increases the solubility of the calcite. 

Dathe et al. (2021) inspected the effects of lime decomposition on calcined clay 

reactivity and showed that the calcite decomposes into insoluble Ca-rich amorphous 

phases: During the calcination of clay, calcite (CaCO3) releases the CO2 and 
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decomposes into calcium oxide (CaO, quicklime) which may react with the CO2 to 

re-crystallized into the calcite or convert to other phases. However, in the study 

(Dathe et al., 2021), the previous amount of calcite is not detectable with XRD post-

calcination, which shows that calcite is not re-crystallized. Furthermore, at 

calcination temperature above 902 °C, the formation of Gehlenite (Ca2Al [AlSiO7]), 

an Al-including phase, is observed which shows that the CaO favors the reaction 

with the exposed aluminates of the disrupted clay mineral structure over the re-

crystallization. Thus, when hydrated, the matrix system has more carbonates that can 

be used to form main binding phases, most notably calcium-silicate-hydrate (C-S-H) 

gel and calcium-(alumino)silicate-hydrate (C-A-S-H) gel. The significance of this 

mechanism is huge because of the previously explained bottleneck effect where C-

A-S-H formation is limited by the carbonate amount. Besides, due to the potentially 

increased Portlandite, the pH of the system increases, which further positively 

benefits the reactivity speed (Shi & Day, 2000).  

Based on the literature data on clay calcination, calcite decomposition, and 

TGA/DTA analyses conducted for the thesis, two calcination temperatures, 600 °C, 

and 800 °C are selected for this study, so the differences between optimal and 

theoretical calcination, calcite decarbonization, decomposition process of mixed 

clays, etc. could be observed. 

2.5 Importance of Clay Characterization in Literature 

While the literature revolving around calcined clays and their usage has been greatly 

developed in recent years, due to the utilization of X-Ray Diffraction (XRD) (G. 

Brown, 1982), Scanning Electron Microscopy (Morgan & Gilman, 2003), thermal 

analyses (Smothers & Chiang, 1966), and other modern methods on clay minerals; 

details of these advancements are still recent and more comprehensive studies about 

clay calcination is required, as many studies (Jaskulski et al., 2020; Mukherjee, 2013; 

Murray, 2000) imply. As Jaskulski et al. (2020) state, studies about clay in the civil 

engineering discipline are very vast, and Scrivener et al. (2018) state that extensive 
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local research about the calcined clays is required so that the blend designs and 

formulas can properly be optimized. Besides, almost all clay, calcined clay, and the 

blend properties depend on countless factors, ranging from composition, fineness, 

temperature, etc., which makes the characterization crucial. Previously, there are 

many different methods to characterize calcined clays were suggested: Díaz et al. 

(2018) introduced an assessment depending on the clay composition; Juenger & 

Siddique (2015) and Tironi et al. (2013) suggested various methods for determining 

the pozzolanic activity; Kim & Olek (2012) suggested a thermal analysis; and Odler 

& Skalny (1973) suggested strength methods. However, as several studies 

(Donatello et al., 2010; Frías et al., 2005; McCarter & Tran, 1996; Payá et al., 2001) 

prove, Strength Activity Index (SAI), where 20% of the cement is replaced with the 

test material, is one of the better methods to highlight correlations. Characterization 

studies containing both accurate mineralogical and empirical analyses, which 

include identification and quantitation data, would prove invaluable for the optimal 

usage of local clays as a SCM, from an engineering point of view (Murray, 2000). 
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CHAPTER 3  

3 EXPERIMENTAL PROGRAM 

3.1 Materials 

3.1.1 Clays 

In this study, 8 different clays that originate from various cement factories in 

different locations in Türkiye are provided by the TCMA. The assigned names and 

typical view, thus color, of those clays are shown in Figure 3.1.  The XRD analyses 

of clays at raw state are also provided by TCMA and are given in Figure 3.2.  

 

 

Figure 3.1. Raw clays with their assigned names. 
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Figure 3.2. XRD analyses of non-calcined clays as performed by TCMA. 

 

3.1.2 Portland Cement 

For all blends of this study, CEM I 42.5 R Portland cement is used (Figure 3.3). The 

cement had a density of 3.11 g/cm3. X-Ray Fluorescence (XRF) and X-Ray 

Diffraction (XRD) analysis results are given in Table 3.1 and Figure 3.4, 

respectively. Chemical analysis results are provided by TCMA. XRD analysis is 

conducted with Olympus BTX III Benchtop XRD Analyzer. X’Pert Highscore Plus 

software was used to process the XRD data. 
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Figure 3.3. CEM I 42.5 R Portland Cement. 

 

Table 3.1 Chemical Analysis Results of Cement. 

Name of the 

Experiment 

Measurement 

Results (%) 

Measurement 

Uncertainty (%) 

Test 

Method 

Loss on Ignition 6.82 0.08 EN 196-2 

SiO2 18.32 - EN 196-2 

Al2O3 4.48 - EN 196-2 

Fe2O3 2.84 - EN 196-2 

CaO 61.30 - EN 196-2 

MgO 1.59 - EN 196-2 

SO3 2.78 0.13 KKL.TA.12 

Na2O 0.28 - EN 196-2 

K2O 0.81 - EN 196-2 

Na2O Equivalent 

Total Alkali 
0.81 - 

Calculation 

Cl- 0.0425 0.0094 EN 196-2 
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Figure 3.4. X-Ray Diffraction Analysis of Cement. 

3.1.3 Water 

In this study, Middle East Technical University tap water was used as a hydrant. All 

samples are cured in lime-water solution in a moist room following the related 

standard (ASTM C109, 2008). 

3.1.4 Sand 

As an aggregate for the mortar samples, available crushed limestone sand that is 

sourced from TAMTAŞ Construction Materials Co. was used (Figure 3.5). A sieve 

analysis is conducted to determine its gradation (Table 3.2), according to the ASTM 

C-136. Retained sand of each sieve is shown in Figure 3.6.  
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Figure 3.5. Crushed sand used during the experiments 

 

Table 3.2 Sieve Analysis results of the sand used. 

Sieve Number 
Diameter 

(mm) 

Soil Retained 

(g) 
% Passing 

3/8 in 9.50 0.00 100.00 

No. 4 4.76 11.74 98.82 

No. 8 2.38 275.57 71.12 

No. 16 1.19 265.25 44.47 

No. 30 0.59 233.83 20.97 

No. 50 0.297 79.74 12.96 

No. 100 0.149 61.85 6.75 

Pan (Total) - 67.12 - 
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Figure 3.6. Sand retained on sieves during the Sieve Analysis. 

3.2 Sample Preparation Procedures for Clays 

To ensure consistency throughout the results, utmost care is given to apply the same 

preparation procedures for each sample. The procedures were as follows: Initial 

sieving and crushing, quartering, drying, grinding, sieving, calcination, and 

packaging. Next, packaged samples are further prepared according to the procedure 

of the corresponding future experiment.  The following sections provide the details 

of the sample preparation techniques.  

3.2.1 Initial Sieving and Crushing 

Each clay sample arrived in two approximately 20kg bags (Figure 3.7) and in order 

to both separate the aggregates that are too large to be crushed and to see if there 

exists any organic material or impurities, such as leaves or pieces of rope, the whole 

bag is sieved throughout a 2cm sieve. Any impurities are removed after a visual 

inspection. As the quartering standard (ASTM C702/C702M-18, 2018) states, the 

maximum aggregate size should be around 50% of the splitter chutes; thus, crushing 

is required. Note that, the inclusion of particles larger than 2cm has a few benefits: 

Clay particles that coat the large aggregates get released, as hinted by Muñoz et al. 
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(2010); it slightly increases the overall bulk of the material, and the sample represents 

clay soil more accurately. With the inclusion of large particles for further procedures, 

grinding time becomes important in order to avoid excess grinding of the gravel. The 

selection of grinding time is detailed in the grinding section. Next, retained material 

is crushed through a mechanical crusher (Figure 3.8), then quartered through the 

mechanical splitter (Figure 3.9).  

 

Figure 3.7. Clay samples have arrived in bags and stored in material storage. 

 

 

Figure 3.8. Mechanical crusher used for the crushing procedures. 
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3.2.2 Quartering 

Quartering is a sampling process that is used to select a small portion of a material 

that best represents the bulk of the material. Note that, since only a small portion of 

the sample material is used in the experiments, fluctuations occur within the results. 

To minimize the fluctuations and homogenize the material, the quartering procedure 

is performed according to standards (ASTM C702/C702M-18, 2018). Manual 

quartering or a mechanical splitter can be used. For the sake of convenience, a 

mechanical splitter (Figure 3.9) is used in this study. The required amount of material 

is separated and packaged for further procedures. 

 

Figure 3.9. Mechanical splitter used for the quartering procedures. 

3.2.3 Drying 

Quartered material is spread out into trays and left in the 120 °C oven for at least 24 

hours before grinding (Figure 3.10). This allowed the sample to lose its physically 

bounded water and dry, which eliminated any risk of the sample sticking to the 

grinder. 
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Figure 3.10. Clay samples are dried in the 120 °C oven before the grinding. 

