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Extended Summary 

The cement industry is facing a global problem of environmental pollution during cement 

production. To reduce the negative impact on the environment, the possibility of using 

supplementary cementitious materials – SCMs, e.g. industrial by-products or natural materials, as 

a replacement for part of the cement in concrete has been already investigated for many years. 

Calcium aluminate cement (CAC) has been used for more than 100 years and is mostly used for 

special purposes where resistance to aggressive environments is required. However, the application 

of CAC is limited by the occurrence of the conversion process, which increases the porosity of the 

cement matrix and reduces its mechanical properties. The use of SCMs as a replacement for part 

of the CAC could reduce the negative environmental impact of cement production and improve the 

mechanical properties of concrete, especially when exposed to higher curing temperatures. 

Previous research has shown that the application of blast furnace slag reduces the impact of the 

conversion process. However, due to challenges with the availability and cost of slag, there is a 

need to investigate other possible SCMs. In this dissertation, calcined clay, which is available in 

the region and has a medium kaolin content, was used. Although the rate of the conversion process 

is reduced by the use of SCMs, the question of the durability of such binders arises. 

In the first phase of this dissertation, the research focused on the influence of slag and calcined clay 

on the mechanical properties of CAC cement. At the same time, the changes in hydration products 

and pore structure were analysed under the influence of two different curing regimes (20°C and 

38°C). It was found that calcined clay can be used as a replacement for part of the CAC instead of 

slag to reduce the effects of the conversion process. Furthermore, the results show that the addition 

of calcined clay to CAC strätlingite is formed, which densifies the structure and inhibits the 

conversion process. 
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In the second phase, the research focused on evaluating the durability of concrete based on CAC 

with and without the addition of slag or calcined clay. The durability assessment included tests on 

resistance to carbonation, resistance to chloride penetration, resistance to acid attack and sulphate 

resistance. The tests were carried out on systems before and after the conversion process, whereby 

the conversion process was accelerated by curing at 38°C. The results show that the addition of 

slag or calcined clay reduces the resistance of CAC under different environmental conditions. 

However, while the resistance of systems without SCMs was significantly affected by these 

influences, the resistance of systems with slag or calcined clay was only slightly affected after the 

conversion process. 

The research conducted in this dissertation shows that slag and calcined clay can be used as a 

replacement for 30% of CAC. Understanding the effects of slag and clay on microstructural 

changes, their contribution to mitigating the effects of the conversion process and their effects on 

durability properties allows for a wider application of CAC-based systems. 

Keywords: calcium aluminate cement, conversion process, slag, calcined clay, porosity, chloride 

diffusion, carbonation, sulphates, acids 
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Produženi sažetak 

Cementna industrija suočava se s globalnim problemom zagađenja okoliša tijekom proizvodnje 

cementa. Kako bi se smanjio negativan utjecaj na okoliš, već dugi niz godina istražuje se 

mogućnost primjene mineralnih dodataka (nusproizvodi industrije ili prirodi materijali) kao 

zamjena za dio cementa u betonu. Kalcij aluminatni cement koristi se već više od 100 godina, a 

najčešće se primjenjuje za posebne namjene gdje je potrebna otpornost na agresivni okoliš. 

Međutim, primjenu CAC cementa ograničava pojava procesa konverzije kojim se povećava 

poroznost cementne matrice i smanjuju mehanička svojstva. Upotrebom mineralnih dodataka za 

zamjenu dijela CAC cementa smanjuje se negativni utjecaj proizvodnje cementa na okoliš te se 

poboljšavaju mehanička svojstva betona pogotovo pri izloženosti povišenim temperaturama 

prilikom njegovanja. Dosadašnja istraživanja pokazala su da se primjenom zgure visokih peći 

smanjuje utjecaj procesa konverzije, no zbog izazova s dostupnošću i troškovima zgure, postoji 

potreba za istraživanjem drugih mogućih mineralnih dodataka. U ovoj disertaciji korištena je 

kalcinirana glina, koja je dostupna u regiji, sa srednjim sadržajem kaolina. Iako se stopa procesa 

konverzije smanjuje primjenom mineralnih dodataka, otvara se pitanje trajnosti takvih veziva. 

U prvoj fazi ove disertacije istraživanje je usmjereno na utjecaj zgure i kalcinirane gline na 

mehanička svojstva CAC cementa. Istovremeno su analizirane promjene produkata hidratacije i 

strukture pora pod utjecajem dva različita režima njegovanja (20°C i 38°C). Utvrđeno je da se 

kalcinirana glina može koristiti kao zamjena za dio CAC cementa umjesto zgure, za smanjenje 

utjecaja procesa konverzije. Također, rezultati pokazuju da se dodatkom kalcinirane gline CAC 

cementu stvara stratlingit koji smanjuje poroznost i inhibira proces konverzije.  

U drugoj fazi istraživanje je usmjereno na procjenu trajnosti CAC cementa sa i bez dodatka zgure 

ili kalcinirane gline. Procjena trajnosti obuhvaća ispitivanja otpornosti na karbonatizaciju, 
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otpornost na prodor klorida, otpornost na djelovanje kiselina te sulfatnu otpornost. Ispitivanja su 

provedena za sustave u kojima nije bilo procesa konverzije i za sustave u kojima je proces 

konverzije ubrzan njegovanjem na 38°C. Rezultati pokazuju da dodatak zgure ili kalcinirane gline 

smanjuje otpornost CAC cementa na razna djelovanja iz okoliša. Međutim, dok je u sustavu bez 

mineralnih dodataka otpornost na navedena djelovanja značajno narušena nakon konverzije, 

otpornost sustava sa zgurom ili kalciniranom glinom nije značajno narušena nakon procesa 

konverzije. 

Istraživanje provedeno u ovoj disertaciji pokazuje da se zgura i kalcinirana glina mogu 

primjenjivati kao zamjena za 30% CAC cementa. Poznavanje utjecaja zgure i gline na promjene u 

mikrostrukturi, njihov doprinos na suzbijanje utjecaja procesa konverzije te utjecaj na trajnosna 

svojstva, omogućuje širu primjenu sustava na bazi CAC cementa.  

Ključne riječi: kalcij aluminatni cement, proces konverzije, zgura, kalcinirana glina, poroznost, 

difuzija klorida, karbonatizacija, sulfati, kiseline 
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Glossary 

CA Monocalcium aluminate 

CAH10, CaO • Al2O3 • 10H2O Dicalcium aluminate decahydrate 

C2AH8, 2CaO • A1203 • 8H20 Dicalcium aluminate octahydrate 

C3AH6, 3CaO • A1203 • 6H20 Hydrogarnet 

AH3, 2Al(OH)3 Aluminium hydroxide 

C2ASH8, 2CaO • Al2O3 •SiO2 • 8H2O Strätlingite 

NaCl Sodium chloride 

Na2SO4 Sodium sulphate 

H2SO4 Sulfuric acid 

CaCO3 Calcium carbonate 

CO2 Carbon dioxide 

XRF X-ray fluorescence  

XRD X-ray diffraction 

TGA Thermogravimetric analysis 

MIP Mercury intrusion porosimetry 

SCM Supplementary cementitious materials 

S Slag 

C Calcined clay 

OPC Ordinary Portland cement 

CAC Calcium aluminate cement 
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Chapter 1 Introduction 

The production of cement emits a large amount of CO2, currently accounting for 5-8% of the total 

CO2 emissions worldwide. Looking at the development of the cement industry, it is estimated that 

this proportion will be 25% or more by 2050 [1]. Following the commitments of the cement 

industry to achieve net-zero emissions by 2050, the focus is on reducing the clinker-to-cement ratio 

and developing innovative cement manufacturing technologies [2]. In order to reduce the clinker-

to-cement ratio, supplementary cementitious materials are often used in practise. Additionally, the 

production of alternative cementitious materials, such as calcium aluminate cement (CAC), 

contributes to the reduction of CO2 emissions [3]. Calcium aluminate cement has been used in the 

construction industry for over 100 years and was patented by Jules Bied in 1908. It was originally 

used to increase resistance to aggressive sulphates and chlorides, due to the poor durability of 

ordinary Portland cement in such environments [4]. In addition, it offers further advantages 

compared to Portland cement, such as a rapid increase in early strength, high wear resistance and 

resistance to various chemical attacks. Due to its unique properties, it is used for various purposes: 

emergency and rapid repairs, dam overflows, sewers, industrial floors, as a refractory material, for 

concreting in cold conditions and as an injection mix for tunnel linings [5]. Although it is used for 

various applications, its use is limited by the occurrence of conversion and the limited availability 

of the primary raw material (high-quality bauxite) [6]. The production of calcium aluminate cement 

amounts to 2 million tons per year [7], and it is more than four times more expensive than ordinary 

Portland cement [5]. 
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1.1 Hydration and conversion process of calcium aluminate cement 

Monocalcium aluminate (CA) is the main phase of calcium aluminate cement [8]. In contact with 

water, calcium (Ca2+) and aluminate (Al(OH)4
-) ions dissolve and form four main phases during 

cement hydration. The phases that occur first, CAH10 and C2AH8, are called metastable hydrates. 

Over time, the metastable hydrates form the stable hydrate C3AH6 [5][7]. The transformation of 

metastable hydrates into stable hydrates is called conversion. Along with the appearance of C3AH6, 

AH3 gel is formed, and subsequent water release occurs. The conversion process is highly 

dependent on the temperature and relative humidity of the environment. Furthermore, conversion 

is an unavoidable process. During the aging of calcium aluminate cement [7]. a transformation of 

the hydrates occurs. At temperatures up to 15°C, the metastable CAH10 forms as the first phase. At 

temperatures above 30°C, the metastable C2AH8 forms as the first phase, while at temperatures 

between 15°C and 30°C both forms of metastable hydrates and AH3 hydrate are formed. However, 

the formation of metastable phases becomes more difficult when temperatures are close to 30°C. 

At temperatures above 30°C, the reaction kinetics accelerate, leading to the rapid formation of 

C3AH6 (stable hydrate) and AH3 [5][9]. Figure 1.1 schematically illustrates the formation of the 

main phases of calcium aluminate cement (CAC) as a function of temperature. The temperature to 

which the material is exposed determines the relative amounts of hydrates that form during the 

hydration of calcium aluminate cement. Stable hydrates form after a certain time if the material is 

exposed to sufficient relative humidity and if the temperature of the material is above 20°C for at 

least part of its lifetime [5]. The hydration process of monocalcium aluminate is shown in the 

equations 1.1, 1.2, 1.3, 1.4, 1.5 [4][8][10][11]. 
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Figure 1.1 Formation of the main phases under the influence of temperature 

 𝐶𝐴 + 10𝐻 → 𝐶𝐴𝐻10 (1.1) 

 2𝐶𝐴 + 11𝐻 → 𝐶2𝐴𝐻8 + 𝐴𝐻3 (1.2) 

 3𝐶𝐴 + 12𝐻 → 𝐶3𝐴𝐻6 + 2𝐴𝐻3 (1.3) 

 3𝐶2𝐴𝐻8 → 2𝐶3𝐴𝐻6 + 𝐴𝐻3 + 9𝐻 (1.4) 

 3𝐶𝐴𝐻10 → 𝐶3𝐴𝐻6 + 2𝐴𝐻3 + 18𝐻 (1.5) 

Metastable hydrates usually decompose at temperatures from 100°C to 200°C, while stable 

hydrates decompose at temperatures from 250°C to 350°C [4]. The low-density hexagonal phases 

of the metastable hydrates (CAH10 and C2AH8) fill the space at the beginning of CA cement 

hydration and thus ensure high early strengths. The conversion process, reduces this space and fills 

it with the cubic phases of the stable hydrates (C3AH6 and AH3), leading to a decrease in strength 

[10]. The densities of the hydrates formed through the conversion process are shown in Table 1.1. 

As the density increases, the porosity of the cement matrix also increases, which leads to a reduction 

in strength. The bonds between C3AH6 and AH3 are weaker than the bonds between CAH10 and 

C2AH8, even with the same porosity [12]. When the minimum strength is reached, the water 

released during the conversion process can continue to participate in the hydration of the remaining 

(non-hydrated) cement particles, thus increasing the strength over time [4]. 

Table 1.1 Densities of the calcium aluminate cement hydrates 

Hydrates Density (g/cm3) 
CAH10 1.72 

C2AH8 1.75 

C3AH6 2.52 
AH3 2.40 
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The development of the compressive strength in CAC depends on the water-to-cement ratio, the 

relative humidity of the environment and the curing temperature to which it is exposed. Figure 1.2 

shows the influence of curing temperature on the development of compressive strength. A higher 

curing temperature leads to a lower initial compressive strength, as conversion process takes place 

in very short period. However, when curing at lower temperatures initial compressive strength is 

higher, but after a longer curing time, the compressive strength decreases. Only when curing at 

20°C the compressive strength is constant over a longer period of time. During conversion of 

metastable hydrates into stable hydrates phases with a higher density are formed, which leads to a 

reduction in the volume of hydrates. This results in increased porosity of the cement matrix and 

lower compressive strength. The conversion process can take up to ten years if the concrete is 

exposed to low temperatures (10°C-20°C). Once the conversion process is complete, it can be said 

that the strength is stable, i.e. there is no further significant decrease or increase in strength. 

 
Figure 1.2 Development of compressive strength in relation to curing temperature [5] 

During the hydration of calcium aluminate cement metastable hydrates are formed, which convert 

into stable hydrates under the influence of temperature and relative humidity. The conversion 

process results in a decrease in compressive strength. The effects of the conversion process on 

compressive strength can be reduced by the use of chemical and/or mineral additives. Most research 

has been carried out with the addition of pozzolanic materials such as slag, fly ash, and silica fume 
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[13][14][15][16]. The most commonly used supplementary cementitious material is ground 

granulated blast furnace slag (GGBFS). The high glass content enables latent hydraulic reactivity, 

which allows slag to be used to produce composite cements concrete. To achieve compatibility 

with cement and higher reactivity, the slag needs to be ground to smaller particle sizes [17]. Slag 

contains 32-42% silicon dioxide (SiO2) in its chemical composition. The high SiO2 content in slag 

forms hydrates that inhibit the conversion process during the transformation of hydrates [18]. 

Silicon dioxide reacts with the hydrates of calcium aluminate cement and forms the hydrate 

C2ASH8 (strätlingite hydrate) [19]. The amount of C2ASH8 formed depends on the slag ability to 

release silicon dioxide upon activation. Activation is favoured by the presence of alkali metal 

hydroxides in the CA cement [20]. The process of C2ASH8 hydrate formation is shown in the 

following equations [5][10].  

 2𝐶𝐴𝐻10

𝑆
→ 𝐶2𝐴𝑆𝐻8 + 𝐴𝐻3 + 9𝐻 (1.6) 

  𝐶2𝐴𝐻8

𝑆
→ 𝐶2𝐴𝑆𝐻8 (1.7) 

The reaction of silica with the hydrates of CAC reduces the formation of C2AH8, and at the same 

time C2ASH8 is formed, depending on the amount of slag used to replace the cement. This reaction 

is beneficial as since it reduces the effects of the conversion process, i.e. there is no significant 

decrease in compressive strength [21]. Moreover, the strength will continuously increase until the 

hydration process is complete. Slag has a positive effect on the mechanical properties up to a certain 

replacement percentage. If the replacement percentage is too high, the hydraulic phases in the 

composition decrease, resulting in a large amount of unreacted slag particles. This hinders the 

hydration of the non-hydrated CAC particles, which leads to a reduction in compressive strength. 

Figure 1.3 shows the development of calcium aluminate-based mortar with partial replacement 

(40%, 60%, 80%) by slag. It can be seen that the initial strength of mortars with partial cement 
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replacement is lower but increase continuously over time. Mortars without slag addition show the 

greatest increase in strength during the first few days, but later the strength decreases due to the 

conversion process.  

 

Figure 1.3 Compressive strength development of mortar in relation to curing time [10] 

The positive influence of slag on the development of compressive strength was confirmed by 

Majumdar et.al [20]. They investigated the development of the compressive strength in cement 

paste and concrete with the addition of slag, as a function of the water-to-cement ratio and the 

curing temperature. The cement paste was cured at 20°C and 40°C, the mortar samples at 20°C and 

38°C. By replacing a significant proportion of the cement with slag (50%), the reduction in strength 

caused by the conversion process is prevented. The measurement of the compressive strength of 

cement paste and mortar with the addition of slag showed a stable compressive strength compared 

to mixtures without slag. Kirca [21] came to similar results in his research. A 20% replacement of 

cement with slag had no significant effect on  the hydration products formed during the hydration 

of CAC. The conversion from metastable to stable hydrates was not hindered, suggesting that a 

20% addition of slag is not sufficient to prevent a decrease in strength during the conversion 
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process. However, if the percentage of replacement is increased to 40%, 60%, and 80%, the 

reduction in strength is avoided by the formation of sufficient quantities of strätlingite. At elevated 

curing temperatures, strätlingite forms more slowly than C3AH6 and cannot completely replace it. 

The main disadvantage of replacing cement with slag is that increasing the replacement percentage 

reduces the early strength of the concrete. 

1.2 Durability of calcium aluminate cement 

The durability of calcium aluminate cement is often cited as the greatest advantage of this material 

[4][5][22]. In contrast to Portland cement, which is mainly used in construction, CAC has its niche 

applications [23]. The main purpose of CAC cement was to improve the resistance of OPC to 

sulphates and chlorides [5]. The primary oxides in ordinary Portland cement (OPC) are silicon 

dioxide (SiO2) and limestone (CaO) [24]. In contrast to OPC, the primary oxides in calcium 

aluminate cement (CAC) are limestone (CaO) and aluminum oxide (Al2O3), which together form 

monocalcium aluminate (CA, CaO.Al2O3), dicalcium aluminate (CA2, 2CaO.Al2O3), aluminum 

oxide (Al2O3), gehlenite (Ca2Al2SiO7), and mayenite (C12A7, 12CaO.7Al2O3) in smaller quantities 

[25]. The hydration of CAC cement depends on the temperature and relative humidity of the 

environment. The high early strength is a result of the formation of metastable hydrates (CAH10 

and C2AH8) of hexagonal phases, which have low density. However, over time or with an increase 

in temperature, these metastable hydrates transform into stable cubic hydrates (C3AH6 and AH3), 

which have a high density [26]. The conversion process affects mechanical properties and 

durability. During the conversion process, the porosity of the cement matrix increases and the 

compressive strength decreases [27]. The increased porosity of the cement matrix impairs the 

durability of the cement during exposure to aggressive substances from the environment. 
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CAC is considered to have superior durability compared to OPC. However, most studies have been 

conducted with unconverted CAC or as an addition of CAC to OPC to improve desired properties 

[22][28]. Research has mainly focused on sulphate, chloride and carbonation resistance. The 

resistance to aggressive substances from the environment is highly dependent on the hydration 

products and the porosity of the cement matrix [29]. The penetration of aggressive sulphates into 

the concrete structure is one of the factors that cause the formation of ettringite, monosulphate and 

gypsum [30]. To reduce the effects of aggressive sulphates, sulphate resistant cement (sulphate 

resistant cement-SR) has been produced. The proportion of C3A in sulphate-resistant cement is 

less than 5%, which contributes to improved durability and reduced formation of secondary 

ettringite [31]. It has been shown that CAC exhibits a smaller decrease in compressive strength 

compared to sulphate resistant cement when exposed to sulphate solution (Figure 1.4). CAC is 

more resistant to sulphates due to the absence of calcium hydroxide, the presence of AH3 gel and 

the low reactivity of the metastable hydrate CAH10 with sulphate ions [32]. 

