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Summary 

 

 

Supplementary cementitious materials (SCMs), like fly ash (FA) and blast furnace slag (BFS), 

are widely used in concrete to partially replace the cement clinker in the production of 

blended cement or directly replace part of Ordinary Portland cement (OPC) in the concrete. 

No matter how the SCMs are introduced, they can reduce the cost of concrete and CO2 

emissions during clinker production. From both economic and sustainable development point 

of view, it is necessary to incorporate more SCMs into concrete. However, the addition of 

SCMs will affect the cement hydration and bring challenges to the durability of concrete, 

especially the resistance to carbonation. Carbonation happens when atmospheric CO2 

penetrates inside the concrete and reacts with calcium-bearing phases of the cement paste. 

The main calcium-bearing phases involving in carbonation of concrete are portlandite (CH) 

and calcium silicate hydrate (C-S-H). With the addition of SCMs, the amounts of both 

calcium-bearing phases are reduced due to so-called dilution effects. Moreover, the 

portlandite is consumed by the pozzolanic reactions of SCMs, to produce C-S-H phases with 

less Ca/Si ratio. Apparently, the C-S-H phase is now the dominant calcium-bearing phase and 

is expected to play the key role in the durability of concrete under carbonation. Therefore, it is 

important to investigate the carbonation mechanisms of C-S-H phases and their effects on the 

carbonation development in blended cement concrete. 

This study aims at a better understanding of the carbonation mechanisms of different types 

of C-S-H and their effects on the chemistry of the reaction products and microstructure 

development of cement paste blended with SCMs during carbonation. 

Blended cement pastes with different types of SCMs, including FA and BFS, were 

prepared to study the effects of SCMs on the formation of C-S-H phases with different C/S 

ratios, and their effects on the amount of portlandite (Chapter 3). The results show that the 

amount of portlandite in blended cement paste is dramatically reduced compared to that in 

OPC paste. Other than C-S-H produced from cement hydration, the C-S-H phase with 

relatively lower C/S ratio is formed from the pozzolanic reaction of FA or BFS, the C/S ratio 

of which is 1.0 to 1.3 and 1.1 to 1.3 respectively. 

In Chapter 4, accelerated carbonation tests were performed on the blended cement pastes 

studied in Chapter 3. Both the phase assemblage and microstructure of blended cement pastes 

were determined and compared with values measured for pastes prior to carbonation. 

Calculation results based on the TGA data show that the dominant amount of CaCO3 is 

produced from the carbonation of C-S-H in pastes blended with high amounts of SCMs 

(pastes B70, F10B54 and F30B30). Meanwhile, porosity measurements (MIP) showed that 

the porosities of the three mixtures increased after carbonation. This indicates that the 

carbonation of C-S-H will increase the porosity of blended cement paste after carbonation. 



XI 

It is expected that the carbonation of C-S-H phases with different C/S ratio develops 

differently. To figure out this, C-S-H gel with different C/S ratios were synthesized and with 

target C-S-H phases identified from test data from different measurements (Chapter 5). 

Accelerated carbonation tests were performed on different C-S-H phases (synthesized over 4 

weeks, C/S ratios ranging from 0.66 to 2.0). After carbonation, the carbonated C-S-H phases 

were tested by different methods to qualify or/and quantify the carbonation rate of C-S-H gel 

with different C/S ratios. The results showed that C-S-H gel with a higher C/S ratio has a 

lower carbonation rate.  

In Chapter 7, a mathematical model was developed for the prediction of the carbonation 

depth of Portland and blended cement paste. The parameters in the model were calculated 

based on data measured in Chapter 3 and 4. Then the model was applied for specified pastes 

(P100, F30, B70) and compared with measured carbonation depths (Chapter 4). From the 

comparison it was concluded that the model developed in this study gives accurate predictions 

of the carbonation depth in both Portland and blended cement pastes. 
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Samenvatting 

 

 

Aanvullende cementaire materialen (SCMs), zoals vliegas (FA) en hoogovenslak (BFS), 

worden veelvuldig gebruikt in beton om gedeeltelijk de cementklinker te vervangen bij de 

productie van samengesteld cement, of om rechtstreeks een deel van gewoon Portlandcement 

(OPC) in het beton. Ongeacht hoe de SCMs worden toegevoegd, kunnen ze de kosten van 

beton verlagen en de CO2-uitstoot tijdens de productie van klinker verminderen. Vanuit zowel 

economisch als duurzaam oogpunt is het nodig om meer SCMs in beton op te nemen. De 

toevoeging van SCMs heeft echter invloed op de cementhydratatie en brengt uitdagingen met 

zich mee voor de duurzaamheid van beton, met name de weerstand tegen carbonatatie. 