3.2.4 Grinding and Sieving 

Dried samples are ground in a rotary ball mill grinder (Figure 3.11) for a constant 

time of 60 minutes which is decided after several iterations, as it provided the 

adequate fineness of more than 80% of the material passing through the 75-micron 

(No. 200) sieve. The usage of a constant grinding time is adopted from the following 

studies: (Pérez et al., 2018; Souza & Dal Molin, 2005; Vizcaino Andres et al., 2015). 

Besides, this duration allowed adsorbed clay soil on the coarse aggregates to be 

separated, in accordance with the literature (Katsioti et al., 2009; Muñoz et al., 2010). 

 

Figure 3.11. Rotary ball mill grinder equipment that is used in the study. 
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After 60 minutes, the ground material is removed from the grinder and passed 

through the No. 200 (75-micron) sieve. No. 200 sieve is selected for its convenience 

and it allows future comparison with other fineness standards, such as ASTM C-117-

17 (2018), and is convenient. The dry sieve method is adopted as many of the clay 

samples included smectite group clay minerals which swell with water presence, thus 

making wet sieving, not a viable option (Norrish, 1954). Adequate amounts of sieved 

raw and calcined material are separated for the following experiments, especially 

Strength Activity Index (SAI). 

3.2.5 Calcination 

Adequate calcination temperature for the study is selected by three factors: 

According to the studies (Ambroise et al., 1985, 1986, 1992) 600-800 °C calcination 

is required for complete activation of kaolinite minerals that are the most important, 

in terms of providing reactivity to the calcined material; thus, 600-800 °C degree is 

suggested by the literature. Secondly, thermogravimetric analysis (TGA) is 

conducted on the tested clay samples and their calcination temperature range is 

selected accordingly. It is crucial to note that, other clay minerals which require 

much higher temperature ranges for complete dihydroxylation, such as 

montmorillonite, can still be partially calcined and gain reactivity. This approach is 

arguably better as calcination above 900 °C is advised against, as some studies 

(Alujas et al., 2015; Boakye et al., 2021; Sayanam et al., 1989) highlight the decrease 

in reactivity. Calcination temperature selection is detailed in Section 2.4. Calcination 

Temperature for Optimum Reactivity. 

For the calcination, Protherm MoS Series Chamber Furnace is used (Figure 3.12). 

The materials are placed in the oven in heat-resistant crucibles. The samples are 

heated to the target calcination temperature with a rate of heat of 5 °C/min. Next, the 

samples are kept at the target calcination temperature for 60 minutes to allow 
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complete calcination. The calcined samples are left to cool in the oven. Cooled 

samples are removed and packaged to prevent any dust or impurities.  

 

Figure 3.12. Protherm MoS Series Chamber Furnace used for the clay calcinations. 

Color change of the clays with the calcination is discussed by Hanein et al. (2022) 

and it is explained by the oxidation or reduction of iron-oxide in the clay composition 

(Figure 3.13). This phenomenon is detected during the study (Figure 3.14). 

 

 

Figure 3.13. Color change of raw clay with the calcination under a) oxidizing b) 

reducing conditions (Hanein et al., 2022). 
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Figure 3.14. Color changes of various clay samples after the calcination. 

3.3 Experimental Procedures 

3.3.1 X-Ray Diffraction (XRD) and Rietveld Analyses 

To identify the distribution of the minerals in the clay samples, most importantly the 

reactive clay minerals, the XRD method is benefitted. XRD analyses of raw clays 

are provided by the TCMA with the Rigaku Ultima IV/PC apparatus. XRD analyses 

of calcined clays and the cement were conducted with Olympus BTX III Benchtop 

XRD Analyzer (Figure 3.15). XRD data was processed with X’Pert Highscore Plus 

software. Rigaku PDXL was used for the Rietveld Analyses. ICDD PDF4 and COD 

databases were used. 
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Figure 3.15. Olympus BTX III Benchtop XRD Analyzer used for the XRD 

analyses. 

3.3.2 Thermal Gravimetric Analysis and Differential Thermal Analysis 

(TGA/DTA) 

In order to determine the changes that occur in a clay sample during the calcination, 

TGA/DTA analyses are conducted at the METU Central Laboratory, Thermal 

Analysis Laboratory with TA Instruments SDT 650 Simultane DSC/TGA 

equipment. For the analysis parameters, 25-900 °C is selected as the temperature 

range and 10 °C/min is selected as the rate of heat.  Normalized heat flow (W/g), 

weight (%), and derived weight (%/ °C) data were obtained. Calcination 

temperatures were selected according to the endothermic and exothermic peaks of 

the derived weight curve. Combining the obtained data with the literature allowed 

for the anticipation of weight changes, such as the removal of physically bonded 

water, or combustion of organic materials, due to the calcination process. 
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3.3.3 Particle Size Distribution 

Particle Size Distribution (PSD) analyses were conducted to check the raw fineness 

of the clay minerals versus the post-calcination. PSD curves of raw clays are given 

in Figure 3.16 and 800 °C calcined clays are given in Figure 3.17. PSD analyses were 

conducted by TCMA via Mastersizer 2000 with Scirocco 2000 with Hopper 

apparatus. 

 

Figure 3.16. Particle Size Distribution Curves of the Raw (Non-calcined) Clays. 

 

Figure 3.17. Particle Size Distribution Curves of the Clays Calcined at 800 °C. 
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3.3.4 Flow Table Tests 

Constant flow is adopted for the samples prepared for the flexure and compressive 

strength tests. To determine the mixture flow, flow table tests are conducted (Figure 

3.18). All test procedures are conducted according to ASTM C-230 and ASTM C-

1437. The percentage water demand increases relative to the constant flow of the 

clay samples are given in Table 3.3. 

 

Table 3.3 Water demand increase of clay samples for constant flow, relative to the 

control. 

Clay Type 

Water Demand Increase Relative to the Control for Constant Flow* 

No Calcination Calcined at 600 °C Calcined at 800 °C 

Clay A +13.1% +8.1% +8.7% 

Clay B +38.2% +10.8% +10.8% 

Clay C +21.7% +10.2% +10.8% 

Clay D +15.9% +7.0% +7.6% 

Clay E +21.0% +9.6% +11.5% 

Clay F +17.0% +9.5% +8.3% 

Clay G +10.8% +12.0% +9.5% 

Clay H +20.4% +14.6% +12.1% 

*Procedure specified for SAI in ASTM C311 is adopted. 
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Figure 3.18. Flow Table Test. 

3.3.5 Flexure and Compressive Strength 

Ground and packaged samples are tested with a reference cement sample to 

determine their Strength Activity Index (SAI), according to the ASTM C311–16. As 

the standard explains, a reference mixture of 500g cement, 1375g sand, and adequate 

water are compared with the mixtures prepared with 100g clay, 400g cement, 1375g 

sand, and adequate water for the same flow (Figure 3.19). The mixture procedure 

was conducted according to the ASTM C305 with the tabletop mixer (Figure 3.20). 
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Figure 3.19. Prepared material and testing apparatus before the mixing procedure. 

 

Figure 3.20. Tabletop mixer that is used to mix mortar samples. 

Next, 40x40x160mm prism molds (EN 196-1, 2005; EN 12390-1, 2000) are filled to 

the half and compacted with a TONINDUSTRIE compaction table. EN molds are 

preferred over ASTM molds due to their allowance of flexure strength. Another 

compaction is applied after the other half is filled and the poured samples are left to 

set (Figure 3.21). After 24 hours, the samples are demolded and placed in limey 

water within a moisture room until the day of testing. 
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Figure 3.21. Typical view of molded samples. 

 

Figure 3.22. Samples in the moist room. 
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Flexure and compressive strength tests are conducted with UTEST UTCM-

3742.FPR Automatic Cement Flexure/Compression Testing Machine (Figure 3.23), 

and according to the ASTM C-308 and ASTM C-109, respectively. The coefficient 

of Variation (CoV) is calculated to ensure test consistency. The flexure and 

compressive strength results of each clay are compared with its reference sample to 

determine its strength percentage (Strength Activity Index). SAI calculation is given 

in Appendix A. ASTM C-618 states that either the 7-day or 28-day SAI requirement 

needs to be met to prove satisfactory reactivity of the sample; however, all 7-day, 

28-day, and 90-day strengths are tested in this study to observe strength development 

over a wider range of ages, as natural pozzolana behavior, such as clay, is arguably 

more changeable compared to the cement. Demolded samples at pre- and post-

flexure strength tests are shown in Figure 3.24. 

 

 

Figure 3.23. UTEST UTCM-3742.FPR Automatic Cement Flexure/Compression 

Testing Machine. 
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Figure 3.24. Cured samples ready for flexure or compression strength tests. 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

In this section, experimental results are presented and discussed to characterize the 

clays before and after calcination. Relationship between the clay composition, 

mineralogical, thermal, physical tests, and the Strength Activity Index (SAI) results 

are analyzed for each clay. Next, patterns observed for the clays of the study are 

discussed. Possible mechanisms for the performance of calcined clays are inspected, 

with the aid of the related literature. 