 

Figure 1.4 Change in compressive strength in relation to exposure time [22] 

One of the durability properties raising additional attention in concrete research is resistance to 

carbonation, as concrete-based materials play a role as carbon sinks in the carbon neutrality strategy 

[33][34]. According to the literature, reaction with CO2 in CAC leads to the formation of CaCO3 
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and AH3 gel, regardless of the hydrates present [35][36]. Alapati and Kurtis [37] showed that CAC 

concrete has a faster carbonation rate compared to OPC concrete. They also showed that the 

decomposition of the primary hydration products as a result of carbonation can lead to a significant 

decrease in compressive strength and capillary porosity. On the contrary, some of the researches 

attempted to inhibit conversion process by carbonation curing [38][39]. Exposure of CAC to a large 

amount of CO2 during early age can suppress the conversion process. Metastable hydrates, which 

would convert into stable hydrates, can carbonate during curing with high level of CO2. The product 

of metastable hydrates after carbonation is AH3 gel (Figure 1.5).  

a) b)  

Figure 1.5 a) XRD of non-carbonated and carbonated CAC, b) dTG of non-carbonated and carbonated CAC [39] 

Chloride ions in the concrete structure can be free in the pore solution, adsorbed on surfaces, or 

react with hydration products to form new compounds [40]. Only the free ions in the pore solution 

are considered in the mechanism of chloride movement in concrete, as they are the only ones that 

influence the corrosion processes [41]. A higher chloride binding capacity slows down the process 

of chloride transport through the concrete and leads to a lower degree of chloride-induced corrosion 

[42]. The high content of aluminum oxide (Al2O3) in the chemical composition of calcium 

aluminate cement (more than 30%) enables greater chloride binding in the pores of the concrete, 

reducing the degree of concrete corrosion. Chlorides react with the hydration products of CAC and 
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forms a new product in the form of Friedel salt (3CaO.Al2O3.CaCl2.10H2O) [43][44][45]. In 

addition, replacing part of the cement with mineral additives can increase the resistance of the 

cement matrix to chloride penetration. The addition of materials such as slag and fly ash make the 

structure of the cement matrix more compact. Li et.al [46] investigated the influence of 

supplementary cementitious materials on chloride penetration. By determining the content of free 

and total chlorides, they found that a mixture of CAC without SCMs and a mixture of OPC, CAC, 

gypsum, and slag had the lowest content of free and total chlorides after exposure to seawater. 

a) b)  

Figure 1.6 a) Free chloride content, b) Total chloride content 

1.3 Research scope 

The main objective of the doctoral dissertation was to evaluate the durability of concrete based on 

calcium aluminate cement with and without SCMs under different curing regimes. Research was 

focused on the assessment of durability before and after the conversion process with and without 

the addition of slag and calcined clay in CAC. The research was carried out in cooperation with the 

Calucem company (whose cement was used during the preparation of the entire dissertation), and 

in addition to scientific research, cooperation between industry and research institutions was 

developed. In total, six slags and two clay were used in the initial phase of this research, leading to 

one slag and one clay that were chosen for further investigation on durability properties.  
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Specific objectives of the research were: 

• characterisation of the available SCMs and determination of their effects on the basic 

mechanical and durability of concrete based on calcium aluminate cement (Chapter 3), 

• effects of the conversion process on the changes in the microstructure of the cement matrix 

with and without the addition of SCMs (Chapters 3, 4, 5 and 6), 

• changes in the durability properties of CAC with and without mineral additives at different 

curing temperatures (Chapters 4, 5 and 6). 

The outline of this dissertation is as follows: 

Chapter 1  

This chapter is an introduction to doctoral dissertation covering the most important literature review 

related to calcium aluminate cement such as the hydration, conversion process, and durability. After 

condensed state of the art, research gaps were identified, and research scope and hypothesis of the 

research were set. 

Chapter 2 

The first part of this chapter includes the characterisation of the materials used during the research. 

The second part of the chapter contains a detailed description of all the methods used in the 

research. 

Chapter 3 

This chapter represents the first phase of the experimental research. An initial assessment of the 

influence of slag and calcined clay on the compressive strength of CAC based mortar was 

investigated. Also, the possibility of inhibiting the conversion process by replacing 30% of CAC 

with slag or calcined clay was tested. Furthermore, influence of slag on basic durability properties 
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of CAC based concrete was established. Based on this chapter the durability properties for further 

investigation were defined.  

Chapter 4 

This chapter examines carbonation resistance of CAC based mortar without and with partial 

replacement by slag or calcined clay. The carbonation was evaluated trough mechanical properties 

by testing compressive strength, and microstructural changes induced by carbonation through TGA 

and MIP analysis. In addition, depth of carbonation was determined by phenolphthalein indicator.  

Chapter 5 

This chapter investigates potential of using slag or calcined clay as partial replacement of CAC in 

chloride environment. The chloride environment was stimulated by exposure of samples to NaCl 

solution. Chloride concentration was determined using titration method. In addition, chloride 

concentration was correlated to porosity and phase assemblage obtained by MIP and TGA analysis.  

Chapter 6 

The aim of this chapter was to evaluate sulphate and acid resistance of CAC based mortar without 

and with the addition of slag or calcined clay. The influence of aggressive sulphates and acid 

solutions was determined through mass change, compressive strength, and microstructural analysis 

obtained by TGA, MIP and XRD. 

Chapter 7 

In this chapter, all the conclusions obtained from the research are presented and original scientific 

contributions highlighted. Additionally, recommendations are given for future research on this 

topic. 
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Hypothesis of the research 

1. The addition of SCMs induces changes in the microstructure of alumina cement that affect 

durability in aggressive environments. 

2. The changes in durability properties are highly dependent on the temperature that occurs 

during the early age of CAC hydration. 
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Chapter 2 Materials and methods 

2.1 Materials 

This research is focused on understanding the influence of supplementary cementitious 

materials on micro and macrostructural changes in CAC. For this purpose, six different slags 

and two clays were analysed in the first phase of the research. As a result of the first phase, 

one slag and one clay were selected for further investigation. A calcium aluminate cement 

supplied by manufacturer was used for all investigations. 

The calcium aluminate cement used in this research was provided by Calucem company from 

Pula, Croatia. The percentage of Al2O3 in the chemical composition of the used CAC was 

57.67 %. The complete chemical composition of the CAC cement is not available due to the 

non-disclosure agreement with the manufacturer of CAC cement, Calucem d.o.o. The cement 

was delivered three times in batches of 25 kg each. After shipment, the cement was stored in 

sealed plastic bags and in a plastic box until use.  

In the first phase of the research, six different types of slag samples were analysed as possible 

additions to CAC. All slags are of different origin and are labelled as S1, S2, S3, S4, S5, and 

S6. The particle size distribution of the slags (as received) is shown in Figure 2.1. The slags 

S1, S2, S3, S4, S5 were received as grains. Slag S6 was received as finish product and in the 

form of powder. Two clays labelled as C1 and C2, supplied from South-East Europe, were 

also used for this research. The chemical composition of all SCMs is listed in Table 2.1. The 

raw materials chemical oxides composition was measured using X-ray fluorescence.  

In the second research phase, slag S1 and calcined clay C1 were used to investigate a possible 

addition to calcium aluminate cement and its influence on the mechanical and durability 
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properties. Figure 2.2 shows the results obtained by thermogravimetric analysis of the raw 

clays C1 and C2. The first peak (˂ 100°C) is related to the moisture content, and the 

significant mass loss(%) from 350 – 600 °C is related to the dihydroxylation of the clay 

minerals kaolinite and/or illite. According to the mass loss (%) from 350 – 600 °C, the 

calcined clay contained 40% kaolinite. The kaolinite content determined from the mass loss 

curve is 40% for C1, 25.3% for C2. The heat of hydration obtained by the R3 test using 

calorimetry according to the test developed for the RILEM TC-267 committee (ASTM 

C1897-20) is shown in Figure 2.3. Slag showed a higher reactivity compared to calcined clay 

with a higher amount of heat released during the 7 days, but also a slightly higher initial 

reaction in the first 20 hours. 

 

Figure 2.1 Particle size distribution of slags (as received) 
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Table 2.1 Chemical composition of used materials 

Components S1 S2 S3 S4 S5 S6 C1 C2 

Al2O3 11.7 12.1 13.5 10.8 12 8.4 28.72 26.81 

SiO2 35.4 38.2 35.6 36.6 39.8 40.6 61.77 62.22 

TiO2 0.6 0.6 1.2 0.5 1.4 0.3 0.87 0.81 

MnO 0.2 1.8 0.3 0.4 1.6 3.6 ˂ 0.01 ˂ 0.01 

Fe2O3 0.5 0.5 0.5 0.3 0.8 2.3 3.03 2.08 

CaO 42.5 34.7 38.8 41.9 34.6 36.1 2.39 2.06 

MgO 6.4 10.3 8.7 7.3 7.3 6.3 0.68 1.39 

K2O 0.3 1.3 0.7 0.4 1 1.2 2.3 3.97 

Na2O 0.3 0.4 0.4 0.2 0.2 0.2 0.01 0.67 

SO3 1.2 0.3 0.6 1.4 0.4 0.7 0.22 0.1 

P2O5 0 0 0 0 0 0 0.01 0.01 

 
Figure 2.2 dTG of raw clay 
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Figure 2.3 Heat of hydration obtained by R3 test using calorimetry for 7 days 

2.2 Methods 

2.2.1 Particle size distribution 

Air jet sieving of slags was carried out in accordance with the standard HRN EN 933-10 [47] 

using the MATEST air jet sieve machine. A minimum quantity of 50 g of material was 

required for effective screening. The particle size distribution by laser diffraction was carried 

out by the Calucem company, Pula, Croatia. 

2.2.2 Reactivity 

The reactivity of the materials was investigated using a calorimetry test  and bound water 

measurement developed by the RILEM TC-267 committee, called the R3 test (ASTM 

C1897-20) [48]. Samples of the pastes containing SCMs, sulphate and alkali additive were 

placed in an isothermal calorimeter at a temperature of 40 °C for 3 and 7 days to determine 

the total heat release. A ratio of Ca(OH)2/SCM and CaCO3/SCM of 3 and 1/2, respectively, 

was used for each mixture, while the alkali solution was prepared with 3M of K in the form 

of KOH and K2SO4. All materials and reagents were weighed, mixed and stored at 40 °C for 

24 h prior to the experiment. A high shear mixer was used at 1600 ± 50 rpm for 2 minutes to 
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ensure a homogeneous paste, which was immediately poured into a glass vial and placed in 

an isothermal calorimeter. 

2.2.3 Setting time 

The setting time of mortars was determined according to HRN 480-2:2007 [49]. The mortars 

were cast in conical moulds immediately after mixing. The initial and final setting times are 

determined based on the extent of needle penetration into the sample. The initial setting time 

of the mortar is defined as the time from the completion of mixing until the needle is 4 mm 

above the bottom of the mould. To determine the final setting time, the mould should be 

rotated to the bottom of the mould. The setting time, which is measured from the end of the 

mixing process to the point at which the needle no longer penetrates 2.5 mm into the mortar, 

is defined as the final setting time of the mortar.  

2.2.4 Workability 

The workability of the mortar was determined according to EN 1015-

3:2000/A1:2005/A2:2008 [50]. The workability of the fresh mortar was tested immediately 

after mixing. The mortar is cast into the mould in two layers, each layer being compacted by 

at least 10 short strokes with the tamper to ensure uniform filling of the mould. After 15 

seconds, the mould is slowly removed vertically, and the mortar is spread by turning the flow 

table 15 times, approximately once per second. The average value of two measured diameters 

of mortar indicates the workability of the fresh mortar. 

2.2.5 Compressive strength 

The compressive strength of concrete was measured according to EN 196-1:2016 [51]. The 

compressive strength was determined after 24h, 7d, 28d and 56d of curing. Immediately after 

mixing the concrete was cast in 15x15x15 cm cube samples. The concrete samples were 



Chapter 2  Materials and methods 

32 

 

demoulded after 24h and tested for 24-hour compressive strength. The rest of the samples 

were stored in tap water until testing. 

The compressive strength of mortar samples was tested according to EN 14647 [11]. The 

compressive strength was measured after 6h, 24h, 5d, 7d, 14d, 21d, 28d, 42d, 56d and 91d 

depending on the specific part of the research being conducted. The samples were cast in 

4x4x16 cm prisms moulds. The samples were demoulded after 6 or 24 hours and cured in 

tap water until testing. 

2.2.6 Thermogravimetric analysis 

The TG was conducted using TA Instrument Discovery TGA 55. After a certain time of 

curing, a part of the sample was cut, and hydration was stopped by the solvent exchange 

method by immersion in isopropanol for 7 days. The samples were then stored in a vacuum 

until testing. The samples were heated from 30 to 950 °C at a heating rate of 10°/min in an 

N2 environment with a flow rate of 60 Cc/min. 

2.2.7 Mercury intrusion porosimetry 

The porosity changes were analysed using AutoPore IV 9500 in a pressure range from 0.0033 

MPa to 206.69 MPa and contact angle of 130°. Similar to TGA, the sample was cut, and 

hydration was stopped by the solvent exchange method using immersion in isopropanol for 

7 days. The samples were then stored in a vacuum until testing. 

2.2.8 X-ray diffraction 

Qualitative XRD analysis was used for the mineralogical identification of the crystalline 

phases in the CAC mortar before and after curing in water, and before and after exposure to 

aggressive solutions. For each sample, the mortar powder was packed into a sample holder. 

XRD was performed with a Bruker D8 Discover diffractometer using a Cu tube with a 
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wavelength of 1.54 Ǻ. The 2θ-degree angle was scanned from 5 to 70° with a step size of 

0.017°. 

2.2.9 Carbonation resistance 

The carbonation resistance of concrete and mortar was determined according to EN 12390-

12 [52]. The samples were covered and stored in 15x15x15 cm cube moulds for 24h in 

humidity chamber at 20 °C with relative humidity of 95 %. After 24h, the samples were 

demoulded and stored in water at 20 °C in humidity chamber for 28 days. After 28 days of 

curing in water, the cubes were removed from the water and placed in an air-drying 

environment in the laboratory (18 °C to 25 °C and 50 % to 65 % relative humidity) for 14 

days. After 42 days of curing, the samples were placed in carbonation chamber with a carbon 

dioxide concentration of 3.0 ± 0.5 %, a temperature of 20 ± 2 °C and a relative humidity of 

57 ± 3 % for 7 and 28 days. After each exposure time, the samples were split in half and 

sprayed with phenolphthalein to measure the depth of carbonation. 

2.2.10 Gas permeability 

The gas permeability measurement was carried out according to EN 993-4:2008 [53]. The 

gas permeability of the mortar was tested on cylinder samples, ø100/50 mm. The test is 

carried out by placing the sample in the test cell and placing the plates below and above. 

Nitrogen is released into the system at a pressure of 5 bar. The pressure regulator on the 

device applies pressure to the sample cell and is tested at three different pressures of 2, 2.5 

and 3 bar. For each individual pressure, the travel time of the soap bubble is measured for an 

arbitrary measuring volume with a minimum travel time of 20 s and a maximum travel time 

of 60 s. Three measurements are taken for each pressure and each volume and the mean value 

of these measurements is taken.  



Chapter 2  Materials and methods 

34 

 

2.2.11 Chloride migration 

The chloride migration coefficient measurement was carried out according to NT BUILD 

492 [54]. Samples 28 days and 56 days old were used. An external electrical potential is 

applied axially across the sample and forces chloride ions to migrate into the sample from 

the outside. After a certain test duration, the sample is split axially, and a silver nitrate 

solution is sprayed onto one of the freshly split sections. The chloride penetration depth is 

measured by the visible white silver chloride precipitation, after which the chloride migration 

coefficient is calculated from penetration depth. Table 2.2 shows the resistance of concrete 

according to the migration coefficient values. 

Table 2.2 The resistance of concrete according to chloride migration coefficient values 

Chloride migration coefficient (m
2

/s) Concrete resistance 

˂ 2x10
-12

 Very good 

2x10
-12

 - 8x10
-12

 Good 

8x10
-12

 - 16x10
-12

 Satisfactory 

˃ 16x10
-12

 Unsatisfactory 

2.2.12 Chloride diffusion 

Chloride diffusion was tested according to NT BUILD 443 [55]. Cylindrical samples 

(ø10/h20 cm) were prepared for measurements of chloride resistance of the CAC. After 28 

days of curing, the samples were divided into three 5 cm long samples. Before exposure to 

the NaCl solution, the samples were preconditioned in a Ca(OH)2 solution for minimum of 

18 hours. After preconditioning samples were coated with epoxy on all sides except the side 

to be exposed to chlorides. When the coating has hardened (after 24 hours), the samples were 

immersed in 16.5 % NaCl solution for 35 days. After the defined exposure, a profile grinding 

was performed according to the standard. The samples were ground at 2, 4, 6.5, 10, 14, 18, 
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and 22 mm depth. The obtained powder was then tested for chemical analysis. The chloride 

content was determined by using titration method according to standard EN 14629-2007. 

2.2.13 Water permeability 

The water permeability measurement was carried out on cube samples according to HRN EN 

12390-8 [56]. Three samples were tested for each mixture after 28 days of curing. The water 

is injected from below, and the tightness is ensured by a rubber seal. After 72 ± 2 hours, the 

sample should be split in half. After dividing the sample, the penetration of water through 

the sample is marked with a marker and the depth is measured in millimetres. The maximum 

water penetration is noted. Table 2.3 lists the limiting values for different quality classes of 

concrete based on water permeability. These limiting values are proposed in the Croatian 

national standard HRN 1128 [57], which is a national annex to the standard EN 206-1. 

Table 2.3 Limiting water permeability values for different quality classes of concrete 

Water permeability classes Maximum water penetration allowed (mm) 

VDP1 50 

VDP2 30 

VDP3 15 

2.2.14 Freezing and thawing with de-icing salts 

The freezing and thawing measurements were carried out according to HRN CEN/TS 12390-

9 [58]. Freezing and thawing was tested after 7±1 cycles, 14 ±1 cycles, 28 ±1 cycles, 42 ±1 

cycles, and 56 ±1 cycles. After each cycle, the material is scaled off  the sample surface and 

its mass is measured. The mean value and the individual values for each sample after 56 

cycles are used for the evaluation of the scaling resistance. According to the Croatian national 

standard HRN 1128 for exposure class XF4, the restriction is that after 56 cycles the average 

mass loss ∆mmean ˂ 0.5 kg/m2 and the individual mass loss ∆m ˂ 1 kg/m2.. 
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2.2.15 Sulphate resistivity 

The sulphate resistivity was tested according to ASTM 1012 [59]. The prism (4x4x16 cm) 

samples were exposed to a 5% Na2SO4 solution for 13 weeks. After each exposure time, the 

mass change and compressive strength of the samples was tested. The solution in which the 

samples were immersed was changed every 4 weeks. The samples were tested after 1, 2, 3, 

4, 8, and 13 weeks. 

2.2.16 Acid resistance 

The acid resistance was tested according to ASTM 1012[59], and according to Khan et. al., 

“Durability of calcium aluminate and sulphate resistant Portland cement-based mortars in 

aggressive sewer environment and sulphuric acid” [22]. The prism (4x4x16 cm) samples 

were immersed in 1.5% H2SO4. After each exposure time, the mass change and compressive 

strength of the samples were tested. The solution in which the samples were immersed was 

changed every 4 weeks. The samples were tested after 1, 2, 3, 4, 8, and 13 weeks. 
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Chapter 3 Impact of slag and calcined clay on CAC 

properties 

3.1 Introduction 

The cement industry faces the global challenge of reducing emission of CO2 during 

production, while maintaining equal technical requirements and price of the final products 

[60]. To reduce emissions, the greatest emphasis is on reducing the ratio of clinker within 

cement and cement within concrete and on developing innovative cement production 

technologies [61]. Supplementary cementitious materials (SCMs) are increasingly used in 

the OPC industry as a substitute for part of the cement [62]. However, their use in other 

specialty cements, such as CAC, is not yet fully developed [63]. CAC is used for special 

applications where improved resistance to aggressive environments is required, such as rapid 

repairs, sewers, industrial floors, etc. [6] which means that the niche market and annual 

production is significantly smaller compared to OPC. Nevertheless, the production of CAC 

still contributes to environmental pollution and opportunities are needed to reduce the 

environmental impact [7].  

Specificity of CAC cement is that depending on the temperature and humidity of the 

environment, it undergoes a conversion process that consequently leads to a decrease in 

strength [4]. At the beginning of hydration the main phase of CAC cement, monocalcium 

aluminate (CA), reacts with water and forms metastable CAH10 and C2AH8 hydrates [8]. The 

hexagonal phases of the metastable hydrates provide high early compressive strength. At 

temperatures up to 15°C, the first phase to form is metastable CAH10. At temperatures above 

30°C, the first phase to form is metastable C2AH8, while at temperatures between 15°C and 

30°C, both forms of metastable hydrates and AH3 hydrate form [7]. The metastable hydration 
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products will over time transform to stable C3AH6 and AH3 hydrates, in a process known as 

conversion. The conversion process is accelerated when the temperature exceed 30°C and 

the rapid formation of stable C3AH6 and AH3 occurs [10]. The precipitation of metastable to 

stable hydrates with cubic phases changes the porosity of the cement matrix and causes a 

decrease in compressive strength [12]. Several previous studies [5][21] have confirmed that 

the conversion process can be mitigated by the use of Ground granulated blast furnace slag 

(GGBFS). The reaction of silica in the slag with CAC hydrates leads to the formation of the 

stable phase strätlingite (C2ASH8). By the formation of strätlingite, the conversion process 

rate can be decreased, since the formation of metastable C2AH8  hydrate is reduced. The 

formation of strätlingite stabilizes the compressive strength regardless of the curing 

temperature. Despite all the advantages obtained by using slag as a partial replacement of 

CAC, certain challenges of slag utilisation in cement industry exist. More than 90% of the 

available slag is already used in the production of cement or as addition to cement-based 

mixtures [61]. Furthermore, the availability of slag does not follow the trend of global cement 

production. Moreover, the largest growth of the cement industry is expected in developing 

countries, and slag is mainly available in industrialized countries [64]. Therefore, it is 

necessary to find other alternative materials that are available in sufficient quantities and at 

the same time suitable for use in CAC. In the case of OPC, calcined clay (CC) in combination 

with limestone (LC3) emerged as a possible solution for reducing environmental footprint of 

cement without jeopardizing mechanical properties and durability of OPC [65][66][67][68]. 