Carbonatatie treedt op wanneer atmosferische CO2 doordringt in het beton en reageert met 

calciumhoudende fasen van het cementpasta. De belangrijkste calciumhoudende fasen die 

betrokken zijn bij de carbonatatie van beton zijn portlandiet (CH) en calciumsilicaathydraat 

(C-S-H). Met de toevoeging van SCMs wordt de hoeveelheid van beide calciumhoudende 

fasen verminderd vanwege het zogenaamde verdunningseffect. Bovendien wordt de 

portlandiet verbruikt door de pozzolanische reacties van SCMs, om C-S-H fasen met een 

lagere Ca/Si-verhouding te produceren. Het C-S-H fase is nu duidelijk de dominante 

calciumhoudende fase en wordt verondersteld een sleutelrol te spelen in de duurzaamheid van 

beton onder carbonatatie. Daarom is het belangrijk om de carbonatatiemechanismen van C-S-

H fasen te onderzoeken en hun effecten op de ontwikkeling van carbonatatie in beton met 

samengesteld cement.  

Dit onderzoek heeft als doel een beter begrip te krijgen van de carbonatatiemechanismen 

van verschillende soorten C-S-H en hun effecten op de chemie van de reactieproducten en de 

microstructuurontwikkeling van cementpasta gemengd met SCMs tijdens carbonatatie. 

Mengsels van cementpasta met verschillende soorten SCMs, waaronder FA en BFS, 

werden bereid om de effecten van SCMs op de vorming van C-S-H fasen met verschillende 

C/S-verhoudingen te bestuderen, evenals hun effecten op de hoeveelheid portlandiet 

(Hoofdstuk 3). De resultaten tonen aan dat de hoeveelheid portlandiet in cementpasta met 

SCMs drastisch wordt verminderd in vergelijking met die in OPC-pasta. Naast de C-S-H die 

wordt geproduceerd uit de hydratatie van cement, wordt de C-S-H fase met relatief lagere 

C/S-verhouding gevormd uit de pozzolanische reactie van FA of BFS, waarvan de C/S-

verhouding respectievelijk 1,0 tot 1,3 en 1,1 tot 1,3 is. 

In Hoofdstuk 4 werden versnelde carbonatatietesten uitgevoerd op de gemengde 

cementpasta's die in Hoofdstuk 3 zijn bestudeerd. Zowel de fase-assemblage als de 

microstructuur van de gemengde cementpasta's werden bepaald en vergeleken met warden die 

werden gemeten voor pasta's vóór carbonatatie. Berekeningsresultaten op basis van TGA-

gegevens tonen aan dat de dominante hoeveelheid CaCO3 wordt geproduceerd uit de 

carbonatatie van C-S-H in pasta's die zijn gemengd met hoge hoeveelheden SCMs (pasta's 

B70, F10B54 en F30B30). Ondertussen toonden porositeitsmetingen (MIP) aan dat de 
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porositeit van de drie mengsels toenam na carbonatatie. Dit duidt erop dat de carbonatatie van 

C-S-H de porositeit van de gemengde cementpasta zal verhogen na carbonatatie. 

Verwacht wordt dat de carbonatatie van C-S-H fasen met verschillende C/S-verhoudingen 

zich op verschillende manieren ontwikkelt. Om dit te onderzoeken, werd C-S-H gel met 

verschillende C/S verhoudingen gesynthetiseerd en werden doelgerichte C-S-H fasen 

geïdentificeerd aan de hand van testgegevens uit verschillende metingen (Hoofdstuk 5). 