4.1 Characterization of Clays and Calcined Clays 

4.1.1 Clay A 

Rietveld Analysis (Table 4.1) shows that Clay A is an Illite/Kaolinite Clay with trace 

amounts of montmorillonite and clinochlore clay minerals. Clay A includes the 

second-highest kaolinite content with 27.7% after Clay F (28.3%). Furthermore, 

Clay A includes a considerable amount of illite with 15.7%. Montmorillonite (8%) 

and clinochlore (6.5%) content is arguably too low to have a noticeable strength 

contribution in SAI. The material has 11.1% albite which is as inert as the quartz 

mineral (23%) (Harada & Hagiwara, 1984). The clay also had a calcite amount of 

5.9%.  
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Table 4.1 Rietveld Analysis of Clay A 

Crystal Name Amount (%) 

Quartz 23.0 

Calcite 5.9 

Albite 11.1 

Illite 15.7 

Kaolinite 27.7 

Montmorillonite 8.0 

Clinochlore 6.5 

Alunite <0.1 

 

TGA/DTA analyses are conducted on Clay A to inspect the weight change with 

respect to the temperature and determine the calcination temperatures (Figure 4.1). 

Considering the changes in clays during the calcination process, a summary of which 

is provided in Figure 2.5, the TGA/DTA analysis results indicate that the evaporation 

of free water occurs between 60-100 °C and highly volatile organic materials 

combust between 100-200 °C. Next, dehydration (release of chemically bonded 

water) occurs between 200-300 °C. Between 300-450 °C, hydroxides start to 

decompose. Between the 450-600 °C calcination of the kaolinite starts to occur. 

Between 600-850 °C, illite decomposes, with a slight increase in weight loss at 

around ~750 °C likely due to the decarbonization of the calcite.  

 



 

 

59 

 

Figure 4.1. TGA/DTA Analyses of Clay A 

Particle Size Distribution (PSD) analyses are conducted on Clay A to check the 

fineness of the material at various experiment steps (Figure 4.2). A slight increase in 

fineness was observed with the 800 °C calcination. This might be due to the thermal 

cracking, changes in the refraction which is used during the PSD testing, or the 

heterogeneous nature of the clay. Nonetheless, the fineness change of Clay A is 

arguably too small to have an impactful effect on the strength results. 

 

Figure 4.2. Particle Size Distribution (PSD) analysis of Clay A. 
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From the XRD analysis conducted on raw and calcined states of Clay A (Figure 4.3), 

it is clearly visible that the kaolinite peak at 2θ=12.3° disappeared after the 

calcination, which indicates the complete decomposition, thus, thermal activation of 

the kaolinite at both temperatures. Note that, while kaolinite can decompose at 550-

600 °C, its optimum reactivity is achieved when the calcination temperature is 

between 600-800 °C, due to the additional disruption of the mineral structure 

(Fernandez et al., 2011). This is further detailed in section 2.4. Calcination 

Temperature for Optimum Reactivity. Additionally, the illite peak at 2θ=8.4° mostly 

disappeared at 600 °C and completely disappeared at 800 °C which indicates two 

things: Even though illite’s decomposition temperature ranges at 600-850 °C, long 

calcination duration (60 mins.) at 600 °C allowed most of the illite to decompose. 

Secondly, a slight peak is still visible at 600 °C and it completely disappears at 800 

°C which means that the remaining illite decomposed. XRD data shows that the 

calcination of Clay A was successful. Furthermore, inert material (quartz and albite 

peaks) remains the same, as expected. The decrease of sharpness of the albite peak 

at 2θ=29.1° is due to the disappearance of the overlapping illite peak. Formation of 

a new peak at 2θ=19.7° that corresponds to a silicious spinel, Potassium Aluminium 

Silicate (Al3KO11Si3), is observed with the calcination. 

 

Figure 4.3. XRD patterns of raw and calcined Clay A. 
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Compressive strength, coefficient of variation (CoV), and Strength Activity Index 

(SAI) results of Clay A are given in Table 4.2. Without calcination, kaolinite or illite 

clays do not bear any reactivity and only act as an impurity, which explains the 

relatively lower (~60%) SAI results. Additionally, no increase in strength with the 

age is observed for the non-calcined state. With the calcination, kaolinite and illite 

clays decompose and gain reactivity but it is likely that due to the very limited calcite 

amount to provide the necessary CaO to the matrix, only a brief increase in strength 

is observed at 600 °C and 800 °C. Furthermore, SAI results at 7 and 28 days are 

similar for 600 °C and 800 °C because at 600 °C, kaolinite and most of the illite were 

decomposed and calcination of the remaining illite at 800 °C did not have much 

effect since illite has the lowest reactivity compared to the kaolinite or 

montmorillonite (Fernandez et al., 2011) because of the lower exposed aluminate 

supply of the calcined illite (Ambroise et al., 1985). It is likely that after the available 

CaO is depleted, the formation of binder phases came to a halt which explains the 

relatively lower SAI results at 90-days compared to the other clays. This points out 

that despite having successful calcination at various temperatures and enough 

kaolinite/illite content, an adequate calcite content is required for a clay to achieve 

satisfactory compressive strength results. Flexure strength results of Clay A are given 

in Appendix B. 

 

Table 4.2 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay A 

Sample 

7-day 28-day 90-day 

MPa 
CoV 

(%) 

SAI 

(%) 
MPa 

CoV 

(%) 

SAI 

(%) 
MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 25.8 4.8 62.5 28.4 3.2 60.7 41.0 4.2 68.5 

Calcined at 600 °C 29.7 2.6 72.1 32.2 1.3 68.8 38.8 5.0 77.9 

Calcined at 800 °C 28.6 3.1 69.5 34.7 2.3 74.1 44.2 2.0 80.6 
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4.1.2 Clay B 

Rietveld Analysis (Table 4.3) shows that Clay B is a Smectite Clay with nontronite 

being the major clay mineral. Nontronite occurs when Fe+2 substitutes Al+3 in 

montmorillonite mineral (Murray, 2000), as such, two clay minerals behave very 

similarly in most cases and have similar XRD results. Apart from the nontronite, 

Clay B has negligible amounts of illite and kaolinite as clay minerals. Clay B has a 

significant calcite presence of 29% and a moderate quartz presence of 17.2%.  

  

Table 4.3 Rietveld Analysis of Clay B 

Crystal Name Amount (%) 

Quartz 17.2 

Calcite 29.0 

Albite 7.8 

Illite 0.8 

Kaolinite 2.6 

Bentonite 2.9 

Nontronite 34.7 

Microcline 5.0 

 

TGA/DTA analysis results of Clay B indicate the evaporation of free water between 

50-100 °C, combustion of volatile organic material between 120-160 °C, and 

dehydration (release of chemically bonded water) between 160-200 °C. The peak at 

~500 °C is suspected to be the combustion of low-volatile organic compounds. Next, 

a significant peak is observed between 700-750 °C. This is likely due to the 

decarbonization of the calcite, overlapping with the montmorillonite decomposition 

that starts at ~575 °C.  
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Figure 4.4. TGA/DTA Analyses of Clay B. 

Particle Size Distribution (PSD) analysis results of pre and post-calcination Clay B 

are provided in Figure 4.5. While Clay B was slightly finer than the average at raw 

state, it became the least fine clay after the 800 °C calcination. Ferreiro et al. (2019) 

state the formation of spherical shapes during the conversion of clay minerals to 

amorphous phases, which may be the cause of the reduced fineness.  Additionally, 

nontronite presence may have played a role as the montmorillonite minerals are 

proven to intensify the sintering effect within a calcined clay (Abdrakhimov et al., 

1999). Nonetheless, despite the decreased fineness, the strength results of the Clay 

B calcined at 800 °C were satisfactory. 

 

Figure 4.5. Particle Size Distribution (PSD) analysis of Clay B. 
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According to the XRD analysis of Clay B (Figure 4.6), the visible nontronite peak at 

2θ=6.3° disappears after the calcination, which indicates the decomposition of the 

nontronite. While nontronite, same as the montmorillonite, has a decomposition 

temperature range of 550-850 °C, it is seen that 60-minute static calcination was 

arguably enough to decompose most of the clay mineral. Additionally, the calcite 

peak at 2θ=29.4° completely disappears at 800 °C. This is due to the calcite 

decarbonization at 700-750 °C, where calcite emits CO2 and converts to amorphous 

phases. Additionally, the disappearance of calcite peaks at 2θ=36.7°, 2θ=39.4°, 

2θ=43.2°, 2θ=47.5°, and 2θ=48.5° also indicates the decomposition, which is a trend 

in calcite containing clays of the thesis. 

 

 

Figure 4.6. XRD patterns of raw and calcined Clay B. 