As calcined clay is rich in SiO2, the question remains whether calcined clay could be a 

promising material for use in combination with CAC. 
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The main objective of this study is to understand the influence of slag and calcined clay on 

the mechanical properties and durability of calcium aluminate cement. In the first phase, the 

influence of slag was investigated. Six slags of different origins were compared based on 

fresh and mechanical properties of calcium aluminate cement-based mortar. Based on the 

results, one slag was selected for further investigation of the conversion process of CAC 

mortar and the durability of CAC concrete. In the second phase, the possibility of replacing 

part of CAC with calcined clay was investigated. Two clays of different origins were 

compared and one clay was selected for further testing of the conversion process. 

3.2 Impact of slag 

3.2.1 Optimisation of laboratory milling 

Five of the slags were obtained in grains (d50=0,66 to 1,2 mm) of different sizes (Figure 2.1) 

and one slag was industrially milled (slag S6). The reactivity of slags is strongly dependent 

on the particle size. Therefore, prior to the experimental investigation, it was important to 

define a protocol for the laboratory milling of slags in grains to ensure a fair comparison 

between different slags. In order to investigate the optimum milling time to obtain a similar 

particle size for all the slags studied, the slags S3 and S4 were selected for comparison. Slags 

were milled in laboratory disk mill. Prior to milling, the slags were dried in an oven at a 

temperature of 105 °C until a constant weight was reached. The slags were milled for 30 s, 

90 s, 3 min and 5 min. The results of the air jet sieving are shown in Figure 3.1. The results 

show that the same time of milling leads to the same fineness of the slag, regardless of the 

initial particle (grain) size. Furthermore, d50 decreases with increasing milling time. The 

results show the finest particle size distribution of the dry slag samples when the milling time 

is increased to 5 minutes. Also, compared with industrially milled slag S6, the slags milled 
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for 5 minutes show the most similar particle size distribution. From this, it was concluded 

that the optimum grinding time is 5 minutes.  

The air jet sieving particle size distribution for all slags in grains milled for 5 minutes in a 

disc mill is shown in Figure 3.2. The results show a similar particle size distribution for the 

studied slags, d50 is in the range of 32 to 39 µm, confirming that 5 minutes of milling is an 

optimal time, regardless of the initial particle (grain) size of the slags. Additionally, the 

particle size distribution of the slags was analysed by laser diffraction at Calucem company. 

The results are shown in Figure 3.3. Both methods show a similar particle size distribution 

with the exception of quartz which was milled for 10 minutes. 

 

Figure 3.1 Particle size distribution-air jet sieving for different time of milling 
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Figure 3.2 Particle size distribution - air jet sieving 

 
Figure 3.3 Particle size distribution - laser diffraction 
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Table 3.1 Comparison of Blaine, d10, d50 and d90 

 Blaine (cm
2
/g) d10 (µm) d50 (µm) d90 (µm) 

CAC 4000 1,9 14 49 
S1 2076 3,6 41 160 

S2 2178 3,6 36 145 

S3 2407 3 31 145 
S4 1768 4,9 52 190 

S5 2668 2,6 26 125 

S6 3715 2,1 12 29 

QZ 2800 0 15 110 

 

3.2.2 Impact of slag on calcium aluminate cement-based mortar 

For the investigation of the influence of slag on the properties of CAC mortar, 8 mixtures 

were prepared, one reference mixture with 100% CAC, 6 mixtures with a CAC replacement 

of 30 % slag and one mixture with a CAC replacement of 30 % with inert material – quartz. 

The mixtures were prepared according to EN 14647 standard. The mortar mixtures were 

prepared using 500 g binder (CAC and/or slag), 200 g water and 1350 g silicious CEN 

standard sand. The water to binder ratio was kept constant for al mixtures – 0.4. 

Fresh properties 

To evaluate the effects of the different slags on the fresh properties, the workability, 

temperature and the initial and final setting times were determined. The results of the 

workability and temperature of the fresh mortar are shown in Figure 3.4. The results of the 

workability and temperature of the fresh mortar show that the 30 % replacement of CAC 

with slag improves the workability of the fresh mortar and has no effect on the temperature.  
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Figure 3.4 Flow value and temperature of fresh mortar 

According to EN 14647, the setting time should not be less than 90 minutes. The results of 

the initial and final setting time, shown in Figure 3.5, indicate that all mixtures meet the 

requirements of the standard. Moreover, all mixtures with 30% slag replacement have 

prolonged setting time, with the exception of the mixture with S1 slag. 

 
Figure 3.5 Initial and final setting time of fresh mortar 
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test are shown in Figure 3.6 and the results of the compressive strength relative to the pure 

CAC mix are shown in Figure 3.7. The results show that the tested mixtures developed 

between 31.3% (for CAC70S330) and 61.7% (for CAC100) of their 28-day compressive 

strength at 6 hours, while after 24 hours the compressive strength development was between 

65.5% (for CAC70S130) and 81.6 % (for CAC70QZ30). Furthermore, the development of 

compressive strength after 7 days ranged from 79.0 % (for CAC70S130) to 94.35 % (for 

CAC70QZ30) of its 28-day compressive strength. Compared to the reference mix CAC100, 

the replacement of CAC with slag reduced the compressive strength by 30-50% after 6 hours. 

After 24 hours, the slag started to contribute to the development of compressive strength and 

a negligible difference in compressive strength (less than 8 %) was observed compared to 

the reference mix CAC In addition, mixtures with 30 % alumina replaced by slag showed a 

slightly higher compressive strength after 7 days than mixtures with 100 % CAC. After 28 

days, the compressive strength values of the tested mixtures were between 92.66 MPa (for 

CAC70S530) and 106.89 MPa (for CAC100). For these mixtures, it can be observed that the 

replacement of CAC with 30% slag had no influence on the compressive strength after 28 

days. Mixtures with S1, S3, S4 and S6 slag have an even higher compressive strength 

compared to the reference mixture. Mixtures with a 30% replacement of CAC by quartz show 

the same compressive strength as the reference mixture after 28 days of curing. The results 

show that a 30% replacement of CAC with slag can provide higher compressive strength for 

later ages (≥ 24h), while the compressive strength decreases at early ages (˂ 24h).  
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Figure 3.6 Compressive strength of mortars of the following ages: 6 hours, 24 hours, 7 days and 28 days 

 
Figure 3.7 Relative compressive strength of mortars of the following ages: 6 hours, 24 hours, 7 days and 28 days 
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size distribution of CAC cement and S1 slag obtained by laser diffraction is shown in Figure 

3.8. 

 

Figure 3.8 Particle size distribution of CAC cement and slag S1 
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was cured in a water bath at 20 °C and one group in a water bath at 38 °C. Compressive 

strength, thermogravimetric analysis (TGA), and mercury intrusion porosimetry (MIP) were 

tested to evaluate effect of slag on the inhibition of the conversion process.  

Compressive strength 

The development of compressive strength over 56 days for samples cured at 20°C and 38°C 

is shown in Figure 3.9 a) and b), respectively. When cured at 20°C, the mixture with slag 

exhibits a comparable compressive strength to the reference mixture despite the reduction of 

CAC by 30%. Furthermore, both mixtures showed an increase in compressive strength 

during 56 days of curing at 20°C. After curing at 38°C, the compressive strength of the 

reference CAC mix started to decrease after five days, indicating the occurrence of the 

conversion process. By prolonged curing, the conversion process rate i.e. the precipitation of 

metastable hydrates into stable hydrates started to increase, and compressive strength started 

to decrease. After 28 days of curing, the lowest compressive strength was reached, implying 

that the conversion process is completed and there are no more metastable hydrates that could 

transform into stable hydrates. In contrast, once cured at 38°C, mix with slag exhibited an 

increase in compressive strength during 7-day curing. After the 7th day of curing at 38°C, 

this mixture showed a slight decrease in compressive strength, but by the end of the test (56 

days), the compressive strength value increased again and is equal to the compressive 

strength after 7 days of curing. This slight decrease in compressive strength indicates that a 

conversion process also occurred in system with slag, but in smaller rate than for reference 

mix.  
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Figure 3.9 Development of compressive strength over 56 days for samples cured at: a) 20°C, b) 38°C 
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temperature range of 170-230 °C. The decomposition of strätlingite in samples with slag and 

calcined clay was visible from 140°C to 190°C. 

After 28 days of curing CAC100 mix at 20°C (Figure 3.10a) metastable hydrates (CAH10 

and C2AH8) and stable hydrate hydrogarnet (C3AH6) as well as AH3 hydrate were detected. 

For the same mixture cured at 38°C significantly lower peaks of metastable hydrates and 

significantly higher peak for stable hydrate hydrogarnet were detected. Moreover, it was not 

possible to distinguish between hydrogarnet and AH3 hydrates, as only a one broad peak was 

observed at around 230°C. The formation of stable hydrate with higher intensity during 

curing at 38°C confirmed that a conversion process occurred, which was observed as 

compressive strength decrease, Figure 3.9b. For the sample with 30% replacement of CAC 

by slag (Figure 3.10b) metastable and stable hydrates were also observed after 28 days of 

curing at 20°C and 38°C. In both curing regimes, the formation of a new peak, referred to as 

strätlingite hydrate (C2ASH8), was observed [69]. The intensity of the peaks for metastable 

hydrates and strätlingite hydrate was very similar regardless of the curing temperature, but 

hydrogarnet and AH3 hydrate had a higher peak intensity when cured at 38°C.  
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Figure 3.10 DTG for mixes cured at 20°C and 38°C after 28 days: a) CAC100, b) CAC70S130 
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CAH10 hydrate was detected (at a diffraction angle between 5 and 15 degrees), as well as 

stable C3AH6 and AH3 hydrate. When the same mixture was cured at 38°C, a lower peak 

intensity was observed for metastable hydrates and a higher peak intensity for the two stable 

phases (C3AH6 and AH3). For the sample with slag (Figure 3.11b), strätlingite hydrate was 

detected at both curing temperatures. Curing at 20°C showed a higher peak intensity for 

metastable CAH10 hydrate and a lower peak intensity for stable hydrates. However, when 

cured at 38°C, a lower peak was detected for metastable hydrates and a higher peak for stable 

hydrates, indicating that a conversion process occurred in the sample with slag after 56 days 

of curing at 38°C. 

 

 

Figure 3.11 Diffractogram for samples cured 56 days at 20°C and 38°C: a) CAC100, b) CAC70S130 (CA=monocalcium 

aluminate, D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, S=strätlingite Q=quartz) 
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Mercury intrusion porosimetry 

The results of the total accessible porosity are shown in Figure 3.12. The total porosity 

represents the total accessible pore volume of the connected pores. The samples were tested 

after 28 days of curing at 20°C and 38°C. The reference mixture CAC100 showed the highest 

total porosity regardless of the curing temperature: 12.37% when cured at 20°C, and 12.23% 

when cured at 38°C. The mixture with slag had a lower total porosity compared to the 

reference mix, namely  8.19% for curing at 20°C and 8.34% for 38°C. Therefore, 

replacement of CAC cement by 30% of slag impacted the reduction of total accessible 

porosity for around 4%. The pore volume distribution is shown in Figure 3.13. The maximum 

mercury intrusion was different for each mixture, but the reference mixture cured at 38°C 

was the most different. For the reference mixture cured at 38°C, the maximum mercury 

intrusion was between 500 nm and 1500 nm, and for the other mixtures at a much smaller 

pore entry diameter. The critical pore entry diameter is shown in Figure 3.14. The critical 

pore entry diameter is the highest peak in the differential intrusion pore volume curve which 

corresponds to the maximum intrusion volume. The samples cured at 20°C had a lower 

critical pore entry than the samples cured at 38°C. Furthermore, sample with slag had a lower 

critical pore entry than the reference sample at both curing regimes. 
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Figure 3.12 Total porosity after 28 days of curing at 20°C and 38°C for CAC100 and CAC70S130 mix 

 

Figure 3.13 Differential intrusion curve after 28 days of curing at 20°C and 38°C for CAC100 and CAC70S130 mix 
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Figure 3.14 Critical pore entry diameter after 28 days of curing at 20°C and 38°C for CAC100 and CAC70S130 mix 
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Compressive strength 

The development of the compressive strength of concrete was analysed for 56 days. The 

results of the compressive strength measurements are shown in Figure 3.15 and Figure 3.16. 

It can be seen that the compressive strength of both mixtures increases continuously with 

prolonged curing. The compressive strength of CAC70S130 mixture after 24 hours and 7 

days is 30 % lower compared to the reference mixture. After 28 days and 56 days of curing, 

the compressive strength of CAC70S130 mixture is 20 % lower than that of CAC100 

mixture. It can therefore be concluded that after 28 days of curing slag starts to contribute to 

the development of compressive strength. 

 

Figure 3.15 Compressive strength of CAC100 and CAC70S130 concrete mix 

 
Figure 3.16 Compressive strength relative to CAC100 mix 
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Water permeability 

The results of the water permeability test are shown in Figure 3.17. The measurement was 

preformed according to the standard for OPC (ordinary Portland cement), the Croatian 

national standard HRN 1128, which is a national annex to standard EN 206-1. The standard 

defines three quality classes for concrete: a maximum height of water penetration of 50 mm 

for class 1, 30 mm for class 2, and 15 mm for class 3. It needs to be highlighted that these 

limiting values are given for OPC and are hereafter used only to reference the values obtained 

for CAC concrete. The pure CAC mixture, CAC100, has a lower water penetration depth 

than the mix by 30% replacement of CAC with GGBFS, CAC70S130. However, both 

mixtures belong to class 2. 

 

Figure 3.17 Water penetration depth for CAC100 and CAC70S130 mix 

Gas permeability  
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Figure 3.18 Gas permeability coefficient for CAC100 and CAC70S130 mix 

Chloride migration 

Samples 28 days and 56 days old were used to investigate the chloride migration coefficient. 

The results of the chloride migration coefficient for each mixture are shown in Figure 3.19. 

The usual values for defining OPC concrete quality based on the chloride migration 

coefficient are listed in Table 2.2. The reference mixture has a lower migration coefficient 

for both ages of testing compared to mixture with replacement, which means highest 

resistance to chloride penetration. The replacement of CAC cement with slag reduces the 

resistance of the concrete to chloride penetration. After 56 days of curing, the coefficient 

decreases in the case of concrete with slag due to the slow reactivity of the slag. 

 

Figure 3.19 Chloride migration coefficient for CAC100 and CAC70S130 mix 
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Freezing and thawing with de-icing slats 

Freezing and thawing with de-icing salts was tested over 56 cycles. The results are shown in 

Figure 3.20. According to the standard for exposure class XF4, the average weight loss per 

cycle should be less than 0.5 kg/m2 and the individual weight loss less than 1 kg/m2 . Both 

mixtures did not meet the requirements of the standard. The reference mixture shows a 

similar behaviour to the classic OPC system without chemical additives. Additionally, the 

mixture with replacement showed significantly worse behaviour after 7 days compared to 

reference mixture 

 

Figure 3.20 Mean value of scaled material per cycle of freezing and thawing 
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after 7 days and 28 days of CO2  exposure. It is noticeable that the CAC70S130 sample shows 

a higher depth of carbonation after 7 days and after 28 days of exposure. 

0

1

2

3

4

5

6

7

0 7 14 21 28 35 42 49 56

A
v
er

a
g

e 
m

a
ss

 o
f 

sc
a
le

d
 m

a
te

ri
a
l 

(k
g

/m
2

)

Freeze-thaw cycles

CAC100 CAC70S130



Chapter 3                                                                            Impact of slag and calcined clay on CAC properties  

59 

 

 

Figure 3.21 Carbonation depth for CAC100 and CAC70S130 mix 

a) b)  

c)  d)  
Figure 3.22 Samples sprayed with phenolphthalein after 7 days of carbonation: a) CAC100, b) CAC70S130, and 28 days 

of carbonation: c) CAC100, d) CAC70S130 
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CAH10 phase, decomposition of C3AH6 phase occurs, but the carbonation of that phase is not 

as significant compared to the carbonation of the CAH10 phase. Figure 3.23 also shows that 

the CAH10 phase decomposes at temperatures below 100 °C, the AH3 gel and the C3AH6 

phase at 230 °C – 280 °C and CaCO3 at temperatures above 600 °C. The effects of 

carbonation on the formation of phases for a mixture with a replacement of 30% CAC by 

slag after 7 and 28 days of carbonation are shown in Figure 3.23b. The metastable phases 

CAH10 and C2AH8 carbonate first, followed by strätlingite (C2ASH8) carbonation. The 

decomposition of these three phases produces AH3 gel and CaCO3. The formation and 

decomposition of the C3AH6 phase is similar after 7 and 28 days of carbonation, and the 

temperatures at which the phases decompose are similar to those of pure CAC cement 

mixture. The intensity of the peak corresponding to the decomposition of calcium carbonate. 

a) b)  

Figure 3.23 dTG curves of non-carbonated and carbonated samples a) CAC100, b) CAC70S130 

Mercury intrusion porosimetry was tested on non-carbonated samples and on samples after 
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CAC was replaced by slag, carbonation also reduces the capillary porosity, but significantly 

increases the porosity in the gel pore size range (Figure 3.24b). The CAC70S130 sample has 

a higher total porosity compared to the pure CAC sample, both for the non-carbonated and 

carbonated samples but the total porosity of the CAC70S130 sample decreases more after 

carbonation. 

a) b)  
Figure 3.24 Pore size distribution of non-carbonated and carbonated samples a) CAC100, b) CAC70S130 

Table 3.2 Total porosity of non-carbonated and carbonated samples 

Porosity (%) 

Sample 
Before 

carbonation 
7 days 28 days 

CAC100 6.15 6.29 5.26 

CAC70S130 7.93 7.16 5.62 
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higher compressive strength. After 28 days of carbonation, the compressive strength values 

are similar for both mixtures. The 20% increase in compressive strength between the non-

carbonated and carbonated CAC70S130 samples is attributed to the faster carbonation rate 

and higher decrease in total porosity after carbonation. 

 

Figure 3.25 Compressive strength of non-carbonated and carbonated samples 

3.3 Impact of calcined clay 

3.3.1 Impact of calcined clay on calcium aluminate-based mortar 

Two calcined clays were used to determine their influence on the compressive strength of 
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(ASTM C1897-20) is shown in Figure 3.26. Clay 1 showed a higher reactivity compared to 

clay 2 with a higher amount of heat released through the 7 days. The particle size distribution 

obtained by laser diffraction of CAC cement and clays C1 and C2 is shown in Figure 3.26.  

For the investigation of the influence of calcined clay on the properties of CAC mortar, 2 

mixtures were prepared, a reference mixture with 100% CAC, a mixture with a CAC 

replacement of 30 % by calcined clay C1 and a mixture with a CAC replacement of 30 % by 

calcined clay C2. The mortar mixtures were prepared from 500 g binder (CAC and/or 

calcined clay), 200 g water and 1350 g siliceous CEN standard sand. The water to binder 

ratio was kept constant for al mixtures – 0.4. Additionally, superplasticizer of 0.6 % wt. of 

binder content  was used in mixtures with calcined clay. 

 
Figure 3.26 Heat of hydration obtained by R3 test using calorimetry for 7 days 
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Figure 3.27 Particle size distribution of CAC cement and clay C1, C2 

Compressive strength 
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has an effect on the early compressive strength. Although 30% of the CAC was replaced by 

calcined clays C1 and C2, the compressive strength is not compromised..  