Versnelde carbonatatietesten werden uitgevoerd op verschillende C-S-H fasen 

(gesynthetiseerd gedurende 4 weken, met C/S verhoudingen variërend van 0,66 tot 2,0). Na 

carbonatatie werden de gecarbonateerde C-S-H fasen getest met verschillende methoden om 

de carbonatiesnelheid van C-S-H gel met verschillende C/S verhoudingen te kwalificeren 

en/of te kwantificeren. De resultaten toonden aan dat C-S-H gel met een hogere C/S 

verhouding een lagere carbonatiesnelheid heft. 

In Hoofdstuk 7 werd een wiskundig model ontwikkeld voor de voorspelling van de 

carbonatatiediepte van Portland- en gemengd cementpasta. De parameters in het model 

werden berekend op basis van gegevens die gemeten waren in Hoofdstuk 3 en 4. Vervolgens 

werd het model toegepast op specifieke pasta's (P100, F30, B70) en vergeleken met gemeten 

carbonatatiedieptes (Hoofdstuk 4). Uit de vergelijking werd geconcludeerd dat het model dat 

in deze studie is ontwikkeld nauwkeurige voorspellingen geeft van de carbonatatiediepte in 

zowel Portland- als gemengd cementpasta's. 

  



XIV 

Acknowledgements 

 

 

Finally, I am walking to the end point of this special stage of my life. Life is hard, and I have 

been lost. I would never have been able to finish my dissertation without those people who 

gave me help and support. It is to them that I owe my deepest gratitude. 

This project was carried out in the Microlab, Civil Engineering and Geosciences, TUDelft 

and financially sponsored by China Scholarship Council (CSC) and TUDelft. CSC and 

TUDelft are gratefully acknowledged. I also would like to thank Prof. Xiangguo Li (my 

sponsor) and Prof. Baoguo Ma, Wuhan University of Technology (WHUT), P.R. China. They 

supported me in applying for this special PhD position in TUDelft. 

I would like to express my deepest appreciation to my promoter Prof. dr. ir. Klaas van 

Breugel for his excellent guidance, patience, and always providing me with concise comments 

for my research. Also, he gave me so many valuable comments for writing the manuscript, 

like language issues and writing logic. He sacrificed tons of time and energy on my thesis 

revision in the final stage. I really appreciate it. 

I would like to give my sincerest acknowledgement to my promotor Assoc. Prof. dr. Guang 

Ye for his excellent supervision. His advice, patience and encouragement have not only 

supported me in pursuing my PhD but also in balancing my family over the years. My 

dissertation will not be finished without his sparkling ideas and patient correction. 

I would like to thank my dissertation committee of Prof. dr. ir. N. De Belie, Prof. dr. S. 

Kamali-Bernard, Prof. dr. H. M. Jonkers, Prof. dr. ir. J. Zhou and Dr. M. Nedeljkovic, for 

their time and valuable feedback on this thesis.  

I am grateful to Ms. Franca Post, assistant project coordinator, Center for International 

Cooperation and Appropriate Technology (CICAT) for her strong support during my stay in 

TUDelft. 

I would like to thank all the colleagues and former colleagues of Microlab. First of all, I 

deeply thank Prof. dr. Erik Schlangen for his support. My special thanks go to the kindly 

technicians, Arjan Thijssen and John van den Berg for their patiently training in test methods 

and data process, Gerrit Nagtegaal for his selfless assistance in experiments, Maiko van 

Leeuwen and Ton Blom for their kind help in the materials management and experimental 

supports. Many thanks to secretaries, Nynke Verhulst, Iris Batterham, Claudia Baltussen, 

Melanie Holtzapffel and Jacqueline Bergenhenegouwen for their kind help with the daily 

administration affaires.  

Special thanks to Dr. Zhuqing Yu (Dr. Ning Li), they helped me start my life in Delft. 

Special thanks to Dr. Yong Zhang, for sharing experiences in experiments. Many thanks to Dr. 

Zhiwei Qian, my roommate, for his insightful discussions and supporting for my stay in the 

Netherlands. I would like to thank Jiayi Chen (Dr. Wenqin Shi), Xuliang Hou (Ying Yang), 



XV 

Dr. Huang Dong, Dr. Tianshi Lu, Hao Huang (Niha Naheya), Dr. Peng Gao for those 

cherished moments and supporting. Special words to CMMB members: Dr. Zhenming Li, Dr. 