Compressive strength and SAI results of Clay B are given in Table 4.4. As expected, 

non-calcined clay act as an impurity and greatly reduces the strength compared to 

the control. Based on the XRD data, calcination of nontronite for the 600 °C and 800 

°C benefits the SAI greatly, even at 7-day. At 7-days, additional strength increases 

of 800 °C calcination are likely to be caused by the decomposition of the calcite, 

which increased the CaO content of the matrix solution. Note that, SAI results for 
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the 7 and 28 days at 600 °C are quite close, which indicates that the binder phase 

reactions occur at the same rate as the control sample. Furthermore, it is presumed 

that the increase from 44.5% to 71.4% and 43.4% to 70.4% is also positively affected 

by the physical effect, as calcite may have acted as a mineral admixture where more 

nucleus is available for the phase growth. Besides, decomposed calcite potentially 

increased the pH of the solution which may further hasten the reactions. The effect 

of formed additional binder phases with the reaction between the aluminates sourced 

from the decomposed nontronite and decarbonated calcites is more distinguished at 

28-days, where the strength benefit of the clay calcination alone (600 °C) was weaker 

than when both clay and calcite is calcined (800 °C). This trend is also visible at 90-

day, as 800 °C calcined Clay B reaches up to 91.1% in SAI. This scenario proves 

that while a strength increase can be obtained with the calcination of nontronite at 

600 °C, an increased nontronite decomposition and calcite decarbonization at 800 

°C is greatly beneficial for the formation of binder phases. In short, with 800 °C 

calcination, the material may have acted similarly to hydraulic lime, with the 

difference of the main reaction product assumed to be calcium-aluminum-silicate-

hydrate (C-A-S-H) rather than dicalcium silicate (2CaOSiO2). Another aspect to note 

is that Clay B has the lowest amount of combined quartz and albite and the lowest 

SAI at the non-calcined state, which may indicate the filler effect of the inert 

materials. Flexure strength results of Clay B are given in Appendix B. 

Table 4.4 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay B 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 18.5 1.4 44.5 23.0 1.9 43.4 25.7 2.0 48.6 

Calcined at 600 °C 29.7 2.0 71.4 37.4 2.7 70.4 40.5 2.9 76.5 

Calcined at 800 °C 32.6 1.9 78.4 45.1 2.3 85.1 48.3 2.5 91.1 
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4.1.3 Clay C 

Rietveld Analysis results (Table 4.5) show that Clay C falls under the Illite Clay 

Group with the highest illite percentage (17.1%). The material includes notable inert 

quartz (13.2%) and albite (20.2%), and negligible amounts of other clay minerals 

(kaolinite and montmorillonite-chlorite mixed structure). Out of the all clays of the 

study, Clay C has the highest calcite amount (43.8%). 

  

Table 4.5 Rietveld Analysis of Clay C 

Crystal Name Amount (%) 

Quartz 13.2 

Calcite 43.8 

Albite 20.2 

Illite 17.1 

Kaolinite 0.2 

Montmorillonite-chlorite 1.0 

Sanidine 4.6 

 

 

Clay C’s TGA/DTA results can be interpreted as follows: As expected, physically 

and chemically bonded water evaporates between 50-200 °C. Next, at around ~600 

°C, the derived weight slope starts to increase significantly which corresponds to the 

illite decomposition, up until the massive endothermic peak at around ~700-750 °C 

caused by the decarbonization of the calcite. TGA/DTA results of Clay C are quite 

similar to Clay D and E.  
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Figure 4.7. TGA/DTA Analyses of Clay C 

According to the PSD analysis results of the Clay C (Figure 4.8), with 800 °C 

calcination, fineness decreases below 6 μm and increases above 6 μm. This trend is 

also observed in Clays D and E. The reason for this change may be the thermally-

induced physical cracking of the particles coarser than 10 μm as Cwik et al., 2022’s 

study shows the thermal decrepitation of limestone at 800 °C, and this mechanism 

might have been more effective in Clay C, which incorporates the highest calcite 

content. 

 

Figure 4.8. Particle Size Distribution (PSD) analysis of Clay C. 
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XRD analysis results of Clay C are shown in Figure 4.9. Compared to the other clay 

materials, Clay C includes the highest calcite and albite content, both of which have 

overlapping peaks with the illite. Furthermore, the very high calcite content and 

relatively lower clay mineral content of Clay C makes it harder to detect changes in 

other minerals, however, the disappearance of non-overlapping small illite peaks are 

observed at 2θ=23.0°, 2θ=31.2°, 2θ=34.9°, and 2θ=42.4°, after deeper inspection. 

While still small, some illite peaks, which completely disappear at 800 °C, were 

visible at 600 °C. This shows that illite was partially decomposed at 600 °C and 

decomposition increased with the calcination temperature increase. Most notably, 

decarbonization of the calcite from 600 °C to 800 °C is observed with the 

disappearance of the peak at 2θ=29.4°. 

 

 

Figure 4.9. XRD patterns of raw and calcined Clay C. 

 

Compressive strength and SAI results of Clay C are given in Table 4.6. As expected, 

at the non-calcined state Clay C acts as an impurity and reduces the strength by 

approximately 40% compared to the control. In the non-calcined state, mostly the 
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filler effect takes action which is not enough to compensate for the strength loss. 

After calcination,  a significant SAI increase is observed at all ages. This is due to 

the decomposition of illite minerals which provide aluminates into the system. In the 

XRD analysis of Clay C (Figure 4.9), illite peaks were still visible at 600 °C, which 

indicates a partial decomposition. With 800 °C calcination, more illite decomposed, 

and more aluminates are exposed to the system. More importantly, based on the XRD 

data, it can be inferred that the decarbonization and quite possibly crystal-to-

amorphous phase transformation of the calcite provided more free Ca-rich 

compounds into the matrix system, which became more effective at later ages, where 

SAI goes up to 101.9% at 90-days. Clay C exhibited the highest strength 

improvement with the calcination, likely due to the overcoming of the bottleneck 

effect by the highest calcite content of the clay. This is further explained in section 

4.2.2 About the Strength Activity of Calcined Clays. While 800 °C calcined Clay C 

surpassing the control strength at 90-days is impressive, reaching the 90% SAI at 7-

days is arguably more promising and further verifies the potential of calcined clays 

as SCMs. Flexure strength results of Clay C are given in Appendix B. 

 

Table 4.6 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay C 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 24.8 1.5 61.9 33.0 2.1 63.8 39.8 1.3 68.4 

Calcined at 600 °C 33.1 1.2 82.7 45.7 1.5 88.4 49.6 3.7 85.2 

Calcined at 800 °C 36.0 1.4 90.0 50.4 1.6 97.5 59.4 2.0 101.9 
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4.1.4 Clay D 

Rietveld Analysis (Table 4.7) shows that Clay D is a Smectite Clay, with a significant 

montmorillonite amount (%33.5). The material also includes kaolinite (11.7%) and 

illite (4.6%) clay minerals. Clay D has a similar amount of inert material (14.5% 

quartz and 13.1% albite) compared to the other clays and the third lowest calcite 

content (14.8%). 

 

Table 4.7 Rietveld Analysis of Clay D 

Crystal Name Amount (%) 

Quartz 14.5 

Calcite 14.8 

Albite 13.1 

Illite 4.6 

Kaolinite 11.7 

Montmorillonite 33.5 

Anorthite 6.7 

Muscovite 1.1 

 

TGA/DTA analysis of Clay D (Figure 4.10) yields similar results to Clay C and Clay 

E, where physically and chemically bonded water evaporates between 50-200 °C and 

calcite decomposes at around 700-750 °C. Since the dominant clay mineral, 

montmorillonite, has a wider calcination temperature, a small peak that indicates its 

decomposition can be observed at around 550 °C. 
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Figure 4.10.  TGA/DTA Analyses of Clay D 

Even though PSD analysis results of Clay D (Figure 4.11) show that the material is 

the coarsest among other clays of the study at both 800 °C calcined and raw state, 

according to the SAI performance given in Table 4.8, the material performed 

satisfactorily and passed the 75% compressive strength value of the control threshold 

given in ASTM C-618.  

 

Figure 4.11. Particle Size Distribution (PSD) analysis of Clay D. 
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In the XRD analysis results of Clay D (Figure 4.12), a flattation of the peak, which 

increases from 600 °C to 800 °C, is observed at 2θ=6.4°. Additionally, the small 

montmorillonite peak at 2θ=34.9° completely disappears after the calcination. While 

the changes are only visible with a deeper inspection, increasing peak reduction at 

the montmorillonite peaks indicates at least a partial decomposition of the mineral. 

This theory is supported by the literature data where montmorillonite starts to 

decompose at 550° up until 850° (Alujas & Fernando Martirena, 2015; Jaskulski et 

al., 2020). More importantly, the reduction of calcite peak at 800 °C calcination 

indicates the decarbonization of the calcite mineral. Distinctly, the presence of a 

calcite peak at 2θ=29.4° is still observed which might indicate the non-decomposed 

calcite presence. 

 

 

Figure 4.12. XRD patterns of raw and calcined Clay D. 