 
Figure 3.28 Development of compressive strength over 28 days  
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(labelled CAC70C130). The replacement level of 30% was used to ensure that any changes 

induced by the addition of SCM are visible in mechanical properties and microstructure. The 

mixtures were prepared according to EN 14647. The mortar mixtures were prepared from 

500 g binder (CAC and/or slag), 200 g water and 1350 g siliceous CEN standard sand. The 

water to cement ratio was kept constant for all mixtures – 0.4. In addition, for the mixture 

with clay superplasticizer was used to ensure sufficient and comparable workability to the 

reference mixture. The amount of superplasticizer was 0.6% by weight of the binder content 

The conversion process is highly dependent on the temperature and relative humidity of the 

environment, therefore before casting, laboratory and all components were conditioned to 20 

°C to avoid interference of temperature on early hydration of CAC. For the first 24 hours the 

samples were covered and stored in a humidity chamber at 20 °C and 95% relative humidity. 

After 24 hours, the samples were demoulded. To access conversion process, one group of 

samples was cured in a water bath at 20 °C and one group in a water bath at 38 °C. To 

evaluate effect of slag on inhibition of conversion process compressive strength, 

thermogravimetric analysis (TGA), and mercury intrusion porosimetry (MIP) were tested. 

Compressive strength 

The development of compressive strength over 56 days for samples cured at 20°C and 38°C 

is shown in Figure 3.29 a) and b), respectively. When cured at 20°C, the sample with C1 

showed a continuous increase in compressive strength. Compared to the reference sample, 

the compressive strength is lower for 56 days testing period. Although CAC was replaced by 

30% C1, the compressive strength did not decrease for 30%, indicating a contribution of the 

calcined clay to the development of the compressive strength of CAC cement-based mortar. 

When cured at 38°C, the compressive strength of the reference sample started to decrease 
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after 5 days of curing, indicating a conversion process from metastable to stable hydrates. 

After 28 days of curing, the strength of the reference sample is almost stable, implying that 

almost all metastable hydrates have converted to stable ones. When CAC is replaced by 

calcined clay and cured at 38°C, the compressive strength is constantly increasing during 

prolonged curing up to 56 days.  

 

 

Figure 3.29 Development of compressive strength over 56 days for samples cured at: a) 20°C, b) 38°C 
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Thermogravimetric analysis 

Thermogravimetric analysis was conducted on samples cured 28 days at 20°C and 38°C. 

Obtained derivate of the mass loss curve are shown in Figure 3.30. It can be seen from DTG 

curves that hydrate dehydration takes place in a similar temperature range for all samples. 

The decomposition of the metastable hydrate CAH10 was observed in the temperature range 

of 40-80 °C, the decomposition of C2HA8 at 70-130 °C. The dehydration of the stable hydrate 

C3AH6 was observed between 230°C and 300°C, that of the AH3 hydrate in the temperature 

range of 170-230 °C. The decomposition of strätlingite in samples with slag and calcined 

clay was visible from 140°C to 190°C. In the reference sample both metastable and stable 

hydrates were detected after 28 days of curing. For the same mixture cured at 38°C, a 

significantly lower peak of metastable hydrates and a significantly higher peak of stable 

hydrate hydrogarnet was detected. The formation of stable hydrate with higher intensity 

when cured at 38°C confirmed that the conversion process occurred during curing at 38°C. 

For sample with calcined clay, metastable and stable hydrates and strätlingite hydrate did 

occur, but with different peak intensities. The higher peak intensity was observed for 

metastable hydrates when cured at 38°C and a less intense peak for stable hydrates. Also, 

when cured at 20°C it showed a higher peak intensity for strätlingite hydrate. 



Chapter 3                                                                            Impact of slag and calcined clay on CAC properties  

69 

 

 

 

Figure 3.30 DTG for mixes cured at 20°C and 38°C after 28 days: a) CAC100, b) CAC70C130 

X-ray diffraction 
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intensity was observed for metastable hydrates and a higher peak intensity for the two stable 

phases (C3AH6 and AH3). For the calcined clay sample (Figure 3.31b), a higher peak 

intensity of the metastable hydrate CAH10 was observed, compared to the reference sample, 

for both curing temperatures. Moreover, lower peaks were observed for stable hydrates 

compared to the same peaks in the reference sample. Furthermore, strätlingite hydrate was 

formed during curing at both curing temperatures. 

 

 

 

Figure 3.31 Diffractogram for samples cured 56 days at 20°C and 38°C: a) CAC100, b) CAC70C130 (CA=monocalcium 

aluminate, D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, S=strätlingite Q=quartz) 

Mercury intrusion porosimetry 

The results of the total accessible porosity are shown in Figure 3.32. The total porosity 

represents the total accessible pore volume of the connected pores. The samples were tested 
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after 28 days of curing at 20°C and 38°C. The reference sample CAC100 showed the highest 

total porosity regardless of the curing temperature: 12.37% when cured at 20°C and 12.23% 

when cured at 38°C. The sample with calcined clay showed a lower total porosity compared 

to the reference mix: 8.80% when cured at 20°C and 8.19% when cured 38°C. Thus, the 

replacement of CAC by 30% of calcined clay resulted in a reduction in total accessible 

porosity of approximately 4%. The pore volume distribution is shown in Figure 3.33. For the 

reference sample cured at 38°C the maximum mercury intrusion was between 500 nm and 

1500 nm, while the samples with calcined clay showed a much smaller pore entry diameter, 

especially after curing at 38°C. The critical pore entry diameter is shown in Figure 3.34. The 

critical pore entry diameter is the highest peak in the differential intrusion pore volume curve 

which corresponds to the maximum volume intrusion. The samples cured at 20°C had a 

smaller critical pore entry than the samples cured at 38°C. Furthermore, the samples with 

calcined clay had a lower critical pore entry than the reference sample at both curing regimes.  

 
Figure 3.32 Total porosity after 28 days of curing at 20°C and 38°C for CAC100 and CAC70C130 mix 
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Figure 3.33 Differential intrusion curve after 28 days of curing at 20°C and 38°C for CAC100 and CAC70C130 mix 

 
Figure 3.34 Critical pore entry diameter after 28 days of curing at 20°C and 38°C for CAC100 and CAC70S130 mix 
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clay on the conversion process and the changes in the microstructure were investigated. The 

development of the compressive strength of CAC is closely related to the curing temperature 

during hydration and hardening of the cement. During curing at 38°C, the transformation of 

metastable phases into stable phases is accelerated, resulting in a decrease in compressive 

strength [8]. The compressive strength of the reference sample cured at 38 °C started to 

decrease after 7 days of curing, and after 28 days of curing, the compressive strength was 

60% lower than mix cured at 20 °C. The TGA analysis confirmed that in the case of the pure 

CAC mixture almost all metastable phases were transformed into stable phases during 28 

days of curing at 38 °C, which is directly related to the significant compressive strength 

decrease. During the conversion process phases of stable hydrates were formed, which have 

a higher density of cubic phases, increasing the space between the hydrates and therefore 

overall porosity [5]. The increase in porosity of the cement matrix led to the compressive 

strength decrease [72]. When cured at 38°C, the pure CAC mixture showed almost complete 

precipitation of the metastable phases into stable phases until 28 days of curing. However, 

total porosity of the CAC100 mixture was nearly the same, regardless of the curing 

temperature. For better understanding of pore structure on the compressive strength, pore 

classification was carried out. Figure 3.35 shows the pore classification based on their entry 

diameter according to Kumar et al [73]. It can be seen that there are no significant differences 

between the reference mix cured at 20°C and 38°C in terms of the percentage of gel pores, 

capillary pores and macro pores. The compressive strength development is mostly dependant 

on the formation of capillary pores during cement hydration. Figure 3.36 shows capillary 

pore classification according to Mehta [74]. In this case, the capillary pores were divided into 

three groups, micro (0.01 – 0.1 µm), meso (0.1 – 1 µm) and macro (1 – 10 µm) capillary 
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pores. The reference sample cured at 38°C, where conversion process occurred, has a higher 

proportion of larger capillary pores than the reference mixture cured at 20°C. Therefore, once 

metastable phases have transformed into stable phases, the critical pore entry diameter has 

increased, and the capillary pores have become larger. A pure CAC mixture is inclined to 

experience reduction in compressive strength at elevated temperatures, but with the addition 

of materials rich in silica conversion reaction is hindered without reduction in compressive 

strength. Addition of supplementary cementitious materials in CAC leads to further 

hydration of CA, resulting in more hydration products [75]. When 30% of the CAC is 

replaced with slag, the compressive strength becomes more stable during curing at 38°C due 

to formation of strätlingite hydrate. By curing at lower temperatures (below 20°C), the 

dominant phase that will form is CAH10 hydrate. Since the formation of strätlingite is mostly 

governed by C2AH8 hydrate, strätlingite has no significant influence on the space filling 

when curing at lower temperatures. On the other hand, by curing at higher temperatures 

(above 25°C), the formation of C2AH8 and AH3 hydrate dominates [75]. In this case, more 

strätlingite hydrate is formed and the decrease in compressive strength is reduced. Despite 

the formation of strätlingite hydrate, the conversion process still occurs, which can be 

observed by an increase in the critical pore entry diameter and a slight reduction in 

compressive strength compared to the same mixture cured at 20°C (Figure 3.9, Figure 3.13). 

The addition of slag reduces the critical pore entry diameter for both curing regimes, due to 

the formation of denser hydrate strätlingite [10]. The critical pore entry diameter is higher 

when cured at 38°C as a result of larger formation of stable hydrates with lower density. The 

mixture with slag has a lower total intrusion volume than the reference mixture but shows 

similar behaviour. By curing at higher temperatures, the differential intrusion curve for both 
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mixture shifts to the right, indicating a coarsening of the pore structure. In the case of mixture 

where 30% of the CAC was replaced by calcined clay, the formation of strätlingite hydrate 

was observed at both curing temperatures (Figure 3.30), however compressive strength of 

this mixture was continuously lower compared to the mixture with slag. The reason for this 

is the formation of less metastable phases by curing at 20°C, and formation of less strätlingite 

hydrate by curing at 38°C. Despite that, the compressive strength of the calcined clay mixture 

neither increased nor decreased when cured at 38°C, so that this mixture was the most stable 

compared to the other two mixtures. It has been reported that calcined clay in combination 

with OPC reduces the critical pore entry diameter [64]. When calcined clay was added to 

CAC. the critical pore entry size was also reduced at both curing temperatures. Moreover, by 

curing at higher temperatures hydration was faster and there were more finer pores, and the 

critical pore entry diameter was further reduced (the differential intrusion curve was shifted 

to the left, Figure 3.33). The mixture with calcined clay forms more hydration products of 

metastable phases and there is no compressive strength loss or increase in capillary pores 

size range. Also, the formation of strätlingite hydrate at elevated temperatures contributes to 

the densification of the structure and the reduction of the critical pore entry diameter. 
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Figure 3.35 Pore classification based on their entry diameter 

 

Figure 3.36 Capillary pores classification 

3.5 Conclusion 

The aim of this research was to analyse the influence of slag and calcined clay on the 

mechanical and durability properties of CAC. The influence of slag on the basic durability 

properties of CAC based concrete was determined. Furthermore, changes in the 
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microstructure and their influence on the conversion process of CAC without and with the 

addition of slag/calcined clay were observed. 

The following conclusions are drawn from the study: 

• It has been shown that slags of different origin and chemical composition have almost 

the same influence on the compressive strength of CAC based mortar when cured at 

20°C, especially on the 28-day compressive strength.  

• The durability properties of CAC based concrete cured at 20°C were reduced when 

CAC was replaced by 30% of slag. Also, the compressive strength of concrete with 

slag was lower than that of the pure CAC concrete. 

• A positive influence on the compressive strength of CAC concrete with the addition 

of slag was observed during carbonation of the CAC concrete. In this case, the 

strength increased by 20% after 56 days of carbonation. 

• Curing CAC at 38°C resulted in the compressive strength decrease of 60%, due to 

the conversion of metastable hydrates to stable hydrates, and consequently an 

increase in the critical pore entry diameter and the formation of larger capillary pores.  

• The formation of strätlingite C2ASH8 hydrate was confirmed for CAC with the 

addition of slag as well as for calcined clay.  

• In the presence of C2ASH8 hydrate, the structure of the cement matrix was densified 

which contributed to a lower total intrusion volume and a lower total accessible 

porosity compared to a mixture without the addition of slag and calcined clay. 

• The addition of slag reduced the conversion process rate, however with prolonged 

curing at 38°C, a decrease in compressive strength was observed, as well as the 
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formation of a larger amount of stable hydrates, which indicates occurrence of the 

conversion process. 

• The addition of calcined clay to CAC slightly reduced overall compressive strength 

compared to the CAC system, however a decrease in compressive strength was 

avoided when cured at 38°C, making this mixture the most stable.  

• Despite reduced overall compressive strength, the addition of calcined clay to CAC 

contributed to the avoidance of the conversion process even after 56 days of curing 

at 38°C 

• The formation of strätlingite in the calcined clay mixture densified the structure and 

reduced the critical pore entry diameter particularly when the mixture was cured at 

38°C.  
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Chapter 4 Carbonation of CAC with slag/calcined clay 

4.1 Introduction 

The durability of calcium aluminate cement is often cited as the greatest advantage of this 

material [4][5][22]. One of the durability properties raising additional attention in concrete 

research is resistance to carbonation, due to the implication concrete based materials as 

carbon sinks have in the carbon neutrality strategy [33][34]. The reaction of carbon dioxide 

with hydrates within cement matrix leads to the formation of calcium carbonate polymorphs. 

In CAC cement, according to the literature, the reaction with CO2 leads to the formation of 

CaCO3 and AH3 gel, irrespective of the hydrates present [5]. The carbonation reactions of 

CAC hydrates are shown in equations below [35][36]. 

 𝐶𝐴𝐻10 + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3 + 𝐴𝐻3 + 7𝐻2𝑂        (4.1) 

 𝐶3𝐴𝐻6 + 3𝐶𝑂2 → 3𝐶𝑎𝐶𝑂3 + 𝐴𝐻3 + 3𝐻2𝑂 (4.2) 

Alapati and Kurtis [37] demonstrated that CAC concrete exhibits a faster carbonation rate in 

comparison to OPC concrete. Additionally, they showed that the decomposition of primary 

hydration products due to carbonation can lead to a considerable decrease in compressive 

strength and capillary porosity. On the contrary, studies of CAC exposure to carbon dioxide 

as curing during early age showed that it is possible to overcome conversion process by 

exposing samples to critical carbonation (100 % of CO2) or by early carbonation curing 

[38][39]. Studies showed formation of stable hydrates without causing an increase in the 

porosity of the cement matrix. As can be seen, there is an absence of uniform conclusion on 

the effect of carbonation on CAC. Furthermore, there is limited knowledge about how SCMs 

impact the carbonation process of calcium aluminate cement. 
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This research is focused on evaluating the carbonation resistance of mortar based on CAC 

without and with the addition of slag and calcined clay. For this purpose, three mixes were 

made. One reference mixture with 100% of CAC, and two mixes with 30% replacement of 

CAC by slag and calcined clay respectively. Prior to placement in the carbonation chamber, 

one set of mixtures was cured at 20°C while the other set was cured at 38°C to accelerate the 

conversion process. Influence of carbonation was evaluated on non-converted (cured at 

20°C) and converted samples (cured at 38°C). Depth of carbonation was measured with 

phenolphthalein indicator. To assess the impact of carbonation on the mechanical properties, 

the compressive strength of the samples was tested before and after 56 days of carbonation. 

Microstructure studies were performed by thermogravimetric analysis (TGA), mercury 

intrusion porosimetry (MIP), and X-ray diffraction (XRD). 

4.2 Results 

4.2.1 Depth of carbonation 

Carbonation ingress was monitored over 56 days of exposure to CO2. Results obtained from 

carbonation depth measurement are shown in Figure 4.1. Mixture CAC70C130 20°C 

exhibited the highest carbonation ingress throughout all testing periods. Mixtures cured at 

38°C before carbonation have an overall lower carbonation depth than mixtures cured at 

20°C. This difference also can be seen in, Figure 4.2, where samples sprayed with 

phenolphthalein after 56 days of exposure to CO2. Phenolphthalein is used as an indicator of 

uncarbonated, partially carbonated, or fully carbonated concrete. The purple colour indicates 

that the concrete has not carbonated, and if part of the sample is colourless, it implies that 

carbonation occurred. Both slag and calcined clay samples show smaller carbonation depth 

in the case of samples cured at higher temperature which also can be seen from samples 

sprayed with phenolphthalein. If all samples sprayed with phenolphthalein are compared, a 
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different colour of the reference mixture cured at 38°C is visible. The colour of this sample 

is pale purple, potentially due to the differences in the phase assemblage of this mix during 

carbonation, causing weaker reaction of phenolphthalein with the surface of the sample. 

 

Figure 4.1 Carbonation depth values for all mixes 

a)    

b)  

Figure 4.2 Samples sprayed with phenolphthalein after 56 days of exposure for CAC70S130 mix: a) 20°C, b) 38°C 

4.2.2 Compressive strength development 

The compressive strength was tested after 28 days and 56 days of curing at 20°C and 32°C, 

Figure 4.3. The compressive strength of the reference mixture cured at 20°C remained the 
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same after 56 days of curing compared to the 28 days cured samples. A similar trend can be 

noticed for the reference mixture cured at 38°C. Although this mixture already had a lower 

compressive strength after 28 days of curing compared to the mixture cured at 20°C, the 

strength continued to decrease, indicating that not all metastable hydrates were transformed 

into stable hydrates during first 28 days of curing. Mixtures where 30% of CAC was replaced 

by slag or calcined clay had increased compressive strength after 56 days of curing, 

potentially implying that the conversion process did not occur in these samples after 56 days 

of curing, or that due to the higher temperature of curing, there is a higher degree of 

hydration. 

  
Figure 4.3 Compressive strength values after 28 days and 56 days of curing at 20°C and 38°C 

Additionally, compressive strength measurements were conducted after 56 days of 

carbonation compared to compressive strength of samples prior to carbonation, Figure 4.4. 

Accelerated carbonation had the greatest impact on the change in the compressive strength 

of the reference mixture for both curing temperatures. While the compressive strength of 

non-converted reference mixture cured at 20°C decreased for almost 30% after 56 days of 

carbonation, the same mix converted due to the curing at 38°C experienced increase in 

compressive strength for almost 40% after carbonation. In the case of mixtures with slag and 
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calcined clay, a slight increase in strength was recorded for all mixtures after 56 days of 

carbonation, regardless of curing conditions prior to carbonation. 

  
Figure 4.4 Compressive strength values before and after 56 days of carbonation compared to compressive strength prior 

to carbonation 

4.2.3 Microstructural changes during carbonation 

Calcium aluminate cement 

Figure 4.5 shows dTG curves for CAC100 mix cured at 20°C (a) and 38°C (b) after 28 days 

and 56 days of curing, as well as after 28 days and 56 days of carbonation. On Figure 4.5a) 

metastable hydrates CAH10 and C2AH6 were identified decomposing on temperatures from 

40°C to 130°C, and stable hydrates AH3 and C3AH6 on temperatures from 210°C to 290°C. 

Also, metastable hydrate C2AH8 can be noticed at temperatures higher than 800°C. This 

hydrate decomposes in several steps; an amorphous phase of C2AH8 hydrate decomposes at 

lower temperatures (up to 320°C), but this phase crystallizes again and decomposes at higher 

temperatures [76]. CAC cement hydrates occur at similar temperatures both after 28 days, 

and 56 days of curing, but with different peak intensities. With prolonged curing of 56 days 

at 20°C, more stable hydrates were formed, indicating conversion process started to occur. 
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By curing at 38°C CAC experienced almost complete conversion of metastable hydrates to 

stable hydrates after 28 and 56 days of curing, as evident from Figure 4.5b). 

After 28 days of carbonation in the case of CAC cured at 20°C peak intensity for metastable 

hydrates was lower, and peak intensity for stable hydrates slightly higher. Also, 

decomposition of CaCO3 phase can be noticed in temperature range from 430°C to 630°C. 

However, after 56 days of carbonation higher peak intensity was detected from 30°C to 

130°C for both curing regimes. Therefore, after a prolonged period of exposure to CO2, 

metastable hydrates begin to form again. Additionally, higher peak intensity of C2AH8 

hydrate was detected after 28 days, and 56 days of carbonation.  

a) b)  
Figure 4.5 DTG curves of carbonated CAC100 mix cured at (a) 20°C and at (b) 38°C after 28 days and 56 days of 

exposure 

In the case of CAC100 mix cured at 38°C after 28 days and 56 days of carbonation, it is 

visible that during carbonation the peak of stable hydrates was decreasing. After 56 days of 

carbonation there was no C3AH6 hydrate detected, while metastable hydrates and calcium 

carbonate occurred. Also, formation of more AH3 hydrate was detected after 56 days of 

carbonation in sample cured at 38°C.  