Shizhe Zhang, Dr. Boyu Chen, Yun Chen, Luiz Cezar Miranda de Lima Junior, Albina 

Kostiuchenko, Xuhui Liang, Zhiyuan Xu, Chen Liu, Guilherme Munhoz, Yu Zheng, Hu Shi 

etc., for knowledge sharing via group meetings. I would like to thank Dr. Branko Savija, Dr. 

Mladena Lukovic, Dr. Marija Nedeljkovic, Dr. Natalie Mühleisen, Renée Mors, Patrick 

Holthuizen, Dr. Agus Susanto, Dr. Farhad Pargar for their smile and encouragement. I am 

also very grateful to my Chinese colleagues, Dr. Ze Chang, Dr. Shi Xu, Dr. Yu Chen, Dr. 

Shan He. 

I would also like to thank my friends: Yin Sun, Yupeng Liu and Lei Zhang in China, for 

their endless concern and support. Special thanks to Wenqin Zhang (WHUT), for her helps in 

NMR test. 

I am deeply thankful to my parents, for their love, support, and sacrifices. Without them, I 

cannot finish my dissertation. This last word of acknowledgment I have saved for my dear 

wife Liqin Wu and my lovely son Yuchen Wu, who shared my tear and happiness, gave me 

encouragement to finish my PhD work.  

 

 

 

 

 

 

 

Bei Wu (吴 贝) 

Delft, the Netherlands, 

March 2023 

 

 

 

  



1 

 

 

1  
 

General Introduction 
 

 

 

1.1 Research background 

During the past one and half centuries, a dramatic increase of atmospheric CO2 concentration 

[1] is attributed to anthropogenic emissions from fossil-fuel combustion, cement manufacture 

[2] and land-use changes [3]. Today the CO2 concentration in the atmosphere has reached 400 

ppm, whereas is had been stable at around 270 ppm for thousands of years before the Second 

Industrial Revolution in the later 19th century. As one of the greenhouse gasses, the increasing 

growth of atmospheric CO2 concentration will increase the global temperature and cause 

unpredictable climate changes. With the aim to ensure a sustainable future, many efforts have 

been made to reduce the atmospheric CO2 concentration. In the Energy Technology 

Perspectives (ETP) 2008, the International Energy Agency (IEA) has developed ‘Blue Map’ 

scenarios for limiting CO2 emissions and stabilizing CO2 concentration in the atmosphere at 

450 ppm by 2050 [4]. Having in mind that the demand for energy will increase with the 

increase of world population and the increase of the energy consumption per capita, this goal 

requires the reduction of annual CO2 emissions to 50 percent below current levels by 2050. 

Taking 2007 level as a reference, the global CO2 emissions will be reduced to 14 Gt (Gt = 

gigatons) in 2050 (see Figure 1-1). Moreover, the IEA has developed specific targets in each 

sector to realize this Blue Map goal, as well as the costs to reach these goals. Manufacturing 

industries account for about 25% of total worldwide CO2 emissions (6.7 Gt), of which 27% 

comes from non-metallic minerals production. Cement production accounts for approximately 

94% of CO2 emissions from the production of non-metallic minerals [4]. 
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Figure 1-1 Contribution of CO2 emissions reductions in the BLUE Map Scenario by sector, 2005 - 

2050 (World Energy Outlook (WEO) 2007 + ETP 2008) 

 

Cement is the essential ingredient of concrete, which is the most widely used building 

material for realizing required housing and modern infrastructure. However, the production of 

cement is responsible for approximately 6.3 of the global CO2 emissions, calculated based on 

the above-mentioned data. To meet the Blue Map goal, the cement industry is also expected to 

contribute to the required reduction of CO2 emissions. Through the World Business Council 

for Sustainable Development (WBCSD) and the Cement Sustainability Initiative (CSI), the 

cement industry and the IEA have worked together to develop a specific roadmap for the 

cement industry [5]. This roadmap outlines the strategies to achieve the CO2 reduction targets 

and establishes a corresponding action plan and timetable. The main techniques identified, 

and targeted emission reductions are shown in Figure 1-2. The methods include increasing 

energy efficiency and utilizing alternative fuel like biomass in cement production, clinker 

substitution and carbon capture and storage in construction. 