 

Compressive strength and SAI results of Clay D are given in Table 4.8. Non-calcined 

Clay D shows similar SAI results with the other non-calcined clays. At 600 °C 

kaolinite completely decomposes, however, as Fernandez et al. (2011) proved, the 
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reactivity of kaolinite increases with the temperature increase up to 800 °C caused 

by the disruption of the mineral structure. This also reflects in the SAI results: 

Decomposed kaolinite and partially decomposed montmorillonite react with calcite 

to participate in the strength gain at 600 °C. This mechanism is improved at 800 °C 

to provide higher SAI results. In contrast to other clays of the study, Clay D shows 

higher strength results relative to its lower calcite content. This is likely due to the 

effect of 6.7% anorthite in the composition and underlaying mechanisms of anorthite 

presence are explained in section 4.2.2. About Strength Activity of Calcined Clays. 

Another thing to notice is that there is no SAI increase between 28 to 90 days. Since 

the SAI results at 7-day are lower than at 28-day, it is safe to say that decomposed 

minerals played a higher role after the early ages. Flexure strength results of Clay D 

are given in Appendix B. 

Table 4.8 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay D 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 26.5 2.3 66.3 33.9 2.2 65.5 37.5 2.0 64.3 

Calcined at 600 °C 31.2 2.8 77.8 44.6 4.2 86.2 50.0 2.2 85.8 

Calcined at 800 °C 32.9 2.4 82.3 48.1 1.5 93.0 53.3 3.0 91.5 

4.1.5 Clay E 

Rietveld Analysis (Table 4.9) shows that Clay E falls under the Chlorite Group Clays 

with a clinochlore content of (21%). Calcined clinochlore is proven to show slow but 

decent pozzolanic activity (Irassar et al., 2019). Besides, the material includes illite 

(5%) and kaolinite (2.3%) minerals with negligible amounts. Clay E also consists of 

the second-highest calcite content of the study with 31%. The quartz amount (19.1%) 

is similar to the other clays of the thesis. 
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Table 4.9 Rietveld Analysis of Clay E 

Crystal Name Amount (%) 

Quartz 19.1 

Calcite 31.0 

Albite 8.0 

Illite 5.0 

Kaolinite 2.3 

Clinochlore 21.0 

Dolomite 3.5 

Palygorskite 10.0 

 

Based on Clay E’s TGA/DTA experiment results (Figure 4.13), the weight change 

between 50-100 °C indicates moisture evaporation. A slight weight loss at ~140 °C 

indicates the dehydration of the specimen. Between 400-800 °C dehydration and 

decarbonization of the clinochlore are expected. At around ~750 °C calcites 

decompose and clinochlore minerals are assumed to be converted into minerals 

forsterite, pyrope, and spinel by losing another water molecule. Decomposition of 

the Al-rich clinochlore potentially provided exposed aluminates to the system. 

 

 

Figure 4.13. TGA/DTA Analyses of Clay E 



 

 

75 

Particle Size Distribution (PSD) results given in Figure 4.14, show nothing notable 

as the fineness results at raw and calcined state are quite close to each other. Yet, the 

fineness change is arguably not significant enough to make a considerable change in 

the strength results. 

 

Figure 4.14. Particle Size Distribution (PSD) analysis of Clay E. 

XRD analysis results of the Clay E prove the calcination of the clinochlore with the 

disappearance of the peaks at the 2θ=6.2° and 2θ=12.5°. Also, clinochlore peaks 

completely disappear at 600 °C which indicates a complete decomposition. 

Interestingly, 600 °C calcination caused a reduction of calcite peak at 2θ=29.4°, 

which means a calcite phase change into the amorphous state. Calcite decomposition 

that is observed in a lower temperature, 600 °C calcination, may be due to a flux 

effect, as the calcite can decarbonate even at atmospheric temperatures with the 

proper conditions (Guihua et al., 1998). Furthermore, a calcite peak (2θ=29.4°) larger 

than 600 °C is observed at 800 °C. This may simply be due to the heterogeneous 

nature of the material and sampling variance or a re-crystallization of the calcite. 

Similarly to the latter assumption, Rodriguez-Navarro et al. (2016) investigated the 
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amorphous calcium carbonate (ACC) and showed a conversion of ACC to 

metastable vaterite (and partially aragonite) which then precipitates into calcite 

crystals. In a re-crystallization case, the vaterite-calcite transformation mechanism 

might have caused the increase in the calcite peak at 800 °C calcination. Post-

calcination, the material appears to include partially decomposed and partially 

precipitated calcite. 

 

Figure 4.15. XRD patterns of raw and calcined Clay E. 

According to the compressive strength and SAI results of Clay E given in Table 4.10, 

non-calcined Clay E performs the worst compared to the 600 °C and 800 °C 

calcination. At 7-days, strength development at 600 °C Clay E can be explained by 

decomposed clinochlore reacting with the CH in the system. For 800 °C at the same 

age, SAI increases as the mineral structures are more disrupted. Additionally, even 

though the calcite is not decomposed, it is dissolved during the mixing, thus 

participating in the strength development. At later ages, SAI values are quite close 

for both 600 °C and 800 °C calcination, which indicates that the strength 

development rate of the samples is similar to the control. Flexure strength results of 

Clay E are given in Appendix B. 
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Table 4.10 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay E 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 24.2 3.2 60.5 30.5 1.4 58.9 32.6 1.7 56.0 

Calcined at 600 °C 29.2 3.1 73.0 35.6 1.1 68.9 41.9 2.1 71.9 

Calcined at 800 °C 33.5 1.7 83.8 45.0 2.7 86.9 49.8 1.8 85.4 

4.1.6 Clay F 

Rietveld Analysis results (Table 4.11) show that Clay F is a 

Kaolinite/Montmorillonite Clay with a significant presence of kaolinite (28.3%) and 

montmorillonite (27.9%). Compared to the other clays of the study, Clay F includes 

the second highest amount of combined clay minerals. Clay F also includes a trace 

amount of illite (1.6%). It has a calcite amount of 12.9% with moderate inert material 

content (17% quartz and 9.9% albite). 

Table 4.11 Rietveld Analysis of Clay F 

Crystal Name Amount (%) 

Quartz 17.0 

Calcite 12.9 

Albite 9.9 

Illite 1.6 

Kaolinite 28.3 

Montmorillonite 27.9 

Muscovite 2.5 

Evaporation of physically bonded water between 30-120 °C and combustion of 

highly volatile organic materials between 120-200 °C can be deduced in Clay F’s 

TGA/DTA analysis results. Between 200-300 °C, chemically bonded water 
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evaporates. Between 500-550 °C, kaolinite decomposes, as its technical calcination 

temperature is 500-650 °C (Gasparini et al., 2013; Ortega et al., 2010). After 550 °C, 

the structure of decomposed kaolinite is further disrupted and calcination of the 

montmorillonite begins (up to 850 °C). Decarbonization of the calcite occurs 

between 700-750 °C.  

 

  

Figure 4.16. TGA/DTA Analyses of Clay F 

Results of the PSD analysis of Clay F are given in Figure 4.17. After 800 °C 

calcination, a slight decrease of fineness is observed in Clay F. The mechanism 

behind the fineness decrease may be due to the clay particles forming spherical 

structures that slightly decrease the fineness as explained by Ferreiro et al., (2019), 

which is also suspected for Clay B’s PSD results. Both materials include a significant 

amount of Montmorillonite Group minerals (nontronite and montmorillonite) and 

according to the study of Abdrakhimov et al. (1999), having ~30% montmorillonite 

clay in the composition increases the intensity of sintering of kaolinite clays. While 

both Clay B and Clay F show the same trend, the fineness decrease is more noticeable 

in Clay B which may be due to the 6.8% more Montmorillonite Group mineral, 

because of the explained effects. In addition, Matschei et al. (2007) explain that 

sintering of calcite can occur even at lower temperatures by the dissolution-

recrystallization of the CaCO3, which is called “cold sintering”: At temperatures 

above 700-750 °C, where calcite starts to decarbonate, release CO2 increase the 
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solution pressure which increases the solubility of CaCO3. After the calcination, CO2 

release halts and pressure drops, which causes calcite to re-crystallize. This physical 

process, cold-sintering, might have been enhanced by the montmorillonite group 

mineral presence and slightly reduced the fineness of Clay F after the calcination. 

Nonetheless, the fineness decrease was arguably not significant enough to make a 

difference in strength results. 

 

Figure 4.17. Particle Size Distribution (PSD) analysis of Clay F. 

XRD analysis results of Clay F are given in Figure 4.18. Clear disappearance of peak 

at 2θ=6.2° indicates that montmorillonite is mostly decomposed at 600 °C and 

completely at 800 °C. Additionally, the disappearance of the peak at 2θ=12.5° shows 

that the kaolinite completely decomposed at 600 °C. Additionally, similar to the 

other calcite-containing clays (Clays A, B, C, D, and E), changes in calcite peaks at 

2θ=29.4°, 2θ=36.2°, 2θ=39.4°, and 2θ=43.1° indicate the decarbonization of the 

mineral with the calcination.  
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Figure 4.18. XRD patterns of raw and calcined Clay F. 