XRD was performed on the reference mixture subjected to carbonation for 56 days. The 

results for mixture CAC100 20°C, and CAC100 38°c are shown in Figure 4.6 and Figure 
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4.7, respectively. The testing was conducted on mortar samples containing silicious standard 

sand. Given that quartz has high crystallinity, the peaks of quartz in the XRD analysis results 

are much larger compared to the peaks of the hydrates found in CAC. In the case of CAC100 

20°C sample, at the diffraction angle between 5 and 15 degrees, metastable hydrates, CAH10 

and C2AH8 were detected. Moreover, higher peak intensity for these hydrates was detected 

in carbonated sample, indicating metastable hydrates formed during carbonation. In both 

non-carbonated and carbonated samples stable hydrogarnet and AH3 hydrate were detected. 

In the reference sample cured at 38°C very low peak intensity was detected for metastable 

hydrate CAH10 in non-carbonated part of the sample. This indicates that the conversion 

process was nearly complete. Similarly, as for the sample cured at 20°C, higher peak 

intensities were detected for both metastable hydrates CAH10 and C2AH8 in carbonated 

sample, compared to non-carbonated sample, indicating formation of metastable phases 

during carbonation. In carbonated sample traces of calcite and vaterite polymorph of calcium 

carbonate were detected, and the third polymorph of calcium carbonate, aragonite, 

predominantly formed.  

 
Figure 4.6 Diffractogram for non-carbonated and carbonated CAC100 20°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, V=vaterite) 
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Figure 4.7 Diffractogram for non-carbonated and carbonated CAC100 38°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, V=vaterite) 

Calcium aluminate cement with slag 

Figure 4.8 shows dTG curves for mix where 30% of CAC is replaced by slag cured at 20°C 

(a) and 38°C (b) after 28 days and 56 days of curing, as well as after 28 days and 56 days of 

carbonation. Except for the hydrates that occur in CAC , formation of strätlingite (C2ASH8) 

hydrate, which decomposes at the temperature range from 150°C to 190°C, was detected in 

non-carbonated samples both cured at 20 and 38°C. With prolonged curing, up to 56 days, 

slightly more metastable hydrates and stable hydrates were formed in non-carbonated 

samples. 

After carbonation, peak intensity for CAH10 hydrate was lower. After 28 days and 56 days 

of carbonation a clear formation of C2AH8 at higher temperatures was detected. For samples 

first cured at 38°C, lower peak intensity was detected for CAH10 after both days of exposure, 

while more C2AH8 hydrate at lower and higher temperatures was detected after carbonation. 

Furthermore, by the carbonation of CAH10 and C3AH6 hydrate formation of CaCO3 and AH3 

hydrate was detected.  
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a) b)  

Figure 4.8 DTG curves of carbonated CAC70S130 (a) 20°C and (b) 38°C mix after 28 days and 56 days of exposure 

XRD analysis was conducted on non-carbonated and carbonated sample cured at 20°C and 

38°C, to confirm phases identified using TGA. The results are shown in Figure 4.9 and Figure 

4.10. At the diffraction angle between 5 and 15 degrees metastable hydrate CAH10 was 

detected. Also, strätlingite hydrate was detected at lower and higher diffraction angles. In the 

carbonated part of the sample, lower peak intensity was detected for metastable CAH10 

hydrate indicating that this hydrate decomposes during carbonation. In both samples stable 

hydrogarnet and AH3 hydrate were detected. No calcite was detected in the carbonated 

sample; however, the other two polymorphs of calcium carbonate, vaterite and aragonite, 

were present. As in the reference sample, aragonite was predominantly formed. Similar 

behaviour can be noticed for sample with slag cured at 38°C. In the non-carbonated sample 

higher peak intensity for metastable hydrate was detected, however after 56 days of 

carbonation peak intensity for this hydrate was lower. A higher peak intensity was detected 

for stable hydrogarnet and AH3 hydrate after carbonation. In this sample, aragonite was 

mostly formed after 56 days of carbonation. 
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Figure 4.9 Diffractogram for non-carbonated and carbonated CAC70S130 20°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, S=Strätlingite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, 

V=vaterite) 

 
Figure 4.10 Diffractogram for non-carbonated and carbonated CAC70S130 38°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, S=Strätlingite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, 

V=vaterite) 

Calcium aluminate cement with calcined clay 

Figure 4.11 shows dTG curves for mix where 30% of CAC is replaced by calcined clay cured 

at 20°C (a) and 38°C (b) after 28 days and 56 days of curing, as well as after 28 days and 56 

days of carbonation. By prolonged hydration lower peak intensity is detected for metastable 

hydrates and higher for stable hydrates. Formation of C2AH8 at higher temperatures is 

detected for both curing periods, as well as strätlingite hydrate. When CAC70C130 mix is 

cured at 38°C, more metastable hydrates are formed with prolonged curing, up to 56 days 
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(Figure 4.11b). Also, slight peak intensity is detected for C2AH8 hydrate at higher 

temperatures, and for strätlingite hydrate.  

a) b)  
Figure 4.11 DTG curves of carbonated CAC70C130 (a) 20°C and (b) 38°C mix after 28 days and 56 days of exposure 

When samples are exposed to CO2, lower peak intensity was detected for CAH10 hydrate, 

while higher peak intensities were detected for AH3, CaCO3 and high crystallinity C2AH8. 

The same can be noticed for C3AH6 hydrate. Similarly, for samples cured at 38°C, lower 

peak intensity was detected for CAH10 after exposure to CO2, while more C2AH8 hydrate at 

lower and higher temperatures was detected after carbonation. In this case, more C3AH6 

hydrate was also detected after carbonation. Furthermore, by the carbonation of CAH10 

formation of CaCO3 and AH3 hydrate was detected.  

XRD analysis was performed on non-carbonated and carbonated samples cured at 20°C and 

at 38°C. The results are shown in Figure 4.11 and Figure 4.13. Similarly, as for sample with 

slag, higher peak intensity of metastable hydrate CAH10 was detected in non-carbonated 

sample and lower peak intensity in carbonated sample. The lower peak intensity indicates 

carbonation of metastable CAH10 hydrate. Also, strätlingite hydrate was detected in both 

samples, at lower and higher diffraction angles. In both samples stable hydrogarnet and AH3 

hydrate were detected. Two polymorphs of calcium carbonate were found: aragonite and 

vaterite. For the sample with calcined clay cured at 38°C, a higher peak intensity was 
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detected for metastable hydrate CAH10 before carbonation compared to the carbonated 

sample. Furthermore, similarly as in the carbonated sample cured at 20°C, polymorphs of 

calcium carbonate, aragonite and vaterite were detected. 

 

Figure 4.12 Diffractogram for non-carbonated and carbonated CAC70C130 20°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, S=Strätlingite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, 

V=vaterite) 

 
Figure 4.13 Diffractogram for non-carbonated and carbonated CAC70C130 38°C mix (CA=monocalcium aluminate, 

D=CAH10, Gb=AH3, G=Gehlenite, S=Strätlingite, H=C3AH6, O=C2AH8, Q=quartz, A=aragonite, C=calcite, 

V=vaterite) 
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CAC100 sample cured at 20°C had lower total accessible porosity after 56 days of curing 

(11.35 %) compared to same mix cured at 38°C (12.92 %). Porosity of non-carbonated and 

carbonated samples, as well as average pore diameter are shown in Table 4.1. The carbonated 

part of both samples has a lower total porosity after 56 days of carbonation. Maximum 

intrusion volume significantly decreased for CAC100 20°C sample after carbonation. Also, 

the average pore diameter of this sample decreased after carbonation. In the case of CAC100 

38°C sample two peaks are visible in non-carbonated sample, and after carbonation the pore 

volume decreases, and one peak remains. Figure 4.15 shows the results of total porosity and 

pore volume distribution of CAC70S130 mix. Replacement of 30% of CAC with slag 

decreases total porosity of non-carbonated samples for around 4 % for both curing regimes. 

Also, after carbonation only minor changes can be noticed. Furthermore, replacement of 

CAC with 30% of calcined clay also decreases total porosity of CAC based mortar. Figure 

4.16 shows the results of total porosity and pore volume distribution of CAC70C130 mix. 

Mixes with calcined clay have higher porosity compared to mixes with slag for both non-

carbonated and carbonated samples. However, the porosity of these mixtures is still lower 

compared to the reference mixture. 

a) b)  
Figure 4.14 CAC100 mix: a) Total porosity for non-carbonated and carbonated samples, b) dV/dlogD 
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a) b)  
Figure 4.15 CAC70S130 mix: a) Total porosity for non-carbonated and carbonated samples, b) dV/dlogD 

a) b)  
Figure 4.16 CAC70C130 mix: a) Total porosity for non-carbonated and carbonated samples, b) dV/dlogD 

 
Table 4.1 Total porosity and average pore diameter values of non-carbonated and carbonated samples 

Mix Porosity (%) Average pore diameter (nm) 

CAC100 20°C 
NC 11.35 49.67 
C 6.98 38.72 

CAC100 38°C 
NC 12.92 55.62 
C 10.8 57.07 

CAC70S130 20°C 
NC 7.1 36.65 

C 7.22 42.96 

CAC70S130 38°C 
NC 7.19 37 
C 8.41 31.97 

CAC70C130 20°C 
NC 10.57 60.68 
C 10.03 62.63 

CAC70C130 38°C 
NC 9.27 35.74 
C 8.83 35.9 

4.3 Discussion 

Once CAC100 20°C was exposed to prolonged curing between 28 and 56 days the average 

compressive strength decreased from 104 MPa to 102.5 MPa, however, the error bars 

indicate that this may not be a statistically significant difference. Once CAC was exposed to 

significant levels of CO2, carbonation started to occur. It was reported in the literature 
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[3][39][77] that CAH10 hydrate reacts with carbon dioxide to form AH3 and CaCO3. 

Metastable hydrate CH10 has significant influence on carbonation process of CAC; the more 

CAH10 is in the system, the system is more resistant to carbonation [4]. Since in the case of 

CAC cured at 20°C, there is a significant availability of metastable CAH10 hydrate, it reacts 

first, leading to formation of AH3 and carbonates. When most of this hydrate carbonates, the 

remaining hydrates participate in the carbonation process. In that case, TGA results as well 

as XRD indicate that metastable hydrates reform, together with AH3 and carbonates. 

Nevertheless, despite the visible carbonation and formation of metastable hydrates and 

carbonates, the compressive strength of the CAC100 20°C mix significantly decreased after 

56 days of carbonation (Figure 4.4). 

In previous studies it was confirmed that CAC carbonates in the presence of CO2, however 

it was not investigated how CAC in which conversion process occurred behaves under the 

influence of CO2. During curing at 38°C, conversion process is accelerated, which is evident 

from the phase transformation and significant loss in compressive strength of CAC cured at 

38°C compared to the compressive strength at 20°C. After 56 days of exposure to CO2, higher 

carbonation depth was detected for CAC cured at 20°C compared to the same mix cured at 

38°C, which underwent conversion. Table 4.2 shows parameters quantified from 

thermogravimetric analysis before and after 56 days of accelerated carbonation. Before 

carbonation sample cured at 20°C had higher amount of metastable hydrates (3.14 %), and 

sample cured at 38°C has higher amount of stable hydrates (8.36 %). It was expected that 

metastable hydrate CAH10 will react first because of its high solubility (Ks=10-7.6), and then 

stable hydrogarnet with lower solubility (Ks=10-22.3) would react [35]. A higher proportion 

of cubic phases (AH3 and C3AH6) before carbonation provides higher carbonation resistance 
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due to its better crystalline symmetry compared to hexagonal phases (CAH10 and C2AH8) 

[78]. Further, a higher amount of water is produced by the carbonation of metastable 

hydrates, and higher amount of CO2 can react, which makes carbonation reaction faster [78]. 

Sample cured at 38°C experienced almost complete conversion from metastable to stable 

hydrates before carbonation, which means there were no available metastable hydrates for 

carbonation. In this case, it seems stable hydrogarnet carbonated to form metastable hydrates 

(CAH10 and C2AH8) and calcium carbonate. The formation of calcium carbonate polymorphs 

is influenced by the kinetics of carbonation. Goni et al. [35] reported that under accelerated 

carbonation conditions, vaterite and aragonite are the predominant polymorphs formed in 

CAC samples. Also, predominantly aragonite was formed in carbonated part of the sample, 

however with higher peak intensities than in the same mix cured at 20°C. Quantitative TG 

analysis determined that the formed CaCO3 for CAC mixture cured at 38°C was 5.96 %, 

significantly higher than for other mixes with less than 2 % (Table 4.2). Park et al. [39] 

observed that during carbonation curing of CAC paste, metastable hydrates are mostly 

absent, and water is produced during carbonation. However, in present study XRD analysis 

confirmed that carbonation of CAC based mortar led to the reformation of metastable 

hydrates. Also, when images of samples sprayed with phenolphthalein are compared (Figure 

4.2) it can be noticed that only for CAC mixed cured at 38°C the colour of the indication of 

the non-carbonated part is pale purple. The reason for this could be formation of higher 

amount of AH3 and C3AH6 phase after curing at 38°C. These two hydrates have a lower 

initial pH of 11.97, compared to the metastable hydrates with pH from 12.5 to 12.7 [4]. After 

exposure to CO2 pH of dissolution of metastable phases will be 11.35, and for stable phases 

10.8 [35]. Hence, a sample where stable hydrates additionally carbonate could have a weaker 
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reaction to the phenolphthalein indicator. For reference mixtures cured at both curing 

regimes, total accessible porosity decreased after 56 days of carbonation. The faster 

development of the conversion process in the sample cured at 38°C caused greater porosity 

and average pore diameter in the non-carbonated part of the sample. By carbonation, new 

hydrates that are forming likely fill some pores created during conversion in cement matrix 

lowering the total accessible porosity. 

Further supporting this, the reference mixture cured at 38°C showed an increase in 

compressive strength from 40 MPa before to 65 MPa after carbonation likely due to the 

formation of calcium carbonate polymorphs that were filling the pores. There is also potential 

for reformation of metastable hydrates during carbonation as evidenced by XRD. On the 

contrary, reference mixture cured at 20°C experienced a decrease in compressive strength 

after carbonation although the total porosity only slightly decreased. The reason for the loss 

in strength could therefore be attributed to the carbonation of metastable hydrates and 

reduced formation of calcium carbonate compared to the mixture cured at 38°C. 

It was reported that in combination with OPC, carbonation rate increases with increasing slag 

content [79], however no information is available on the influence of slag on the carbonation 

rate of CAC. Both samples with slag in the present study had higher depth of carbonation 

regardless of curing temperature compared to the reference sample without slag. Similarly 

to reference mixture, after 56 days of carbonation samples cured at 20°C had higher 

carbonation depth. However, more calcium carbonate was detected for samples cured at 

38°C. Also, in system with slag after curing at 38°C more stable hydrates are formed before 

carbonation, and this system had slower carbonation rate. The formation of strätlingite 

hydrate was detected for both curing regimes before carbonation, but after 56 days of 



Chapter 4                                                                   Carbonation of CAC with the addition of slag/calcined clay 

96 

 

carbonation higher peak intensity for strätlingite hydrate was detected for sample cured at 

20°C. Exposure of CAC with slag substitution to CO2 therefore led to carbonation of 

metastable hydrate CAH10 and stable hydrogarnet, and formation of calcium carbonate 

polymorphs as well as formation of C2AH8 at higher temperatures. Accelerated carbonation 

of mixes with 30% slag has minimal impact on total porosity. The total porosity slightly 

decreases, whereas compressive strength slightly increases. Overall, these minor changes in 

the microstructure enhance the stability of these mixes compared to the reference. The 

compressive strength of both mixtures increased for 10 % after 56 days of carbonation. 

Therefore, during carbonation of CAC with the addition of slag, transformation from 

metastable to stable hydrates occurred, which was not accompanied by the loss of 

compressive strength. 

Similarly as for slag, with increasing replacement percentage of OPC with calcined clay, 

carbonation rate increases [80]. This present study confirmed that carbonation rate also 

increased in CAC systems when cement is replaced by calcined clay. Sample with calcined 

clay cured at 20°C had the highest carbonation depth compared to all samples studied. It can 

be noticed that sample with the highest carbonation depth also has the lowest amount of 

stable hydrogarnet before carbonation. As already mentioned, larger quantities of C3AH6 

hydrate increases carbonation resistance due to its lower solubility. Carbonation of CAH10 

and C3AH6 hydrate for sample cured at 20°C leads to the formation of AH3, CaCO3, and 

C2AH8 at higher temperatures. Carbonation of CAH10 hydrate for sample cured at 38°C 

resulted in formation of AH3 and C3AH6, as well as CaCO3 and C2AH8 at higher 

temperatures. Similar to the samples with slag, there were slight changes in total porosity 

evident during carbonation. The average pore diameter was significantly higher for the 
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sample cured at 20°C, than the sample cured at 38°C. The probable reason for this is that 

curing at 20°C slows down the hydration process of the clay, while curing at 38°C accelerates 

hydration, promotes a higher degree of reaction and leads to a smaller average pore diameter. 

The compressive strength is increased after carbonation, but in slower rate than mix where 

30% of CAC is replaced by slag. Therefore, during carbonation transformation from 

metastable CAH10 to stable hydrates occurred, which was not accompanied by the loss of 

compressive strength. 

Table 4.2 Parameters quantified from thermogravimetric analysis before and after 56 days of accelerated carbonation 

Hydrate  

CAC100 

20°C 

CAC100 

38°C 

CAC70S130 

20°C 

CAC70S130  

38°C 

CAC70C130 

20°C 

CAC70C130  

38°C 

Metastable 

hydrates (CAH10, 

C2AH8 (lt)) (%) 

NC 3.14 0.85 6.04 6.22 4.70 5.25 

C 6.38 4.3 4.39 4.25 4.67 4.66 

Strätlingite 

(C2ASH8) (%) 

NC / / 1.26 1.33 1.14 1.28 

C / / 0.94  1.15 1.13 1.29 

Stable hydrates 

(AH3, C3AH6) (%) 

NC 5.39 8.36 2.11 2.82 2.33 2.81 

C 3.71 6.28 1.70 2.63 2.30 3.20 

Carbonates (%) 

NC 0.57 0.95 0.43 0.55 0.56 0.54 

C 0.95 5.96 1.33 1.70 2.10 1.44 

C2AH8 (ht) (%) 

NC 0.16 0.21 0.32 0.35 0.43 0.20 

C 0.55 0.76 1.10 0.82 1.27 1.23 

Total (%) 

NC 9.26 10.38 10.16 11.27 9.16 10.08 

C 11.59 17.30 9.46 10.56 11.48 11.83 

Aggregate (%) 

NC 89.93 89.41 88.88 87.62 89.91 89.16 

C 87.63 82.04 88.66 88.83 87.88 87.53 

Σ (%) 

NC 99.19 99.79 99.04 98.88 99.07 99.24 

C 99.22 99.34 98.12 99.39 99.36 99.35 
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4.4 Conclusion 

The objective of this study was to estimate the impact of accelerated carbonation on 

compressive strength development and changes in microstructure of CAC based mortar 

where part of the cement is substituted with slag or with calcined clay. The compressive 

strength was tested before and after carbonation, while microstructural changes due to 

carbonation were analysed using thermogravimetric analysis (TGA), mercury intrusion 

porosimetry (MIP), and X-ray diffraction (XRD). 

Based on the results, several conclusions were drawn: 

• Incorporating slag and calcined clay to CAC based mortar decreased resistance of 

mortar to carbonation compared to the reference sample cured at 20°C.  

• Curing at 38°C for mixtures incorporating slag and calcined clay to CAC based 

mortar improved resistance to carbonation compared to those samples cured at 20°C. 

However, the carbonation depth was still greater in these samples compared to plain 

CAC mixtures cured at 20 or 38°C. 

• Results of compressive strength showed that only a plain CAC reference sample 

cured at 20°C experienced decrease in compressive strength after 56 days of 

carbonation. 

• Compressive strength of samples with slag and calcined clay increased after 56 days 

of exposure to CO2. 

• Total accessible porosity of plain CAC mixture significantly decreased after 

carbonation, for both curing regimes, due to the formation of metastable hydrates and 

carbonates. 
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• Aragonite was the most prevalent polymorph of calcium carbonate formed in both 

plain CAC (reference samples) cured at 20°C and 38°C. 

• Mixtures with slag and calcined clay addition did not experience major changes in 

microstructure after carbonation, which makes these mixtures more stable, in relation 

to compressive strength, compared to the reference mixture. 