 

 

Figure 1-2 Roadmap of CO2 emissions reductions in cement industry (reproduced from the 

IEA/WBCSD CEMENT ROADMAP) 
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Substitution of clinker by alternative binders is a well-known method used in Europe. It is 

known that ordinary Portland cement (OPC) contains up to 95% clinker. 50% of CO2 

emissions from cement industry is attributed to clinker calcination. Clinker substitution 

implies partial replacement of clinker by Supplementary Cementitious Materials (SCMs), thus 

reducing the amount of clinker in the cement and lowering the amount of CO2 released in the 

production of concrete. The clinker substitution technology is expected to contribute 

approximately 10% of the total CO2 emissions reduction required for the cement industry 

upon 2050 (see Figure 1-2). To reach this goal, increasing amount of SCMs are introduced to 

produce blended cement. 

The use of SCM-based concretes, however, is expected to affect the resistance of the 

concrete against carbonation. Carbonation happens when atmospheric CO2 penetrates the 

concrete and reacts with calcium-bearing phases in the cement paste, as illustrated in Figure 

1-3. Carbonation is one of the main deterioration processes infrastructure works are exposed 

to, particularly in situations with high average annual relative humidity. The consequence of 

carbonation is reduction of alkalinity of the concrete, which makes the reinforcement in the 

concrete susceptible to corrosion. Therefore, increasing the knowledge on (modelling of) 

carbonation depth development is of great importance for the service life prediction of 

Portland cement concrete. 

For Portland cement concrete, a well-known square-root relation (see Eq. 1-1) is generally 

used for estimating the carbonation depth as function of time, which is essentially a solution 

to Fick’s first law of CO2 diffusion. 

( )cX t A t=           Eq. 1-1 

in which Xc(t) is the carbonation depth (m). A  indicates the propagation rate of the 

carbonation depth (or carbonation front described in Figure 1-3). This rate depends on the 

atmospheric CO2 concentration near the concrete surface, the amounts of calcium-bearing 

phases at the start of the carbonation process, as well as the diffusion coefficient of CO2 in  

 

 

Figure 1-3 Schematic of an arbitrary stage in the carbonation process in concrete 
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carbonated concrete. The diffusion coefficient CO2 depends on the porosity of the carbonated 

part, which is determined by the porosity of the concrete before exposure and the total volume 

changes during the carbonation of calcium-bearing phases. Note that all these parameters are, 

in fact, a function of the degree of hydration of Portland cement.  

In blended cement concrete, different calcium-bearing phases, especially C-S-H with 

relatively lower Ca/Si (C/S) ratio are produced from the pozzolanic reactions of SCMs. 

Moreover, both the amounts of calcium-bearing phases and porosity of concrete are changed. 

These parameters used in predictive formulae are decided, in the end, by the degree of 

hydration of the OPC and the pozzolanic reactions of SCMs prior to carbonation. Since the 

situation in blended cement concrete is different from that of Portland cement concrete, an 

improved relation is needed for predicting the carbonation rate in blended cement concrete. 

1.2 Aim and objectives of this research  

The aim of this research is to study the carbonation mechanism of different types of C-S-H 

and its effects on the chemistry of the reaction products and microstructure development of 

cement paste blended with SCMs, such as fly ash (FA) and ground granulated blast-furnace 

slag (GGBS). Based on the experimental results, a predictive tool has to be developed for 

predicting the evolution of carbonation profiles. In order to reach this goal, the main 

objectives are:  

1. To figure out the carbonation mechanism of different kinds of C-S-H, including the 

reaction products and carbonation rates based on the study of the carbonation of 

synthesized C-S-H phases.  

2. To determine the formation of calcium-bearing phases (C-S-H and CH) and the 

microstructure of cement paste blended with SCMs, considering the type and 

replacement level of SCMs. Both binary, i.e. OPC blended with either FA or GGBS, and 

ternary, OPC + FA + GGBS, systems will be studied.  