Compressive strength and SAI results of Clay F are given in Table 4.12. Similar to 

other clays, non-calcined Clay F performs poorly in terms of strength. Calcined 

samples show an increase in strength, compared to the non-calcined, due to the 

calcined clays reacting with the calcites. 66.7% SAI at 28-day for 600 °C, which 

increases to 81.3% at 90-days indicates that the strength development at later ages, 

after 28-days, is more impactful for Clay F. This might be due to the relatively 

highest kaolinite content of the Clay F as by refining the pore structure the early 

kaolinite reactions may have surpassed the montmorillonite reactions, which came 

to an effect at later ages. At 800 °C, decarbonation of the calcite is assumed to 

improve the reactions between calcined clay aluminates and the calcium oxides, thus, 

resulting in a higher SAI. Flexure strength results of Clay F are given in Appendix 

B. 

 

Table 4.12 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay F 
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Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 24.7 1.0 59.3 31.6 1.2 59.5 34.6 3.0 65.2 

Calcined at 600 °C 31.8 0.6 76.5 35.4 2.0 66.7 43.1 2.8 81.3 

Calcined at 800 °C 34.1 2.0 82.0 42.9 1.1 80.9 45.7 1.9 86.3 

4.1.7 Clay G 

Rietveld Analysis (Table 4.13) shows that Clay G is an Illite/Kaolinite Clay with 

16% illite and 14% kaolinite content. Compared to the other clays of the study, Clay 

G does not include any calcite. While the material has a higher quartz content (38%), 

it does not include any albite, thus, has a similar inert material content with the other 

clays. Muscovite is an aluminosilicate mineral that does not show any reactivity 

when calcined (Neisser-Deiters et al., 2019). Zhou et al. (2013) showed that 

muscovite presence can create a flux effect and reduce the temperature required for 

kaolinite dihydroxylation. 

Table 4.13 Rietveld Analysis of Clay G 

Crystal Name Amount (%) 

Quartz 38.0 

Illite 16.0 

Kaolinite 14.0 

Vermiculite 6.0 

Dolomite 7.0 

Muscovite 13.0 

Hematite 6.0 

 

TGA/DTA analysis results of Clay G indicate that the evaporation of physically 

bonded water between 50-100 °C, removal of chemically bonded water between 
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200-300 °C and kaolinite dihydroxylation between 500-550 °C, occurred. Since this 

material does not include any calcite, the peak between 630-680 °C corresponds to 

the illite decomposition. Furthermore, Guggenheim et al. (1987) explain that the 

thermal decomposition of muscovite occurs in two-step: At 550 °C and 750 °C, 

which may have overlapped with the kaolinite dihydroxylation.  

 

  

Figure 4.19. TGA/DTA Analyses of Clay G 

 

Results of the Particle Size Distribution analysis of Clay G are given in Figure 4.20. 

There is a fineness increase in Clay G with the 800 °C calcination. This may be due 

to the thermally-induced physical cracking of the coarser particles residing within 

the natural clay. Still, the fineness change of the material was arguably not significant 

enough to have a great effect on the strength results. 
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Figure 4.20. Particle Size Distribution (PSD) analysis of Clay G. 

 

From the XRD analysis results of Clay G (Figure 4.21), peak changes at 2θ=8.8°, 

2θ=17.7°, and 2θ=45.3°  indicate the decomposition of the muscovite and illite, two 

similar minerals. Besides, the decomposition of kaolinite is clearly visible with the 

peak change at 2θ=12.5°. The results indicate that the decomposition of the majority 

of the clay minerals occurred at 600 °C, which is further improved at 800 °C. Since 

Clay G does not include any calcite, no calcite peaks are observed. Potassium 

Aluminium Silicate (Al3KO11Si3) peak at 2θ=19.7° is observed after the calcination, 

which displays the formation of the phase. 
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Figure 4.21. XRD patterns of raw and calcined Clay G. 

 

Compressive strength and SAI results of the Clay G are given in Table 4.14. Despite 

high clay mineral content and successful calcination, strength increases at 600 °C 

and 800 °C calcination were minimal. This is due to the lack of calcite incorporated 

within the sample, as 7% SAI increase was likely due to the CH provided by the 

cement, and after CH depletion, no strength increase is observed. At 800 °C, the 

effects of enhanced decomposition caused by the increased temperature are visible 

but neglectable. The flexural strength results of Clay G are given in Appendix B. 

Table 4.14 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay G 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 27.0 3.4 64.9 35.3 1.4 66.6 36.0 2.6 68.0 

Calcined at 600 °C 30.0 1.5 71.9 36.3 1.3 68.5 37.3 2.1 70.5 

Calcined at 800 °C 30.9 0.9 74.3 37.4 0.9 70.5 38.6 1.8 72.9 
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4.1.8 Clay H 

Rietveld Analysis (Table 4.15) shows that Clay H is a Kaolinite Clay with 23% 

kaolinite minerals. Also, the material has the highest combined clay mineral amount 

with 16% montmorillonite, 16% clinochlore, and 8% illite. While Clay H has similar 

inert material content (29% quartz and 6% albite) to the other clay materials, it has 

negligible calcite (0.9%). 

 

Table 4.15 Rietveld Analysis of Clay H 

Crystal Name Amount (%) 

Quartz 29.0 

Calcite 0.9 

Albite 6.0 

Illite 8.0 

Kaolinite 23.0 

Montmorillonite 16.0 

Clinochlore 16.0 

 

 

The following data can be inferred from Clay H’s TGA/DTA analysis results:  

Between 50-100 °C physically bonded water evaporates. Between 100-150 °C highly 

volatile organic material combusts. Between 200-300 °C chemically bonded water 

evaporates. Between 400-500 °C clinochlore starts to decompose. Between 550-650 

°C, kaolinite decomposes and montmorillonite starts to decompose. At 800 °C, 

complete calcination of kaolinite and partial calcination of montmorillonite and 

clinochlore is expected. 
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Figure 4.22. TGA/DTA Analyses of Clay H 

Particle Size Distribution analysis results of Clay H are given in Figure 4.23. 

Interestingly, even though Clay H includes four clay minerals from various groups, 

illite, kaolinite, montmorillonite, and clinochlore, almost no change in the fineness 

is observed with the 800 °C calcination. 

 

Figure 4.23. Particle Size Distribution (PSD) analysis of Clay H. 
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Information obtained from the XRD analysis results of Clay H (Figure 4.24) is as 

follows: Peak at 2θ=6.3°, montmorillonite, and clinochlore peak disappear. The peak 

at 2θ=12.5°, kaolinite, and clinochlore peak, disappears. Montmorillonite peak at 

2θ=34.7° is still partially observed at 600 °C and 800 °C. Consequently, it is safe to 

say that clinochlore and kaolinite decomposed with the calcination, while there might 

be some intact (non-decomposed) montmorillonite minerals after the calcination. 

Similarly to Clay G, Clay H does not include any calcite, thus, no peaks are observed 

as expected. Similarly to Clay A and G, a peak at 2θ=19.7°, which indicates the 

potassium aluminum silicate formation is observed in Clay H after the calcination. 

Mechanisms behind the potassium aluminum silicate formation are detailed in 

section 4.2.1. About Clay Compositions. 

 

 

Figure 4.24. XRD patterns of raw and calcined Clay H. 

 

Compressive strength and SAI results of Clay H are given in Table 4.16. Similar to 

Clay G, Clay H performs poorly even after the calcination. The strength development 

of 600 °C and 800 °C calcined samples is likely due to the aluminates of the 
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decomposed clay minerals reacting with the portlandite sources from the cement and 

this mechanism rapidly halts since no limestone is present within the blend. 

Furthermore, no SAI change at 28 and 90 days shows that the calcined clay 

mechanisms occur at the same pace as of control’s, after the first 7 days. Flexure 

strength results of Clay H are given in Appendix B. 

 

Table 4.16 Compressive Strength Test, Coefficient of Variation, and Strength 

Activity Index results of Clay H 

Sample 

7-day 28-day 90-day 

MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) MPa 

CoV 

(%) 

SAI 

(%) 

Not Calcined 22.4 3.1 55.9 30.0 1.7 58.0 33.3 1.5 57.2 

Calcined at 600 °C 26.0 1.7 65.0 35.0 2.5 67.6 38.1 1.8 65.4 

Calcined at 800 °C 27.7 2.2 69.2 35.0 1.3 67.7 39.7 2.2 68.2 

 

4.2 Discussion of Results 

4.2.1 About Clay Compositions 

When the Rietveld Analyses of 8 clays were inspected, it can be seen that out of the 

8 clays, only 2 (Clay B and C) included a single clay mineral, as the others included 

up to 4 different clay minerals. Illite or kaolinite exists in 7 clays (Clays A, G, H, C, 

D, E, F), making them the most common clay minerals.  The kaolinite content of the 

kaolinite-containing clays (Clays A, D, F, G, H) ranged from 14-28.3%, making 

them low-grade. Illite content was similarly low-grade with 5-17.1% (Clays A, C, E, 

G, H). Montmorillonite content range of the montmorillonite-group clays (Clays A, 

B, D, F and H)  was wider (8%, 34.7%, 33.5%, 27.9% and 16%, respectively). This 

indicates that the clays obtained from cement plants in Türkiye are low-grade, which 
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illite/kaolinite being the dominant clay minerals. Clays B, C, and E incorporated 

relatively high calcite content (>25%), while Clays D, F, A incorporated low, and 

Clays G and H incorporated no calcite. Clinochlore, a chlorite group clay mineral, 

was observed in Clay E and H. Apart from the quartz, another inert material, albite, 

was also common in the composition. Notably, anorthite, a rare mineral, is also 

observed in one of the clays (Clay D). The grouping of the clays based on their clay 

mineral composition is given in Table 4.17. 