• During carbonation, transformation from metastable CAH10 to stable hydrates 

occurred in mixtures with slag and calcined clay, which was not accompanied by the 

loss of compressive strength. 
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Chapter 5 Chloride transfer in CAC with slag/calcined 

clay 

5.1 Introduction 

The durability of concrete can be compromised by the penetration of chlorides in marine 

environments or from de-icing salts. Chloride ions in the concrete structure can be free in the 

pore solution, adsorbed on surfaces, or react with hydration products to form new compounds 

[40]. Only the free ions in the pore solution are considered in the mechanism of chloride 

movement in concrete, as they are the only ones that affect corrosion processes [41]. The 

pore structure (e.g. size and tortuosity) and phase assemblage are the most important factor 

in chloride-induced corrosion [81][82]. The chloride binding capacity is an important 

parameter for evaluating the resistance of concrete to chloride penetration. A higher chloride 

binding capacity by the hydration products slows down the chloride transport through the 

concrete and leads to a lower degree of chloride-induced corrosion [42]. The chloride binding 

capacity of concrete depends on the phases containing aluminum. A high content of 

aluminum oxide (Al2O3) in the chemical composition of calcium aluminate cement (more 

than 30%) enables the binding of chlorides in the concrete pores and reduces the degree of 

concrete corrosion. Chlorides react with the hydration products of CAC and form a new 

product in the form of Friedel's salt (3CaO.Al2O3.CaCl2.10H2O) [43]. Friedel’s salt is 

generally considered the most effective product formed that leads to chloride binding. 

The pore structure of CAC cement is greatly influenced with the rate of the conversion 

process [83]. During initial hydration, metastable hydrates (CAH10 and C2AH8) are formed. 

However, with prolonged hydration and especially at temperatures above 30°C, the 

metastable hydrates are transformed into stable hydrates (C3AH6 and AH3) [84]. The 
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conversion process increases the porosity of the cement matrix, allowing a greater amount 

of different ions to penetrate it [85]. It is known that incorporating materials with high silica 

content can inhibit conversion process and prevent or reduce this increase in 

porosity[75][86]. Also, it was already established that both slag and calcined clay can 

increase the resistance of OPC to chloride penetration [87][88]. However, the influence of 

slag and calcined clay on the resistance of CAC to chlorides, especially when the conversion 

process occurs, has not yet been investigated in detail. 

The main objective of this study was to determine the influence of slag and calcined clay on 

the chloride resistance of CAC based mortar before and after the conversion process. The 

replacement percentage of CAC with slag or calcined clay was 30%. Three mixtures were 

prepared: a reference mixture (labelled CAC100), a mixture with slag (labelled CAC70S130) 

and a mixture with calcined clay (labelled CAC70C130). Prior to exposure to a 16.5% 

sodium chloride solution, part of the samples was cured at 20°C and the rest of the samples 

at 38°C to accelerate the conversion process. The chloride resistance was determined using 

titration method. In addition, compressive strength and microstructural analysis (TGA, MIP) 

were investigated prior to exposure to chlorides.  

5.2 Results 

5.2.1 Compressive strength 

The compressive strength was measured after 7 and 28 days of curing at two different 

temperatures. The results of the compressive strength measurements are shown in Figure 5.1. 

The compressive strength of the reference mixture cured at 20°C increased after 28 days of 

curing. The reference mixture cured at 38°C showed a lower compressive strength after 7 

days of curing than the same mix cured at 20°C. A lower compressive strength indicates the 
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beginning of the conversion process. Furthermore, the compressive strength of the same 

mixture cured at 38°C decreased significantly after 28 days, which is due to the complete 

conversion of the metastable hydrates into stable hydrates (conversion process). The 

compressive strength of the mixture with slag replacement was constantly higher than that 

of the reference mixture cured at 20°C regardless of curing temperature. Although, by curing 

at 38°C, the strength slightly decreased after 28 days of curing. The mixture with calcined 

clay replacement exhibited a lower compressive strength for both testing periods compared 

to reference mixture cured at 20°C, for both curing regimes. A slight increase in compressive 

strength was observed for this mixture after 28 days of curing, at 20°C and 38°C. For both 

mixtures incorporating SCM, the strength at 28 days was 80 MPa or higher. The stable 

compressive strength of the slag and calcined clay mixtures indicates that the conversion 

process did not start during the 28-day curing period. 

 
Figure 5.1 Compressive strength of each mixture after 7 and 28 days of curing 

5.2.2 Thermogravimetric analysis 

The thermogravimetric analysis was conducted after 28 days of curing at 20°C and 38°C. 

Figure 5.2 shows the DTG curves for all mixtures cured for 28 days at 20°C (a), and 38°C 

(b). For all mixtures cured at 20°C, metastable hydrates CAH10 and C2AH8 were identified 
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at temperatures form 40°C to 130°C. Also, stable hydrates C3AH6 and AH3 were observed 

at temperatures from 210°C to 290°C. In samples with slag and calcined clay, the formation 

of strätlingite hydrate was observed at temperatures from 150°C to 190°C. The highest peak 

intensity of metastable CAH10 was observed in the reference sample. The formation of this 

hydrate is related to the highest compressive strength of this mixture after 28 days of curing. 

Although less CAH10 was formed in the sample with slag, the compressive strength is the 

same as the reference sample. The reason for this is likely the formation of strätlingite, which 

densifies the cement matrix and contributes to the development of high compressive strength. 

The highest peak intensity for stable AH3 hydrate was detected in the sample with calcined 

clay, which may be the result of the slightly lower compressive strength after 28 days of 

curing at 20°C. The reference sample cured at 38°C, experienced almost complete 

conversion form metastable to stable hydrates for 28 days curing period (Figure 5.2b). Hence, 

the compressive strength of this sample is the lowest after 28 days of curing. The samples 

containing slag and calcined clay undergo the conversion process, but with a much lower 

intensity than the reference sample. This lower intensity is primarily due to the formation of 

stable strätlingite, which is stable at 38°C. 

a) b)  

Figure 5.2 DTG curves of all mixes after 28 days of curing at (a) 20°C and at (b) 38°C 
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5.2.3 Mercury intrusion porosimetry 

The porosity measurements were conducted after 28 days of curing at 20°C and 38°C. The 

results of the total porosity and pore volume distribution for all samples are shown in Figure 

5.3. The values of total porosity, critical pore entry diameter and average pore entry diameter 

are shown in Table 5.1. The highest total porosity was detected for the reference mixture 

regardless of the curing regime. For the reference mixture cured at 20°C, the porosity was 

12.37%, and for curing at 38°C, the porosity was 12.23 %. The reference mixture cured at 

38°C, shows the highest mercury intrusion in the pore size range of 500 nm to 1500 nm, 

indicating significantly larger pore openings compared to other mixtures. Moreover, the 

critical pore entry diameter is significantly higher for reference mixture cured at 38°C 

compared to the other mixtures. By curing at 38°C, the plain calcium aluminate cement 

mixture undergoes a conversion process that increases the porosity of the cement matrix. The 

mixture with slag showed a lower total porosity compared to the reference mixture, namely 

8.19% for curing at 20°C and 8.34% for 38°C. The same can be noticed for the mixture with 

calcined clay with porosity of 8.80% at 20°C, and 8.19% at 38°C. Furthermore, by curing at 

38°C, critical pore entry diameter increases for mix with slag, and decreases for mix with 

calcined clay compared to curing at 20°C. Therefore, replacement of CAC by 30% of slag 

or calcined clay resulted in a reduction of the total accessible porosity by approximately 4%. 

Each mixture shows a different maximum of mercury intrusion depending on the curing 

regime.  
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a) b)  
Figure 5.3 Results of a) Total porosity, b) dV/dlogD 

 
 

 
Table 5.1 Total porosity and average pore diameter values of non-carbonated and carbonated samples 

 Total porosity (%) Critical pore entry diameter (nm) Average pore diameter (nm) 

CAC100 20°C 12.37 79 54.82 

CAC100 38°C 12.23 1100 162.56 

CAC70S130 20°C 8.19 30 31.16 

CAC70S130 38°C 8.34 60 38.29 

CAC70C130 20°C 8.80 50 32.68 

CAC70C130 38°C 8.19 19 29.4 

 

5.2.4 Chloride diffusion results 

Chloride diffusion measurements were conducted after 28 days of curing at 20°C and 38°C. 

The samples were exposed to a sodium chloride solution for 35 days. Figure 5.4 shows the 

apparent diffusion coefficient of samples cured at 38°C relative to the apparent diffusion 

coefficient of samples cured at 20°C. Curing at 38°C increased the diffusion coefficient for 

all samples. However, the highest increase in diffusion coefficient was observed for the 

reference sample, while the smallest change occurred for the sample with calcined clay. 

Figure 5.5 shows the total (acid soluble), bound and free (water soluble) chloride content for 

the samples cured at 20°C and Figure 5.6 for the samples cured at 38°C. Bound chlorides 

were calculated as the difference between the total and free chloride content. The results 
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show that the total chloride content is significantly lower for reference sample initially cured 

at 20°C for every depth except for a depth of 2 mm below the exposed surface. The highest 

chloride content was detected for the mixture with calcined clay replacement. However, this 

sample had a higher amount of bound chlorides compared to the reference sample and the 

sample with slag replacement. When cured at 38°C, the reference sample had the lowest total 

chloride content compared to the samples with slag and calcined clay replacement. However, 

the samples with slag and calcined clay replacement showed a higher amount of bound 

chlorides. Figure 5.7 shows bound chloride content in relation to the total chloride content 

for CAC100 (a), CAC70S130 (b), and CAC70C130 (c) samples. The reference sample cured 

at 20°C had a higher percentage of bound chlorides than the samples that were cured at 38°C. 

The same can be noticed for samples with slag, but at a depth higher than 6.5 mm. However, 

samples with calcined clay replacement had a similar relation between bound and the total 

chlorides content for both curing regimes. The reference mixture cured at 20°C showed the 

highest percentage of bound chlorides from a depth of 6.5 mm below the surface. From this 

depth, all chlorides that penetrated the sample were bound. During curing at 20°C, 

predominantly metastable hydrates CAH10 and C2AH8 are formed, which contribute to the 

higher chloride binding in the case of reference sample.  
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Figure 5.4 Apparent diffusion coefficient: relation between curing at 38°C and 20°C 

 
Figure 5.5 Total chloride content of each mixture cured at 20°C categorized into bound and free chloride content 

 
Figure 5.6 Total chloride content of each mixture cured at 38°C categorized into bound and free chloride content 
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Figure 5.7 Bound chlorides in relation to total chlorides for: a) CAC100, b) CAC70S130, and c) CAC70C130 mixes 
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stable hydrate increased. It should be noted that no Friedel's salt was detected after exposure 

of CAC mortar to sodium chloride solution. When CAC cement is exposed to NaCl solution, 

the chloride ions are mainly bound in Friedel's salt [43][89][90]. However, some researchers 

have pointed out that Friedel's salt is unstable and decomposes with an increasing of curing 

period [43][91]. The influence of carbonation should also be considered in the decomposition 

of Friedel's salt. Under the influence of carbonation, Friedel's salt is destabilized, which leads 

to the release of chlorides over time [92]. For sample CAC100 cured at 38°C, a very low 

peak intensity for metastable CAH10 hydrate was detected after 56 days of curing. This 

indicates that most of the metastable hydrates transformed into the stable ones. After 

exposure to sodium chloride solution, Friedel's salt was not detected, however a slight 

increase in peak intensity for metastable hydrate CAH10 was observed. 

The XRD results for sample CAC70S130 cured at 20°C and 38°Cb are shown in Figure 5.9a 

and Figure 5.9b, respectively. After 56 days of curing at 20°C, metastable hydrate CAH10 

and strätlingite hydrate were detected at diffraction angles ranging from 5° to 15°. Also, a 

low peak intensity was detected for stable hydrogarnet and AH3 hydrate. After 35 days of 

exposure to NaCl, a lower peak intensity was detected for CAH10 hydrate, and no strätlingite 

hydrate was detected. In the sample with slag cured at 38°C, both CAH10 and strätlingite 

were detected after 56 days of curing, but with lower peak intensity than in the sample cured 

at 20°C. After exposure to NaCl solution, CAH10 was no longer detected, while the peak 

intensity for strätlingite was higher than before exposure. A lower peak intensity was also 

detected for hydrogarnet and AH3 after exposure to NaCl. 

The XRD results for sample CAC70S130 cured at 20°C and 38°Cb are shown in Figure 5.10a 

and Figure 5.10b, respectively. After 56 days of curing at 20°C, a high peak intensity was 
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detected for the metastable hydrate CAH10. Also, the metastable hydrate C2AH8 was 

detected, which was not the case for the other samples. After 35 days of exposure to NaCl, 

almost all the CHA10 hydrate decomposed, but the peak for strätlingite was detected as before 

exposure. The sample with calcined clay cured at 38°C also showed a very high peak for 

CAH10 hydrate. However, after exposure to the sodium chloride solution, no peaks were 

detected for either CAH10 hydrate or strätlingite. 

 

 
Figure 5.8 Diffractogram of samples cured 56 days in water and after exposure to NaCl: a) CAC100 20°C, b) CAC100 

38°C (CA=monocalcium aluminate, D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, 

S=Strätlingite) 
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Figure 5.9 Diffractogram of samples cured 56 days in water and after exposure to NaCl: a) CAC70S130 20°C, b) 

CAC70S130 38°C (CA=monocalcium aluminate, D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, 

S=Strätlingite) 
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Figure 5.10 Diffractogram of samples cured 56 days in water and after exposure to NaCl: a) CAC70C130 20°C, b) 

CAC70C130 38°C (CA=monocalcium aluminate, D=CAH10, Gb=AH3, G=Gehlenite, H=C3AH6, O=C2AH8, 

Q=quartz, S=Strätlingite) 
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mortar (Figure 5.2b). Minor conversion was detected for the sample with slag, and no 

precipitation of metastable to stable hydrates was observed in the sample with calcined clay. 

In literature the reaction of calcium aluminate phases with chloride ions produces Friedel's 

salt [91]. It is generally considered that a high level of Al2O3 in CAC can contribute to 

chloride binding and lowering of chloride attack on the reinforcement [44][93]. The most 

likely hydrate to react with chloride ions in calcium aluminate cement is CAH10 [43]. When 

chloride ions penetrate the hydrated calcium aluminate cement matrix, OH- in the structure 

of CAH10 is replaced and Friedel's salt is formed [91][43][45]. Nevertheless, the formation 

of Friedel's salt was not observed in any of the samples in this study. The reason for this 

could be the instability of the Friedel's salt during the prolonged curing period or 

destabilisation due to carbonation [43][92]. In the reference sample cured at 20°C, the 

metastable hydrate CAH10 was predominantly formed, which contributed to the lowest 

chloride ingress compared to the other samples. In the mixture cured at 38°C, the conversion 

process and increase in capillary porosity occurred [9][10]. It is assumed that a higher 

capillary porosity enables greater chloride ingress [94]. Certainly, higher porosity of the 

capillary pore size rage of the reference sample cured at 38°C provided a path for faster 

penetration of chlorides. Therefore, the amount of chlorides was lower at the surface and 

higher at higher depths in the case of CAC cured at 38°C compared to the same sample cured 

at 20°C. Furthermore at this temperature, C3AH6 hydrate was mainly formed, which 

participates in the reaction with chloride ions to form Friedel salt [91].  

Previous studies have shown that the addition of slag to OPC increases resistance to chloride 

ingress, especially at a higher replacement percentage [87]. This study shows that the 

replacement of 30% slag increases chloride ingress into the calcium aluminate cement 
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matrix. The amount of Al2O3 plays an important role when it comes to resistance to chloride 

penetration. The calcium aluminate cement used in this study contained approximately 53 % 

Al2O3, while the slag had significantly lower amount (11.7 %). The replacement of 30% of 

CAC with slag reduced the total amount to Al2O3 and thereby may be responsible for the 

reduced resistance to the chloride ingress. Moreover, binding capacity of the sample with 

slag cured at 20°C was lower compared to the reference sample cured at 20°C. This could be 

due to the lower quantity of CAH10 and C3AH6 formed in the sample with slag compared to 

the CAC sample (Figure 5.2a). On the contrary, the sample with slag cured at 38°C, had a 

higher binding capacity compared to the reference sample cured at 38°C. A higher amount 

of CAH10 hydrate was formed in the sample with slag, and higher amount of C3AH6 hydrate 

in the reference sample (Figure 5.2b). The initial reaction with chloride ions is mainly carried 

out by the metastable hydrate CAH10 [43]. 

The literature shows that the addition of calcined clay in OPC also increases the chloride 

resistance of concrete [88]. On the contrary, in the present study it was found that a 30% 

replacement of CAC with calcined clay reduced the resistance to chloride ingress. Moreover, 

the sample with calcined clay replacement exhibited the highest chloride penetration both 

for curing at 20°C and at 38°C. By curing at 20°C the lowest peak intensity for CAH10 was 

detected for the calcined clay sample, but a higher binding capacity was determined for this 

sample compared to the sample with slag. In the sample with calcined clay, more strätlingite 

and AH3 formed, which may also react with chloride ions, but with a lower intensity than 

CAH10 hydrate. By curing at 38°C, the amount of bound chlorides was comparable to the 

sample cured at 20°C. Similarly to the sample with slag, the formation of CAH10 hydrate in 

the sample with calcined clay provided a high binding capacity. 



Chapter 5                                                          Chloride transfer in CAC with the addition of slag/calcined clay 

115 

 

Chloride transport through the cement matrix is strongly influenced by its capillary porosity. 

However, Sakai [95] reported a good correlation between total porosity and chloride ingress 

in mixtures without SCMs. In this study, it was shown that the replacement of slag and 

calcined clay reduce total porosity, capillary porosity, critical pore entry diameter and 

average pore entry diameter (Figure 5.3). However, chloride ingress was higher in the sample 

with slag and calcined clay than in the reference mixture with higher porosity. This indicates 

that the phases formed during the hydration of calcium aluminate cement have a greater 

influence on chloride transport in CAC than the porosity of this matrix. 

5.4 . Conclusion 

The main objective of this study was to determine influence of slag and calcined clay on 

chloride transfer in CAC based mortar under the influence of ambient and elevated curing 

temperature. Chloride resistance was assessed through titration method and apparent 

diffusion coefficient. 

The following conclusion were drawn: 

• The reference CAC sample showed the highest resistance to chloride ingress; 

however, the conversion process significantly reduced the resistance, i.e. the apparent 

diffusion coefficient of the converted mixture was 11 times higher than that of the 

non-converted mixture. 

• The samples containing slag and calcined clay showed a higher ingress of chlorides 

compared to the reference sample. Following the conversion process, the resistance 

to chloride penetration decreased, although this reduction was not as significant as in 

the CAC100 mixture.  
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• The formation of CAH10 hydrate enhanced the binding of chlorides in all samples, 

except in the reference sample cured at 38°C. In this sample the CAH10 hydrate was 

consumed due to the conversion process.  

• It was found that the phases formed during the hydration of calcium aluminate cement 

have a greater influence on chloride transport in CAC than the porosity of that matrix. 

Even with lower porosity, samples with slag and calcined clay showed higher 

chloride ingress.  
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Chapter 6 Sulphate and acid resistance of CAC with 

slag/calcined clay 

6.1 Introduction 

Concrete is the most important building material, and its durability can be severely impaired 

by the influence of aggressive substances from the environment. The resistance to aggressive 

substances from the environment greatly depends on the hydration products and the porosity 

of the cement matrix [29]. The penetration of aggressive sulphates into the concrete structure 

is one of the factors that causes the formation of ettringite, monosulphate and gypsum [30]. 

During hydration of Ordinary Portland cement (OPC) calcium hydroxide is formed. Calcium 

hydroxide is very reactive in the presence of sulphates and acids leads to the formation of 

gypsum [22][31]. This process contributes to the expansion and subsequent cracking of the 

concrete. Additionally, the amount of monosulphate formed depends on the proportion of 

tricalcium aluminate (C3A) in the Portland cement [32]. To reduce the impact of aggressive 

sulphates, sulphate resistant cement (sulphate resistant cement-SR) was produced. The C3A 

content in sulphate-resistant cement is less than 5%, which contributes to improved durability 

and reduced formation of secondary ettringite [31]. CAC was originally produced to increase 

the resistance of OPC to external sulphates, chlorides and acids [5]. Enhanced resistance of 

CAC cement to aggressive sulphates and acids is achieved by the absence of CH, the 

presence of the protective AH3 gel and the low reactivity of its hydration products 

(particularly CAH10 hydrate) [32]. CAC, during its hydration, undergoes a conversion 

process, forming hydrates that are more prone to reaction with sulphates and acids [22]. The 

occurrence of the conversion process depends on the temperature and relative humidity of 

the environment. At ambient temperatures, metastable hydrates (CAH10 and C2AH8) are 
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initially formed providing high early strength of CAC cement [7]. When the temperature 

increases (avobe 30°C), the rapid formation of stable hydrate C3AH6 and AH3 occurs [6]. 