3. To investigate the effects of C-S-H carbonation on the microstructure of blended cement 

paste by studying the phase transition and microstructure development of blended 

cement paste.  

4. To develop a predictive tool, i.e. formula, to estimate the long-term performance of 

blended cement paste under carbonation.  

Emphasis will be on the objective 1 to 3. In depth modelling of the carbonation process, in 

which all the investigated mechanisms and interactions are considered, is beyond the scope of 

this study. The development of a predictive tool, mentioned here as the fourth objective, will 

mainly consist of an attempt to modify the predictive Eq. 1-1, based on the findings discussed 

under the objectives 1 to 3.  
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1.3 Strategy of this research 

 The strategy to reach the goal of this research is as follows.  

− Firstly, the main hydration products of blended cement paste are characterized, especially 

the types of C-S-H and the fractions are identified experimentally. The evolution of the 

porosity in blended cement pastes is measured as well. Experimental results will be 

complemented by results of numerical simulations with the hydration model Hymostruc 

3D-E [6].  

− Secondly, the amounts of carbonation products of cement paste blended with different 

SCMs are quantified using TGA with mass spectroscopy (MS-TGA). In parallel, porosity 

changes due to carbonation are evaluated. Effects of carbonation of C-S-H on the phase 

changes and porosity development of blended cement paste are investigated. 

− Thirdly, different C-S-H phases, characterized by their C/S ratio, will be synthesized and 

characterized by different methods. These artificial C-S-H phases are exposed to an 

accelerated carbonation test to study the carbonation mechanism of C-S-H phases with 

different C/S ratio. As a result, the carbonation kinetics of C-S-H with different Ca/Si 

ratio is obtained. 

− In the end, an engineering tool to predict the carbonation rate in cement paste blended 

with SCMs is proposed that allows for the typical findings regarding the effects of C-S-H 

type and amount.   

1.4 Scope of this research  

Deterioration of structures made with SCMs-blended concrete can be caused by different 

factors, such as corrosion, carbonation, sulfate attack or a combination of these factors. The 

central issue of this research is the carbonation of cement paste blended with SCMs. The 

SCMs considered in this study are fly ash (FA) and blast furnace slag (BFS), including binary 

(PC + FA or BFS) and ternary (PC + FA + BFS) system.  

In this study the following restrictions do apply:  

− Water/binder (w/b) ratio of cement paste was 0.5.  

− Prior to the carbonation test the samples were cured in sealed condition at 20°C. 

− Accelerated carbonation was applied in a special carbonation chamber. The 

concentration of CO2 in the chamber was maintained at approximately 3%. 

Temperature, relative humidity inside the chamber are 20°C and 75%, respectively. 

− Only surface drying of samples was executed before the carbonation test started to 

prevent the formation of cracks. 

− Effects of temperature and relative humidity are not studied in the experimental 

research part. 
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The artificial C-S-H with different Ca/Si ratio was synthesized in aqueous solution from 

CaO and amorphous SiO2. The structure of synthesized C-S-H was similar to the C-S-H (I) in 

cement paste. Ca/Si ratio of synthesized C-S-H was in the range of 0.66 to 2.0. Carbonation of 

synthesized C-S-H was studied under the same (artificial) carbonation conditions mentioned 

above. 

1.5 Outlines of this thesis  

As shown in Figure 1-4, this thesis consists of 7 chapters. After the Introduction in Chapter 1, 

Chapter 2 presents a literature survey on existing carbonation depth modelling for OPC 

concrete, changes of prediction factors brought by the addition of SCMs, especially, 

microstructure and different C-S-H phases. In the end, it specifies the improvement of 

carbonation modelling of blended cement paste in this research. 

In Chapter 3, MS-TGA is used for quantification of the amount of CH in cement blended 

with SCMs. Effects of the type and replacement level of SCMs on the amount of CH will be 

studied. C-S-H phases with different C/S ratios, produced from either hydration of cement or 

pozzolanic reaction of SCMs, are identified by Energy-dispersive X-ray spectroscopy (Edax). 

The porosity of blended cement paste is measured by mercury intrusion porosimetry (MIP). 