 

Table 4.17 Clays and Their Clay Mineral Groups 

Clay Dominant Clay Mineral Group 

Clay A Illite & kaolinite Illite/kaolinite 

Clay B Nontronite Smectite 

Clay C Illite Illite 

Clay D Montmorillonite Smectite 

Clay E Clinochlore Chloride 

Clay F Kaolinite & Montmorillonite Kaolinite/Smectite 

Clay G Illite & kaolinite Illite/kaolinite 

Clay H Kaolinite Kaolinite 

 

While the thermal analysis results show that each clay presented an endothermic 

peak between 700-750 °C (Figure 4.25), the weight change was relatively smaller at 

clays that incorporate little to no calcite within their composition (Clays A, G, and 

H). Additionally, XRD results presented the disappearance of calcite peaks between 

600 °C and 800 °C in all clays with significant calcite content (Clays B, C, D, E, and 

F). Combining the two results, it is safe to assume that the calcite within the 

composition decarbonated between 700-750 °C and the weight loss might be due to 

the release of CO2 sourced from the calcites. Possible mechanisms behind the lower-

temperature decarbonation of the calcites are explained in detail in section 2.4. 
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Calcination Temperature for Optimum Reactivity. In addition to that, Rodriguez-

Navarro et al. (2016)'s study about amorphous and crystalline calcite phases proves 

that between 550-800 °C, CaCO3 decomposes into CaO and CO2. The smaller peaks 

observed in little to no calcite-incorporating clays are due to the decomposition of 

the clay minerals, as mineralogical analysis results indicate. 

 

 

Figure 4.25. Y-Offset Stacked Temperature versus Derived Weight Curves of the 

Clays. 

 

Interestingly, after calcination, the formation of a new crystalline phase, potassium 

aluminum silicate (Al3KO11Si3), is observed in Clays A, G, and H, all of which 

incorporate very little to no calcite within their composition. While the study 

regarding the formation of potassium incorporating silicate spinel phases within the 

calcined clays is quite limited, the studies (Guihua et al., 1998; Nduka et al., 2021) 

indicate that the formation of such phases depends on the cation concentration within 
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the matrix. Considering that the potassium aluminum silicate formation is only 

observed when the calcite is absent in the composition, its formation might be related 

to the lack of Ca+2 ion provided by the calcite, as the tendency of cation exchange 

where Ca+2 replace K+ increases with the available Ca+2. Furthermore, the hypothesis 

of the release of K+ from the phyllosilicate interlayers is known (Rahmatullah & 

Mengel, 2000), and the presence of illite, a clay mineral that has K+ between the 

interlayers, in both clays further hints that the potassium ions might have sourced 

from the decomposed clays. This assumption coheres with the increased potassium 

aluminum silicate peak from 600 °C calcination to 800 °C calcination, where 

decomposition is enhanced. 

4.2.2 About Strength Activity of Calcined Clays 

As expected, in the raw state, clay incorporation reduced the strength by 

approximately 40% compared to the control OPC blend at all ages (Figure 4.26). 

With 600 °C calcination, all clays showed >70% SAI results at 7-days, except Clay 

H which only reached 65% SAI (Figure 4.27). This strength improvement is also 

observed in clays that contain no or very low calcite (Clays A, G, and H) and it may 

be due to the two mechanisms: With the calcination, aluminates, and silicates 

sourced from the clays react with the portlandite sourced from the cement, to form 

additional binding C-A-S-H phases, until a Ca+2 balance between the pore solution 

and the phases is achieved. Due to the lack of any calcites in the clay composition, 

the reactions quickly came to a halt, which explains the lack of strength development 

at later ages. Secondly, Ferreiro et al., (2019) discuss that after calcination the clay 

minerals are known to form spherical shapes and improve their workability which 

may have reduced the water demand for the same flow, as observed in the flow table 

results (Table 3.3). Reduction of the water demand is likely to positively contribute 

to the SAI results of the calcined blends compared to the raw state. The same 

mechanisms are also possible for 800 °C calcination SAI results given in Figure 4.28 

but enhanced since (i) with the increased temperature, decarbonation of the calcites 
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occurs, which is observed to benefit the strength development in the system. 

Decarbonation of the calcites allows for more reactant Ca-phases in the system, 

which can react with aluminates, silicates, and water to form binding C-A-S-H gel. 

Additionally, with the decarbonation of the calcite, quicklime present in the matrix 

can work as a mineral admixture that provides more nuclei for phase growth and 

increases pH. (ii) With elevated calcination temperatures both the decomposition of 

the clay mineral structure and the thermally-induced cracking is likely to enhance, 

and contribute to the strength development. For Clays A, B, E, F, G, and H, SAI 

results either decreased or remained the same between the 7 and 28-days, for at least 

one of the calcined states, which indicates that the reaction of aluminates occurs at 

similar or slightly lower speeds than the cement binding phase reactions. For 90-

days, clays with very low or no calcite in their composition (Clay G, and H) showed 

a SAI decrease. This is likely due to binding phase reactions coming to the halt 

because of the available calcium oxide depletion. On the other hand, the clays with 

calcite showed an SAI improvement at 90-days, as such, all clays that showed lower 

SAI at 28-days were able to either catch or surpass their 7-day SAI results, with the 

only exception being the Clay G and H, which lack the calcite for later age reactions. 

Improved performance at 90-day was even more noticeable with 800 °C calcination, 

as all calcite-containing clays showed >~85% SAI. The effect of calcite presence is 

further noticed in the highest calcite incorporation clay, Clay C, which also showed 

overall the best SAI results. One of the main reasons for that might be as follows: In 

C-A-S-H phase formation, the C part (CaO), is usually the limiting component which 

creates a bottleneck effect, as SiO2 and Al2O3 are abundantly supplied with the clay, 

assuming there is enough H2O. With more calcite, there is more phase formation and 

Clay C having the highest calcite content might have helped with overcoming the 

bottleneck effect. This not only helped the 800 °C calcined Clay C sample to surpass 

control at 90-days, but also show a 90% SAI at 7-days, which is quite promising for 

future applications. In short, at all ages, 800 °C calcined clays performed the best, 

while raw clays performed the worst. All calcite-incorporating clays performed 

better at 90-days compared to the 28-days. 
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Figure 4.26. SAI Results of All Raw (Non-calcined) Clays. 

 

Figure 4.27. SAI Results of All Clays Calcined at 600 °C. 
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Figure 4.28. SAI Results of All Clays Calcined at 800 °C. 

 

As standard and later age results versus the clay mineral content are presented in 

Figure 4.29, even the clays with lower clay mineral content were able to perform 

better than clays with high kaolinite contents. This indicates that the low-grade clays 

can also be used as a SCM when proper conditions are met. Adjunctly, when calcite 

content and SAI performance of the clays calcined at 800 °C compared (Figure 4.30) 

a direct correlation between the two factors is observed: 800 °C is selected for 

comparison because the effects of decomposed clays and decarbonized calcite were 

more impactful at the elevated temperatures, in terms of strength gain. Likewise, 28-

day and 90-day are selected at standard and later ages, it is more convenient to 

differentiate the physical strength benefitting factors, such as filler effect, more 

nuclei for growth, etc, and the formation of the binding phases. It is clear that at 28-

days, apart from Clay D, SAI performance is improved with the increasing calcite 

content. The main reason Clay D showed much better performance with relatively 

lower calcite content is the presence of 6.7% anorthite in its composition. As studies 
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(Harada & Hagiwara, 1984; Traore et al., 2003) show, anorthite decomposes into all 

three components (CaO, SiO2, and Al2O3) of the ternary blend diagram given in 

Figure 2.1, thus its effect on the formation of binder phases is 3-fold, that is why 

Clay D was able to perform better than calcined clays with higher calcite contents.  

 

 

Figure 4.29. SAI vs Clay Mineral Content of Clays Calcined at 800 °C, for 

standard and late ages. 
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Figure 4.30. SAI vs Calcite Content of Clays Calcined at 800 °C, for standard and 

late ages. 