Furthermore, the conversion process induces porosity alternations of the cement matrix and 

increases and enables greater penetration of substances from the environment. Compared to 

OPC, the metastable and stable hydrates that are formed during hydration of CAC are more 

stable in the presence of sulphates and acids than the hydration products of OPC [23]. 

Previous studies have reported that supplementary cementitious materials (SCMs) with high 

silica content can inhibit the conversion process of CAC [14][15][96]. During the reaction 

of metastable hydrate C2AH8 and silica, strätlingite (C2ASH8) is formed. The formation of 

this new hydrate further fills the pores, reducing porosity and increasing compressive 

strength under the influence of high temperatures. The formation of strätlingite, is expected 

to reduce the amount of stable CAC hydrates. Ground granulated blast furnace slag is a 

commonly used SCM for mitigating conversion in CAC [12]. However, the availability of 

slag is increasingly becoming a global problem [97]. Calcined clay is a natural material that 

is available in large quantities and due to its chemical composition (high quantity of Al2O3 

and SiO2), it can be a promising material for use in CAC. The possibility of using mineral 

additives to prevent an increase in porosity and a decrease in compressive strength is 

certainly an advantage, but it remains to be determined whether these materials affect the 

durability of CAC.  

The main objective of this research is to understand the mechanism of degradation of CAC 

caused by sodium sulphate solution and sulphuric acid solution with partial replacement by 

slag or calcined clay. The replacement percentage of CAC by slag or calcined clay was 30%. 

The reference mixture was prepared with 100% CAC. Before exposure to sodium sulphate 
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solution and sulphuric acid solution, one group of samples was cured at 20°C while the other 

group was cured at 38°C to accelerate the conversion process. The influence of these 

solutions was evaluated on non-converted (cured at 20°C) and converted samples (cured at 

38°C). The mass changes of each sample were recorded after a certain exposure time. To 

assess the influence of sulphates and acids on the mechanical properties, the compressive 

strength was tested before exposure and each defined exposure time. In addition, 

microstructure changes were investigated by thermogravimetric analysis (TGA), mercury 

intrusion porosimetry (MIP), and X-ray diffraction (XRD). 

6.2 Results 

6.2.1 Analysis of samples after exposure to sodium sulphate 

6.2.1.1. Visual observations and mass change 

The samples were observed regularly to detect changes in colour, texture, the appearance of 

cracks or other visible signs of degradation. Figure 6.1 shows the photographs of the prism 

(4x4x16 cm) samples before and after 56d exposure to sodium sulphate for the reference 

mixture for both curing temperatures. It was observed that for both samples, after 56 days of 

exposure, the most degradation is at the edges of the sample, where material loss occurred. 

No cracks were observed for both curing temperatures. Along with the visual observations, 

the change in mass was measured for all samples during the 91-day of exposure to sodium 

sulphate. The results of the change in mass after the specified exposure time compared to the 

initial mass measured before exposure are shown in Figure 6.2. The reference sample, and 

samples with slag and calcined clay initially cured at 20°C showed continuous gain in mass 

during exposure to sodium sulphate. Samples that were cured at 38°C before exposure have 

an increase in mass during the first 7 days of exposure. Then, from the 7th to the 21st day of 

exposure, the mass of these samples decreases slightly, and by the 91st day of exposure, it 
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increases again. Samples cured at higher temperatures before exposure have a continuously 

lower mass increase during exposure to sodium sulphate solution. Furthermore, samples with 

slag and calcined clay have a similar trend of mass increase as the reference mixture for both 

curing temperatures. 

a)   

b)   

Figure 6.1 Visual observation of CAC100 sample: a) before exposure, b) after 56d of exposure to Na2SO4 

 

Figure 6.2 Mass change of all samples during exposure to Na2SO4 
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strength of this mixture decreased, and after 28 days of exposure, it increased. On the 

contrary, the same mixture cured at 38°C before exposure had the lowest initial compressive 

strength due to occurrence of the conversion process during curing at 38°C. The compressive 

strength of this mixture increased continuously during exposure to sodium sulphate. The 

mixture with slag initially cured at 20°C showed a continuous increase in compressive 

strength during exposure, while the compressive strength of the same mixture,  initially cured 

at 38°C, decreased after 21 days of exposure. After 91 days of exposure the compressive 

strength of both mixtures with slag is comparable and higher than that of the reference 

mixture cured at 20°C. A mixture in which 30% of the CAC cement is replaced by calcined 

clay shows no significant changes in strength during exposure to sodium sulphate solution 

and this applies to both exposure temperatures prior to exposure. The mixture with calcined 

clay is the most stable in terms of compressive strength changes during exposure to sodium 

sulphate solution. Figure 6.4 shows the comparison of the compressive strength for samples 

after 56 days of curing at 20°C and 38°C and samples after 28 days of exposure to sodium 

sulphate solution. The compressive strength of the reference mixture was higher after 

exposure than after curing in water for both curing regimes. For mixtures with slag and 

calcined clay, the strength after curing and exposure was similar. However, for the samples 

initially cured at 38°C, compressive strength decreased slightly after 28 days of exposure to 

sodium sulphate.  
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Figure 6.3 Compressive strength development during exposure to Na2SO4 

 
Figure 6.4 Compressive strength values after 56 days of curing and 28 days of exposure to Na2SO4 

6.2.1.3. Microstructural changes during exposure to Na2SO4 

Calcium aluminate cement 
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higher. The reference mixture cured at 38°C for 56 days, experienced almost complete 

conversion of the metastable hydrates to stable hydrates compared to curing at 20°C. The 

DTG curve for this mixture shows slightly higher peak intensity for the metastable hydrate 

CAH10 and the stable hydrate C3AH6 and a lower peak intensity for AH3.   

a) b)  

Figure 6.5 DTG curves of non-exposed and samples after 28 days of exposure to Na2SO4 for CAC100 mix cured (a) at 

20°C and at (b) 38°C 

Calcium aluminate cement with slag 

Figure 6.6 shows the DTG curves for a mixture where 30% of the CAC cement was replaced 

by slag, cured at 20°C (a) and 38°C (b) after 56 days of curing and 28 days of exposure to 

sodium sulphate solution. The addition of slag to CAC cement enhances the formation of 

strätlingite (C2ASH8) hydrate. The decomposition of strätlingite is visible from 150°C to 

190°C. Metastable and stable hydrates that normally appear in CAC cement were also 

detected. For the mixture cured at 20°C, a lower peak intensity is detected for metastable 

hydrates and a higher peak intensity for AH3 hydrate after 28 days of exposure. Also, a 

slightly higher peak intensity was detected for the stable C3AH6 hydrate. Similar results were 

obtained for the same mixture cured at 38°C. A lower peak intensity was detected for 

metastable hydrates and a higher for AH3. In this case, a lower peak intensity was detected 

for strätlingite and C3AH6 hydrate after 28 days of exposure to sodium sulphate solution. 
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a) b)  

Figure 6.6 DTG curves of non-exposed and samples after 28 days of exposure to Na2SO4 for CAC70S130 mix cured (a) at 

20°C and at (b) 38°C 

Calcium aluminate cement with calcined clay 

Figure 6.7 shows the DTG curves for mix where 30% of the CAC was replaced by calcined 

clay cured at 20°C (a) and 38°C (b) after 56 days of curing and after 28 days of exposure to 

sodium sulphate. After 28 days of exposure, a higher peak intensity for both metastable 

hydrates and stable hydrates was detected. Also, a slightly higher peak was detected for 

strätlingite hydrate. In the case of the mixture cured at 38°C, only the metastable hydrate 

CAH10 shows a lower peak intensity after 28 days of exposure. Metastable C2AH8 and stable 

C3AH6 and strätlingite have the same peak intensity as curing for 56 days in water at 38°C. 

Additionally, the hydrate AH3 has slightly higher peak intensity after 28 days of exposure to 

sodium sulphate. 
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a) b)  

Figure 6.7 DTG curves of non-exposed and samples after 28 days of exposure to Na2SO4 for CAC70C130 mix cured (a) 

at 20°C and at (b) 38°C 

6.2.2 Analysis of samples after exposure to sulphuric acid 

6.2.2.1Visual observations and mass change 

The samples were exposed to sulphuric acid for a total of 91 days. After each exposure 

period, a visual inspection of the samples was conducted to note changes in colour, texture, 

the appearance of cracks, or other visible signs of degradation. Figure 6.8 shows the 

photographs of the prism (4x4x16 cm) reference samples after 7 days and 28 days of 

exposure to H2SO4 solution for both curing temperatures. It can be observed that already 

after one week of exposure there is loss of materials on the surface of the samples. After 28 

days of exposure, the loss of material and aggregate that is not surrounded by a cement matrix 

are even more visible. Greater degradation can be observed in the samples that were cured 

at 38°C prior to exposure. The reason for this could be a higher porosity in the sample where 

a conversion process occurred during curing at higher temperatures. The change in mass 

caused by the exposure to sulphuric acid is shown in Figure 6.9. The reference mixture cured 

at 20°C, shows an initial loss of mass after 7 days of exposure and then a gain in mass up to 

21 days of exposure. Until the end of the measurement period, as loss in mass occurred, with 

a small increase at 56th day of measurement. The same mixture cured at 38°C showed 

continuous loss in mass during all exposure period. The mixture with slag, cured at 20°C and 
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38°C, shows a continuous increase in mass during 21-day of exposure after which the mass 

decreases, with an increase at the end of the experiment. Both mixtures with calcined clay 

behave similarly during exposure, but the mixture cured at 38°C showed a greater loss of 

mass. 

a)   

b)   

Figure 6.8 Visual observation of CAC100 sample: a) after 7d of exposure, b) after 28d of exposure to H2SO4 

 

Figure 6.9 Mass change of all samples during exposure to H2SO4 

6.2.2.2 Compressive strength development 

Similar to samples in sodium sulphate exposure, the compressive strength was tested over 

91 days of exposure to H2SO4. Furthermore, the compressive strength was tested after 28 

days of curing and serves as the initial value of the compressive strength before exposure to 

the sulphuric acid solution. The development of compressive strength during exposure is 
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shown in Figure 6.10. All mixtures showed an initial decrease in strength after 7 days of 

exposure. The compressive strength of the reference mixture increased slightly up to the 28th 

day of exposure and then decreased until end of experiment, in case of both curing regimes. 

The reference mixture cured at 38°C exhibited the lowest initial compressive strength due to 

conversion of metastable hydrates to stable hydrates. The mixture in which 30% of the CAC 

was replaced by slag showed a continuous decrease in compressive strength until the 91st day 

of exposure for curing at 20°C and until the 56th day of exposure for curing at 38°C. The 

compressive strength of the mixture with calcined clay, after initial decrease, showed an 

increase in strength until the 21st day of exposure in case of both curing temperatures. During 

further exposure to sulphuric acid, the compressive strength of these mixtures decreased 

further. Figure 6.11 shows a comparison of the compressive strength values for samples 

cured for 56 days at 20°C and 38°C and for samples after 28 days of exposure to sulphuric 

acid. The compressive strength of the reference mixture cured in water was almost equal to 

the compressive strength after 28 days of exposure for both curing regimes. On the contrary, 

the compressive strength of mixtures with slag and calcined clay decreased significantly after 

28 days of exposure. The reduction in strength is lower for samples initially cured at 20°C. 

 
Figure 6.10 Compressive strength development during exposure to H2SO4 
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Figure 6.11 Compressive strength values after 56 days of curing and 28 days of exposure to H2SO4 

 

6.2.2.3 Microstructural changes 

Calcium aluminate cement 

Figure 6.12 shows the DTG curves for the CAC100 mixture cured at 20°C (a) and 38°C (b) 

after 56 days of curing, 28 days of exposure and 91 days of exposure to sulphuric acid. For 

the reference sample cured at 20°C, a higher peak intensity was found for metastable hydrates 

than for stable hydrates after 56 days of curing. For the same sample exposed to H2SO4 

solution, a higher peak intensity was detected for metastable CAH10 and C2AH8 and a lower 

for C3AH6 and AH3 hydrate. During exposure to H2SO4, stable hydrates are consumed and 

metastable hydrates are formed. After prolonged exposure, by the 91st day, a significantly 

different peak is observed at around 100°C. This peak is notably different from the peak that 

normally occurs at these temperatures. By the reaction of calcium aluminum hydrates with 

sulphuric acid gypsum is formed, and it usually occurs at these temperatures [98]. Similar 

behaviour can be observed in the reference sample cured at 38°C (Figure 6.12b). During 

curing in water for 56 days a significant amount of stable hydrates formed due to the 

conversion process. After 28 days in a H2SO4 solution, a lower peak intensity is detected for 

C3AH6 and AH3 hydrate and a slightly higher peak intensity for metastable C2AH8. With 
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prolonged exposure, the formation of a significant amount of CAH10 hydrate is detected, as 

well as a higher peak intensity for AH3 and C3AH6 hydrates in comparison to 28 days of 

exposure. To confirm the formation of the phases formed during curing in water and 

exposure to sulphuric acid XRD analysis was performed. The results for the reference sample 

cured in water at 20°C for 56 days and the same sample exposed to H2SO4 for 91 days are 

shown in Figure 6.13. The tests were conducted on mortar samples containing siliceous 

standard sand. Given that quartz has high crystallinity, the peaks of the quartz in the XRD 

analysis results are much larger compared to the peaks of the hydrates found in CAC. For 

the sample cured 56 days at 20°C, at a diffraction angle between 5 to 15 degrees, the 

metastable hydrates were detected. Higher peak intensities for metastable hydrates were 

detected after 91 days of exposure to sulphuric acid, indicating that metastable hydrates were 

formed during the exposure. In both samples, the stable hydrates hydrogarnet and AH3 were 

detected. However, a lower peak intensity in the sample that was exposed to H2SO4 was 

detected. Furthermore, the formation of gypsum was detected in reference sample after 91 

days of exposure. The formation of gypsum is associated with the consumption of AH3 and 

C3AH6 hydrates, which can be seen in the results of the TGA and XRD analysis. 

a) b)  

Figure 6.12 Figure 12 DTG curves of non-exposed and samples after 28 and 91 days of exposure to H2SO4 for CAC100 

mix cured (a) at 20°C and at (b) 38°C 
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Figure 6.13 Diffractogram for non-exposed and sample after 91 days of exposure to H2SO4 for CAC100 mix 

(CA=monocalcium aluminate, D=CAH10, Gb=AH3, g=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, G=Gypsum) 

Calcium aluminate cement with slag 

Figure 6.14 shows the DTG curves for the CAC70S130 mixture cured at 20°C (a) and 38°C 

(b) after 56 days of curing and 28 days of exposure to sulphuric acid. In the sample cured 56 

days at 20°C, a high proportion of metastable hydrates CAH10 and C2AH8 was detected, 

while proportion of stable hydrogarnet and AH3 hydrate was very low. The addition of slag 

in CAC promotes the formation of statlingite (C2SH8) hydrate, which becomes visible at 

temperatures between 150°C and 200°C. After 28 days of exposure to sulphuric acid, a lower 

peak intensity is detected for metastable hydrates and strätlingite hydrate, while a slightly 

higher formation of AH3 hydrate is observed. The C3AH6 hydrate peak intensity remained 

unchanged. A similar behaviour is observed for the same mixture cured at 38°C. When cured 

at 38°C for 56 days, a slightly higher peak intensity for strätlingite is observed compared to 

curing at 20°C. The formation of strätlingite at 38°C inhibits the conversion process and 

prevents a compressive strength decrease. Also, by curing at 38°C, higher peak intensities 

for stable hydrogarnet and AH3 were observed. Similar to 20°C, after 28 days of exposure, a 

lower peak intensity for metastable hydrates were detected. However, a lower amount of 

metastable hydrates was consumed during exposure to sulphuric acid. Furthermore, a lower 

5 10 15 20 25 30 35 40 45 50 55

2θ (°)

CAC100 20°C 56d of curing

CAC100 20°C 91d of exposure

D

D

O

QQ Q

Q

Q

H

H

H/Q

H

H

H

H
H

GbGbGb

Gb

G

G

G

G

G

G

G

g/CA

CA

CA



Chapter 6             Sulphate and acid resistance of CAC with the addition of slag/calcined clay 

131 

 

peak intensity was observed for strätlingite and hydrogarnet and a higher for AH3 hydrate. 

XRD analysis was conducted for CAC70S130 cured at 20°C for 56 days and after 28 days 

of exposure to H2SO4. The results are shown in Figure 6.15. After 56 days of curing at 20°C, 

higher peak intensities were detected for metastable hydrates and strätlingite hydrate, while 

they were lower for stable hydrates. Furthermore, after 28 days of exposure to sulphuric acid 

the formation of gypsum was observed which is related to the compressive strength decrease.  

a) b)  

Figure 6.14 DTG curves of non-exposed and samples after 28 days of exposure to H2SO4 for CAC70S130 mix cured (a) at 

20°C and at (b) 38°C 

 
Figure 6.15 Diffractogram for non-exposed and sample after 28 days of exposure to H2SO4 for CAC70S130 mix 

(CA=monocalcium aluminate, D=CAH10, Gb=AH3, g=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, G=Gypsum) 

Calcium aluminate cement with calcined clay 

Figure 6.16 shows the DTG curves for the CAC70C130 mixture cured at 20°C (a) and 38°C 

(b) after 56 days of curing and 28 days of exposure to sulphuric acid. When calcined clay is 
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added to the CAC cement, strätlingite hydrate is formed at both curing temperatures. By 

curing at 20°C for 56 days, both metastable hydrates and AH3 hydrate were detected, 

however stable C3AH6 was not detected. After 28 days of exposure, a lower peak intensity 

was observed for metastable hydrates, while it was higher for strätlingite and AH3 hydrate. 

Hydrogarnet was not detected after exposure to sulphuric acid. After 56 days of curing the 

same mixture at 38°C (Figure 6.16b) both metastable hydrates, strätlingite and AH3 hydrate 

were observed. The peak intensity attributed to the formation of stable hydrogarnet was also 

detected. After 28 days of exposure, a lower peak intensity was detected for the metastable 

CAH10 hydrate, while it was higher for the C2AH8 hydrate. Furthermore, lower peak 

intensities were detected for both stable hydrates. XRD analysis was performed on a sample 

cured at 20°C for 56 days and on the same sample exposed to sulphuric acid for 28 days 

(Figure 6.17). For the sample cured at 20°C, at the diffraction angle between 5 to 15 degrees, 

both metastable hydrates and strätlingite hydrate were detected. However, after exposure to 

sulphuric acid peak intensity detected for metastable hydrates was lower, and for strätlingite 

hydrate slightly higher. The formation of gypsum is also visible at lower and higher 

diffraction angles. 

a) b)  

Figure 6.16 DTG curves of non-exposed and samples after 28 days of exposure to H2SO4 for CAC70C130 mix cured (a) 

at 20°C and at (b) 38°C 
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Figure 6.17 Diffractogram for non-exposed and sample after 28 days of exposure to H2SO4 for CAC70C130 mix 

(CA=monocalcium aluminate, D=CAH10, Gb=AH3, g=Gehlenite, H=C3AH6, O=C2AH8, Q=quartz, G=Gypsum) 

6.2.2.4. Pore structure changes  

The pore structure analysis was conducted on reference samples as well as on samples with 

slag and calcined clay after 56 days of curing at 20°C. Also, measurements were conducted 

after 91 days of exposure to sulphuric acid for the reference mixture, and after 28 days of 

exposure for the mixtures with addition of slag and calcined clay. The results of the total 

accessible porosity (a) and the pore volume distribution (b) for all mixtures are shown in 

Figure 6.18. The reference mixture cured for 56 days had a significantly higher porosity 

compared to the same mix exposed to sulphuric acid for 28 days, although the compressive 

strength of these two samples was the same. The total accessible porosity and average pore 

diameter for all mixtures cured at 20 °C and exposed to H2SO4 are shown in Table 6.1. It 

was observed that the total porosity of the reference mixture after exposure was 5.6 % lower 

than after curing at 20°C for 56 days. However, the average pore diameter of this sample was 

higher than that of the sample cured in water, which can also be seen in Figure 6.18b, where 

the curve of the reference mixture is shifted to the right after exposure to sulphuric acid. 