Overall, at all ages, 800 °C calcined clays performed the best, while raw clays 

performed the worst, in terms of SAI. As expected none of the clays were able to 

satisfy the standard for calcined pozzolans, 75% SAI at 7 or 28 days, specified in 

ASTM C-618 (Figure 4.26), in the raw state. Out of the 8 clays calcined at 600 °C, 

3 were able to satisfy the SAI standard: Clays C and D were able to surpass the 75% 

SAI at both 7 and 28 days, and Clay F only at 7 days (Figure 4.27). For the clays 

calcined at 800 °C, 5 clays (Clays B, C, D,  E, and F) surpassed the 75% SAI 

threshold at both 7 and 28 ages (Figure 4.28). SAI of other clays ranges between 

67.7% and 74.3%, which is arguably not too far from the requirement. While not 

specified in the standard (ASTM C-618), the 90-day SAI of the clays is also 

inspected: For 600 °C calcination, Clays B, C, D, and F surpassed the 75% SAI 

threshold at 90 days. For 800 °C calcination, Clays B, C, D, E, and F presented above 

75% SAI. Out of all clay blends, only Clay C calcined at 800 °C surpassed the 100% 

SAI (101.9%) at 90-days, followed by Clay D (91.5%) with the same parameters. 
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CHAPTER 5  

5 CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions 

In this study, 8 clays that are obtained from the cement plants of Türkiye are calcined 

at two temperatures and characterized by the utilization of various test methods. An 

endeavor to correlate the experimental findings with the clay compositions is taken, 

to form a basis for future studies investigating the clays of Türkiye, such as in ternary 

limestone-calcined clay cement (LC3) blends. 

The raw clay materials and their compositions (Rietveld Analysis) are provided by 

TCMA. After the quartering, crushing, drying, grinding, and sieving procedures, the 

clays are calcined at 600 °C and 800 °C. TGA/DTA experiments are considered to 

determine the calcination temperatures. Flow table tests are conducted to ensure 

constant flow. XRD analyses for raw, 600 °C calcined, and 800 °C calcined clays 

are utilized to determine the decomposition of the clay minerals and other possible 

phase changes after the calcination. Compressive strength, flexural strength, and 

Strength Activity Index (SAI) of each raw, calcined at 600 °C and calcined at 800 

°C clay incorporating mortar, with 20% substitution, is tested for 7, 28, and 90-days, 

according to ASTM C311 and ASTM C-618.  

Based on the experimental results, the following conclusions can be drawn: 

1. Out of the 8 clays studied, each of the kaolinite, illite, or montmorillonite 

minerals was present in 5 clay compositions, making these the equally and 

most common clay minerals. This is followed by clinochlore presence in 3 

clay compositions. Nontronite presence was only observed in a single clay. 

This indicates that a wide range of clay minerals are present within the clays 

obtained from cement factories of Türkiye.  
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2. In TGA/DTA analysis results, an endothermic peak between 700-750 °C is 

observed, which was significantly more notable in clays with relatively 

higher calcite content. This possibly corresponds to the decarbonation of the 

calcite. 

3. In all but one clay incorporating calcite, the disappearance of calcite peaks 

with 800 °C calcination is observed in XRD results. This is likely due to the 

decarbonation of the calcite, as the CO2 pressure build-up may have caused 

relatively lower temperature calcite decomposition.  

4. Formation of the Potassium Aluminum Silicate phase is observed in the clays 

which contain very low or no calcite (Clays A, G, and H). This indicates that 

the formation of this phase is related to the calcite content within the 

composition. 

5. In all clays, a decrease in water demand for the constant flow is observed 

with the calcination. While raw clay blends required 10.8% to 38.2% more 

water relative to the control, for the same flow; this range dropped to 7.0% 

to 14.6% with 600 °C calcination and 7.6% to 12.1% with 800 °C calcination. 

This may be due to the workability improvement caused by the 

agglomeration and spherical shape formation of the clay minerals after the 

calcination. 

6. Particle Size Distribution analyses conducted on raw and 800 °C calcined 

clays show that with the calcination fineness increased in 3 clays (Clays A, 

D, and G), decreased in 2 clays (Clays B and F), and did not change for one 

clay (Clay H). For the remaining clays (Clays C, E), fineness increased for 

coarser particles and decrease for finer particles. This may be due to the 

thermally-induced cracking, cold-sintering, where thermal expansion of the 

particles increases contact zones and create a physical sintering-like effect, 

or simply due to the refraction changes, as the color change with the 

calcination is observed. Fineness changes were, arguably, not significant 

enough to greatly impact the strength test results. 
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7. With calcination, it is observed that the clay samples changed color. This is 

likely due to the oxidizing conditions which shifted the material’s color to 

reddish, or reducing conditions where the color became grayish. 

8. As expected, none of the clays were able to satisfy the requirement of 75% 

SAI at 7 or 28 days stated in ASTM C-618. With 600 °C calcination, 3 clays, 

and with 800 °C calcination, 5 clays were able to satisfy the requirement. 

Only clays which incorporate more than 10% calcite within their composition 

were able to satisfy the requirement. This shows that most of the clays used 

in the study are suitable to use as a calcined natural pozzolan and a cement 

substitute upon calcination. 

9. A direct correlation between the calcite content and the SAI results were 

found. This was potentially due to the reactions between the aluminates and 

silicates sourced from the calcined clays to react with the calcite and form 

binding C-A-S-H phases. In a calcined clay blend, assuming adequate water 

is used, there is an abundance of A, S, and H phases. This makes C phases 

the bottleneck of the binder products, which is likely the reason for the 

correlation. Additionally, only the highest calcite incorporating clay, Clay C, 

was able to surpass 100% SAI at 90-days. 

10. Clay D showed the second-highest overall SAI results, despite having 

relatively lower calcite content (14.8%) and fineness. This is suspected to be 

caused by the presence of anorthite, a rare earth mineral, which is known to 

decompose into CaO, SiO2, and Al2O3 phases. These phases are the main 

parameters of the ternary phase diagram given in Figure 2.1 and anorthite 

presence can greatly improve the strength development by creating a third-

dimensional increase in the diagram. 
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5.2 Recommendations For Future Studies 

1. While the calcined clays of the study are discussed in terms of their strength, 

composition, workability, etc. durability, and volume stability performance 

needs to be investigated for their potential usage as supplementary 

cementitious material. 

2. It is proven that the calcite content within the clay composition plays an 

important role in the experimental results. This can be further investigated by 

presenting external limestone to the system. Optimal limestone incorporation 

can be determined for each clay to minimize CO2 emissions and improve 

sustainability. 

3. XRD analysis results indicate the formation of potassium aluminum silicate 

phase when calcite is not present. This is suspected to be caused by the 

substitution of K+ ions, sourced from clay interlayers to come into play since 

the Ca+2 ions within the matrix are insufficient. This can be further 

investigated with potassium aluminum silicate synthesis with and without 

calcite presence.  

4. While the calcination process and hydration mechanisms behind the 

kaolinite, montmorillonite, and illite are well-studied, research on the less 

popular clay minerals, such as clinochlore and nontronite, are limited. The 

reactivity of these materials, clinochlore-vaterite conversion, and their 

effects, their grindability, their effect on workability, etc. can make for 

valuable and interesting research topics. 

5. While this study investigated the calcined clay behavior on mortars, the 

behavior and effects of the calcined clay incorporation for the concrete can 

be investigated to further discuss the commercial usage of these clays as 

cement substitutes. 

6. Anorthite presence in the clay composition is suspected to significantly 

increase the SAI results, despite the relatively lower calcite content. The 

utilization of anorthite as a ternary blend additive can be investigated.
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APPENDICES 

 

A. Strength Activity Index Calculation 

 

𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑆𝐴𝐼) =
𝐴

𝐵
∗ 100  

 

where: 

𝐴 =  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑐𝑢𝑏𝑒𝑠, 𝑀𝑃𝑎  

𝐵 =  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑚𝑖𝑥 𝑐𝑢𝑏𝑒𝑠, 𝑀𝑃𝑎  
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B. Flexural Strength Results 

Table B.1 Flexural Strength Results of the Clay Mortars 

Sample 

Flexural Strength (MPa) 

7-day 28-day 90-day 

Clay A – No Calc. 6.20 6.27 6.90 

Clay A - 600 °C Calc. 6.90 7.33 8.10 

Clay A - 800 °C Calc. 6.17 7.33 8.23 

Clay B - No Calc. 4.60 5.27 5.33 

Clay B - 600 °C Calc. 6.20 8.07 7.40 

Clay B - 800 °C Calc. 7.00 9.40 8.57 

Clay C – No Calc. 5.20 6.07 7.63 

Clay C - 600 °C Calc. 5.80 8.53 9.63 

Clay C - 800 °C Calc. 7.10 9.50 8.27 

Clay D - No Calc. 6.03 7.17 9.40 

Clay D - 600 °C Calc. 5.90 8.60 9.10 

Clay D - 800 °C Calc. 6.07 8.97 9.30 

Clay E – No Calc. 5.27 6.40 7.33 

Clay E - 600 °C Calc. 5.90 6.43 8.40 

Clay E - 800 °C Calc. 6.70 9.17 7.63 

Clay F - No Calc. 5.60 6.80 7.13 

Clay F - 600 °C Calc. 6.77 8.13 8.37 

Clay F - 800 °C Calc. 7.17 9.47 8.87 

Clay G – No Calc. 5.93 7.57 7.37 

Clay G - 600 °C Calc. 6.70 8.67 7.77 

Clay G - 800 °C Calc. 6.43 8.40 7.40 

Clay H - No Calc. 5.17 6.30 8.03 

Clay H - 600 °C Calc. 5.53 7.57 8.80 

Clay H - 800 °C Calc. 5.93 7.37 8.50 

 