When CAC is replaced by 30% slag or calcined clay, the total porosity is decreased for 

approximately 5.5% for the sample with slag, and 4% for the  sample with calcined clay after 

56 days of curing in water. In the case of these two mixtures, the total porosity was 
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significantly increased by 28 days of exposure to sulphuric acid. The total porosity increased 

by almost 4% for both the slag and calcined clay mix. The average pore diameter of both 

mixtures also increased. As with the reference mixture, this can also be seen in Figure 6.18b, 

curves are shifted right after exposure to sulfuric acid.  

a) b)  

Figure 6.18 a) Total porosity for non-exposed and samples after 28 and 91 days of exposure to H2SO4, b) dV/dlogD 

Table 6.1 Total porosity and average pore diameter after 56 days of curing and 28 days of exposure to H2SO4 

Mix Exposure time Porosity (%) Average pore diameter (nm) 

CAC100 20°C 
56d of curing 11.7 51.02 

91d of exposure 6.1 58.07 

CAC70S130 20°C 
56d of curing 6.24 31.75 

28d of exposure 10.07 42.96 

CAC70C130 20°C 
56d of curing 7.78 27.55 

28d of exposure 11.54 32.39 

6.3 Discussion 

The behaviour of CAC under the influence of sulphates and acids has not yet been 

investigated to this extent. Also, there is not many studies on the influence of aggressive 

solutions on CAC with the addition of slag and calcined clay cured at ambient and high 

temperature. Before exposure to the sulphate and acid solutions the samples were cured at 

two different temperatures. One part of the samples was cured at 20°C and the other part at 

38°C to accelerate the conversion process.  
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6.3.1 Exposure to sodium sulphate solution 

It has been reported that no significant damage to CAC samples is expected after exposure 

to sodium sulphate [29]. After exposure to 5% Na2SO4 solution, visual inspection did not 

reveal any significant changes in the samples cured at both temperatures. Only a slight 

material loss was observed at the edges of the samples (Figure 6.1). As the conversion 

process increases the total porosity of the sample, it is assumed that more sulphate ions 

penetrate the cement matrix. The analysis, of the reference mixture after 28 days of exposure 

to sodium sulphate solution shows that there are no significant differences in the mass change 

and compressive strength, regardless of the curing temperature, prior and after exposure to 

sodium sulphate solution. The mass of the reference sample increases after exposure to the 

sodium sulphate solution, regardless of the curing temperature. The reaction of sulphate ions 

with the aluminates in the CAC forms ettringite, and the formation of the new phase increases 

the weight of the sample [23]. Kurtis et al. [29] reported that hydration of cements can 

continue during exposure to sulphate solutions, which consequently increases compressive 

strength. Therefore, an increase in compressive strength does not necessarily represent a 

higher resistance to sulphates, but the resistance can only be expressed by a decrease in 

compressive strength. The reference mixture cured at 38°C, had the lowest compressive 

strength due to the conversion process. However, after exposure to sodium sulphate, the 

compressive strength slightly increased. The compressive strength of the same mixture cured 

at 20°C was mostly stable during exposure, with a minor decrease in strength after 3 weeks 

of exposure. Furthermore, the compressive strength of samples cured in water for 56 days 

was lower than the strength of samples exposed to sulphates (Figure 6.4). The reason for this 

could be the formation of a new phase (ettringite) that fills the pores and reduces the porosity 

of the samples. By conducting TGA analysis, it was determined that the exposure of 
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reference sample to sodium sulphate solution consumes AH3 hydrate, and at the same time a 

larger amount of metastable hydrates is formed and lower amount of stable C3AH6 hydrate 

was observed [23]. The same mechanism is observed for the sample initially cured at 38°C. 

However, in this case, a higher amount of AH3 is formed during hydration and a higher 

amount is consumed during exposure to Na2SO4. 

In previous studies it was confirmed that the addition of slag to OPC improves resistance to 

sulphates depending on the Al2O3 content in slag. The resistance to sulphate attack  decreases 

with increasing content of aluminium oxide [99][100][101]. The addition of slag to CAC 

does not compromise its sulphate resistance in terms of compressive strength. At the end of 

the experiment, the compressive strength remained at least as high as before exposure to 

sodium sulphate. The slag used in this study had 11.7% of aluminium oxide which is 

considered a low alumina content [101]. The compressive strength of the sample with the 

slag cured at 20°C follows the trend of the reference sample cured at the same temperature. 

In comparison with reference sample cured at 38°C, the sample with slag had a higher initial 

compressive strength due to inhibition of conversion process by the formation of strätlingite 

hydrate. During exposure to sulphates, there was no significant decrease in compressive 

strength. Furthermore, the mass change during exposure follows the trend of the reference 

mixture for both curing temperatures. The microstructural analysis showed that under 

influence of sulphate ions, metastable hydrates and strätlingite hydrate are decomposed, 

while AH3 hydrate and hydrogarnet are forming when sample is cured at 20°C. In the sample 

initially cured at 38°C, the hydrogarnet also decomposes after 28 days of exposure to 

sulphates. Compared to the reference sample, when slag is added to CAC, metastable 

hydrates react first. The reason for this could be the lack of stable hydrates that could react 
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with sulphate ions, so that metastable hydrates take over this function. A higher amount of 

consumed metastable hydrates results in reduced compressive strength in comparison with 

the same mixture cured for 56 days at 38°C (Figure 6.4). 

Similar to the addition of slag to OPC, it was reported that the addition of calcined clay 

increases the sulphate resistance of OPC cement [101, 102, 103, 104]. By replacing part of 

the OPC with calcined clay, portlandite consumption and a lower amount of calcium ions 

occur, which prevents the secondary formation of ettringite and gypsum [104]. Calcined clay 

is preferably combined with CAC to prevent the conversion process through the formation 

of strätlingite hydrate, which reduces porosity. Reduced porosity also reduces the penetration 

of sulphate ions into the cement matrix. As with the reference sample and the sample with 

slag, during exposure to the sulphate solution, the mass of sample with clay increases due to 

the formation of new phase ettringite. The compressive strength of the sample with calcined 

clay is lower before and after exposure, compared to the reference sample and the sample 

with slag. However, during exposure to sodium sulphate solution, there was no decrease in 

strength, as with the other mixtures. In the sample with calcined clay cured at 20°C, the 

formation of metastable hydrates and AH3 hydrate was detected, while strätlingite hydrate 

and hydrogarnet remained unaffected by the sulphate ions. In the same sample cured at 38°C, 

the decomposition of metastable CAH10 was detected, as well as small amount of newly 

formed AH3 hydrate. Similar to the sample with slag, the formation of a higher amount of 

stable hydrates in the sample initially cured at 38°C (then exposed to sulphates) results in a 

slightly lower compressive strength compared to the strength after 56 days of curing at 38°C. 
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6.3.2 Exposure to sulfuric acid solution 

Compared to the sodium sulphate solution, significant damage was observed after sulphuric 

acid exposure. When sulphate ions from the sulphuric acid diffuse into the cement matrix, 

the calcium bearing phases CA and hydrogarnet (C3AH6) react first. As a result of this 

reaction, secondary AH3, and gypsum are formed [22]. AH3 hydrate is stable when the pH is 

above 3-4, has a high neutralization capacity during acid exposure, and prevents further 

degradation of the sample [105, 106]. The surface of the sample exposed to the sulphuric 

acid solution has a pH lower than 3, leading to the dissociation of the AH3 hydrate [107]. 

When the AH3 hydrate dissolves, noticeable changes appear on the samples. After 7 days of 

exposure, aggregate pop-outs and loss of material were observed in the reference mixture 

cured both at 20°C and 38°C. After 28 days of exposure to sulphuric acid solution, the 

deterioration is even more visible (Figure 6.8). The initial gain in mass from the 7th to the 

21st day of exposure is connected to the formation of gypsum and AH3 hydrate, which are 

densifying the structure of the cement matrix [22]. During prolonged exposure, weight loss 

of the samples, of the reference mixture cured both on 20°C and 38°C, was observed due to 

loss of material. The compressive strength is increasing until 28th day of exposure to 

sulphuric acid solution for the reference mixture cured both at 20°C and 38°C. Strength of 

sample cured at 38°C is initially lower due to the conversion process. The compressive 

strength increase is related to the continuation of hydration of the cement in sulphuric acid 

and the formation of secondary AH3, which fills the pores. The decrease in compressive 

strength was observed after 28 days of exposure for both curing temperatures as a result of 

the dissociation of AH3 when the pH of the cement matrix reaches a value below 3. A higher 

decrease in compressive strength was observed for the mixture cured at 20°C. The reason for 

this could be the lower amount of AH3 hydrate that could prevent diffusion of sulphate ions 
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into the cement matrix. However, the primary factor in the degradation of CAC due to 

sulphuric acid exposure is the formation of gypsum [105]. By conducting XRD analysis 

formation of gypsum was confirmed for the reference mixture cured at 20°C (Figure 6.13). 

The formation of gypsum induces microcracks in the area affected by the sulphuric acid, 

resulting in a decrease in the mechanical properties. Exposure to the sulphuric acid solution 

strongly influenced the pore structure of the reference mixture. The total porosity 

significantly decreased; however the average pore diameter increased after 91 days of 

exposure influencing the compressive strength decrease (Figure 6.18). 

The addition of more than 20% slag to CAC inhibits the conversion process and reduces the 

porosity of the cement matrix [12]. Slag with C2AH8 hydrate forms strätlingite hydrate 

(C2ASH8), and thus the formation of the stable phases C3AH6 and AH3 is reduced. Given that 

AH3 hydrate is crucial for neutralizing the solution and preventing sulphate ion precipitation, 

the sample containing slag may be more susceptible to degradation by sulphuric acid. The 

weight of the sample increases during the 21-day of exposure due to the formation of 

gypsum, however after prolonged exposure the mass decreases because of loss of the material 

(Figure 6.8). The compressive strength is continuously decreasing during exposure for both 

samples cured at 20°C and 38°C. A smaller decrease in compressive strength was observed 

for the sample initially cured at 20°C compared to the same mixture cured at 38°C. The 

sample cured at 20°C forms less stable hydrates, which results in lower porosity and thus 

higher compressive strength. The significantly lower strength observed after 28 days of 

exposure to sulphuric acid, compared to the compressive strength of the sample cured at 

20°C for 56 days, indicates changes in the structure of the cement matrix and the formation 

of microcracks (Figure 6.11). TGA analysis showed the formation of AH3 hydrate and the 
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consumption of metastable hydrates under the influence of sulphuric acid. This process 

differs from that observed in the reference mixture without slag. Additionally, an insufficient 

amount of C3AH6 hydrate was formed during hydration, and the reaction with sulphate ions 

is mainly carried out by metastable hydrates. The degradation of the sample with slag is 

observed immediately after exposure in the terms of a decrease in compressive strength. The 

XRD analysis also confirmed the formation of gypsum, which contributes to the degradation. 

Less gypsum formation was observed compared to the reference mixture, but the 

measurements were performed after a shorter exposure time. These results indicate that the 

sample containing slag requires a shorter period of exposure to the sulphuric acid solution 

for degradation to occur. In contrast to the reference sample, the total accessible porosity of 

the sample with slag increased after 28 days of exposure, along with an increase in the 

average pore diameter. 

The addition of calcined clay has a comparable effect to the addition of slag to CAC in the 

presence of sulphuric acid. Also, calcined clay, as well as slag, contributes to the mitigation 

of the conversion process to CAC by forming stralingite, which densifies the cement matrix 

and prevents a decrease in compressive strength. The degradation process due to the 

influence of sulphuric acid solution is not prevented compared to the reference mixture due 

to the lack of AH3 hydrate formed during cement hydration. Moreover, in the sample initially 

cured at 38°C, the formation of AH3 hydrate after exposure to sulphuric acid solution was 

not observed (Figure 6.16). The compressive strength is constantly lower during exposure 

compared to the reference mixture, however, the trend of compressive strength decrease 

followed by an increase is similar to the reference sample curet at 20°C. Similar to the sample 

containing slag, a significant decrease in compressive strength was observed after 28 days of 
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exposure, in contrast to the compressive strength achieved after 56 days of curing in water. 

By analysing TGA results it was determined that the metastable hydrate CAH10 for sample 

cured at 20°C first reacts with sulphate ions to form acid solution. In the sample cured at 

38°C, along with the metastable hydrate, C3AH6 hydrate reacts with the sulphate ions. The 

formation of gypsum was also observed in the sample containing calcined clay after 28 days 

of exposure (Figure 6.17). However, compared to the slag-containing sample, the formation 

of gypsum is less prominent. The total porosity and the average pore diameter of the sample 

with calcined clay increased after 28 days of exposure. However, the difference between the 

non-exposed and exposed samples is less pronounced than in the sample with slag. 

6.4 Conclusion 

This study aimed to evaluate the sulphate and acid resistance of CAC-based mortar without 

and with the addition of slag or calcined clay. In addition, the influence of the conversion 

process on changes in the microstructure that affect sulphate and acid penetration was 

investigated. It has been shown that CAC based mortar is more susceptible to degradation in 

acid solutions than in sulphate solutions. 

Following conclusions are drawn from the study: 

• Exposure to a sulphate solution has no significant influence on the compressive 

strength of plain CAC mortar, regardless of the curing temperature. 

• A 30% replacement of CAC with slag or calcined clay slightly improves the stability 

of the compressive strength under the influence of sulphates at both curing 

temperatures. 

• Gypsum formation and AH3 dissociation significantly influenced the compressive 

strength of plain CAC mortar after 28 days of exposure to sulphuric acid solution. 
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• Exposure to sulphuric acid increased the total porosity of the sample with slag, 

leading to a decrease in compressive strength. Additionally, the early formation of 

gypsum during exposure contributed to the lower resistance to sulphuric acid of the 

sample with slag compared to the reference sample. 

• In the sample with calcined clay, the formation of gypsum and an increase in total 

porosity were observed, resulting in decreased compressive strength and, 

consequently, lower resistance compared to the reference sample. 
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Chapter 7 Conclusions 

7.1 Conclusions 

This research provided information on the behaviour of calcium aluminate cement-based 

mortar and concrete under the influence of various environmental conditions. In order to 

determine the effects of the conversion process on the mechanical and durability properties, 

the process was accelerated by curing the samples at 38°C. To inhibit the conversion process, 

slag and calcined clay were utilised in this research, and their effects on the mechanical and 

durability properties were evaluated. 

The main conclusions of this thesis are: 

1. Incorporating slag and calcined clay can inhibit the conversion process and promote 

densification of CAC-based mortar. However, the addition of slag to CAC-based 

concrete leads to a slight decline in basic durability properties. 

2. Carbonation has the greatest effect on the plain CAC sample cured at ambient 

temperatures in terms of a decrease in compressive strength. Higher carbonation was 

observed in samples containing slag and calcined clay, despite the lower porosity of 

the matrix at both curing temperatures. However, the compressive strength of these 

samples increased after carbonation.  

3. The reference sample cured at 20°C, showed the highest resistance to chloride 

ingress, however the conversion process significantly decreased its resistance. The 

addition of slag or calcined clay reduces the effect of the conversion process on the 

resistance to chloride ingress.  

4. Exposure to a 5% sulphate solution does not affect the mechanical properties of CAC 

mortar. Furthermore, the addition of slag or calcined clay does not affect these 
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properties either; in fact, the strength of the samples exposed to the sulphates is even 

more stable. 

5. Exposure to 1.5% sulphuric acid leads to considerable degradation in all three 

systems observed, which is mainly due to the dissociation of AH3 and the formation 

of gypsum. 

The research within this dissertation determined the effects of slag and calcined clay on 

microstructural changes, their contribution to mitigating the effects of the conversion process 

and their effects on durability properties. Therefore, this research serves as a basis for a 

broader application of CAC-based systems. 

7.2 Scientific contribution  

The achieved original scientific contributions of the dissertation are: 

• The influence of SCMs on changes in the microstructure of calcium-aluminate 

cement was determined. 

This research has shown that the addition of SCMs with high silica content promotes the 

formation of a new phase, strätlingite (C2ASH8). The formation of strätlingite reduces the 

rate of the conversion process, which is unavoidable in CAC. It was demonstrated that 30% 

slag or calcined clay is an adequate replacement percentage to ensure mitigation of the 

conversion process. Already after 5 days of curing at 38°C, the compressive strength of the 

pure CAC sample was 60% lower compared to a sample cured at 20°C. For samples with 

slag or calcined clay, the compressive strength was stable over the entire testing period 

regardless of curing temperature.  
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• The influence of changes in the microstructure on the durability properties of 

calcium-aluminate cement was determined. 

It was determined that the carbonation resistance of CAC depends on the amount of phases 

formed during curing at 20°C or 38°C. The formation of stable hydrates (C3AH6 and AH3) 

provided higher carbonation resistance compared to the systems where mostly metastable 

hydrates (CAH10 and C2AH8) were formed. For the pure CAC sample, the resistance to 

chloride ingress was reduced after curing at 38°C due to the increase in porosity. The samples 

with slag and calcined clay also showed a higher chloride penetration after curing at 38°C, 

however, this reduction was not as significant as in the case of the CAC mixture, as a similar 

amount of metastable and stable hydrates were formed during curing at 20°C and 38°C. In 

terms of sulphate resistance, it was determined that exposure to sodium sulphate does not 

have a significant effect on the mechanical properties and microstructural changes in any of 

the systems tested. However, when CAC was exposed to sulphuric acid, significant changes 

were determined for non-converted and converted samples. Gypsum formation and AH3 

dissociation influenced the compressive strength reduction and porosity changes in all three 

systems tested.  

• Changes which occur at the microstructural and macrostructural levels of 

calcium-aluminate cement with and without SCMs, when exposed to different 

environmental conditions were quantified. 

In this research, the influence of two different curing temperatures (20°C and 38°C) on the 

properties on microstructural and macrostructural levels was observed. The curing 

temperature of 38°C was used to accelerate the conversion process. It was shown that the 
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influence of the conversion process on the durability properties is reduced when slag and 

calcined clay were incorporated into CAC. In samples with slag and calcined clay exposed 

to carbonation, a similar amount of calcium carbonate was found before and after the 

conversion process. In contrast, the reference sample cured at 38°C showed a significantly 

larger amount of calcium carbonate compared to that cured at 20°C. The compressive 

strength of non-converted reference mixture cured at 20°C decreased by almost 30% after 

56 days of carbonation, while the same converted mixture showed an increase in compressive 

strength of almost 40% after carbonation due to the formation of carbonates. For mixtures 

with slag and calcined clay, a slight increase in strength was observed for all mixtures after 

56 days of carbonation, regardless of the curing conditions prior to carbonation. In terms of 

chloride diffusion, the apparent chloride diffusion of the reference sample was 11 times 

higher after conversion, while the samples with slag and calcined clay showed 2.8 and 1.3 

times higher apparent diffusion coefficients after curing at 38°C, respectively. In terms of 

sulphate resistance, no decrease in resistance was observed both for reference and samples 

with slag and calcined clay after curing at 38°C. However, the sulphuric acid solution had 

significant effect before and after conversion for all samples, resulting in a decrease in 

compressive strength of 52% and 44% for the pure CAC sample cured at 20°C and 38°C, 

respectively, after exposure to H2SO4 for 91 days. The compressive strength of the samples 

with slag and calcined clay also decreased after exposure to sulphuric acid. For the sample 

with slag, the compressive strength decreased by 32% for curing at 20°C and by 39% for 

curing at 38°C after 91 days of exposure to H2SO4. For the sample with calcined clay, the 

compressive strength decreased by 54% for curing at 20°C and 64% for curing at 38°C after 

91 days of exposure to H2SO4. 
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This research provided the basis for a more efficient production and application of calcium-

aluminate cement. Therefore, in addition to the original scientific contribution, the industrial 

contribution of the proposed work is also achieved.  

7.3 Future recommendations  

Several recommendations for future research based on this dissertation are listed below: 

1. This study showed promising results in terms of mechanical properties when SCMs 

are added to CAC. It was also shown that durability of CAC with the addition of 

SCMs is not compromised after occurrence of the conversion process. However, the 

present study comprised monitoring the properties up to a maximum of 90 days. 

Longer studies would be needed to evaluate the performance of CAC-based mortars 

under prolonged exposure to aggressive environmental conditions.  

2. It has been demonstrated that calcined clay could be a promising material for use in 

combination with CAC. The performance of calcined clay depends mainly on the 

kaolinite content. In the present study, two clays with different kaolinite content were 

analysed. Future research could include calcined clay with different kaolinite content 

to determine its influence on the development of compressive strength and long-term 

durability. 

3. In the absence of standards for the behaviour of CAC mortar/concrete, standards and 

recommendations for OPC were used. Since OPC and CAC have significantly 

different chemistry, the use of standards for OPC could influence the obtained results 

for CAC. Further research is needed to establish protocols for testing CAC-based 

mortar/concrete under different exposure conditions. 
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