Meanwhile, experimental results will be compared with modelling results generated with the 

numerical simulation program Hymostruc 3D-E developed by P. Gao [25]. Through the above 

test and modelling results, the effects of SCMs on the amount of CH and types of C-S-H as 

well as the porosity of blended cement paste can be better understood.  

In Chapter 4, the amounts of phases involved in carbonation are analyzed by MS-TGA. 

Meanwhile, the corresponding evolution of the porosity after carbonation is evaluated by MIP. 

Based on the experimental results, a more accurate understanding of phase transition and 

microstructure development of cement paste mixed with SCMs under carbonation is achieved. 

In particular, the effects of carbonation of C-S-H on the porosity change of blended cement 

paste after exposure to CO2 will be studied.  

In Chapter 5, C-S-H(I) phases with different C/S ratio, representing those found in blended 

cement paste and studied in Chapter 3, are synthesized in an aqueous solution by mixing 

freshly made CaO and fumed silica powder. The products are analyzed by XRD, 29Si NMR, 

TGA and FTIR. The crystal structure of synthesized C-S-H phases is discussed as well. The 

identified C-S-H phases with different C/S ratio will be used for the study on accelerated 

carbonation, to be dealt with in Chapter 6. 

In Chapter 6 the carbonation mechanism of C-S-H with various Ca/Si ratio is investigated. 

The amount of CaCO3, produced from the carbonation of C-S-H, is calculated based on the 

Rietveld analysis of XRD test results. The carbonation reaction kinetics of different types of 

C-S-H is calculated based on the formation rate of CaCO3. The results in Chapter 6 are used 

as a reference for the development of a practical engineering tool, i.e. formula, for predicting 

the rate of carbonation in concrete, as discussed in Chapter 7. 
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In Chapter 7, a formula for predicting the rate of carbonation in blended cement concrete 

will be proposed. The starting point is an existing predictive formula, of which modifications 

are proposed based on the improved understanding of carbonation mechanisms in blended 

cement mixtures. 

From this research, better understanding is gained into the physic-chemical processes of 

SCMs blended cement paste under carbonation. Additionally, more accurate carbonation 

profiles in cement paste blended with fly ash and blast furnace slag can be predicted by an 

envisaged predictive formula. 

 

 

Figure 1-4 Outline of this thesis 
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2  
 

Literature Review and Discussion 
 

 

 

2.1 Introduction 

This chapter provides a brief overview of the most important issues related to modelling of 

carbonation of blended cement concrete. Firstly, some empirical models developed for 

Portland cement concrete are discussed. Secondly, the decisive factors of carbonation 

modelling are studied, as well as the changes brought by the introduction of SCMs to the 

concrete. Thirdly, the importance of C-S-H phases are discussed. Finally, concluding remarks 

and the intention of new research are made. 

2.2 Mechanisms of carbonation in Portland cement concrete 

This section summarises the chemical reactions occurring during the carbonation of calcium-

bearing phases in Portland cement concrete, as well as the diffusion of CO2 from the concrete 

surface. 

In Portland cement concrete, the term carbonation is defined as the reaction of dissolved 

CO2 with calcium ions extracted from calcium-bearing phases in the pore water, or directly 

with solid calcium-bearing phases. Calcium-bearing phases involved in the carbonation 

process are hydration products like CH and C-S-H, as well as unhydrated cement clinker 

components, such as tricalcium silicate (C3S), dicalcium silicate (C2S) [1-6]. Main physico-

chemical processes involved in the carbonation of the cement paste in concrete are: 
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▪ Diffusion of atmospheric CO2 in the gaseous phase of concrete. 

▪ Dissolution of solid calcium-bearing phases in pore water and the diffusion of 

dissolved calcium-bearing phases in the pore solution. 

▪ Dissolution and transport of CO2 in pore water and its reaction with dissolved 

calcium-bearing phases. 

▪ The reduction of pore volume due to the production of solid phases during the 

hydration and carbonation. 

▪ The condensation of water vapour on the walls of concrete pores. 

 

The main product of the carbonation reactions is calcium carbonate, which can precipitate 

in three crystalline polymorphs: calcite, aragonite and vaterite, depending on the internal 

concrete conditions (including temperature, humidity, etc.). The formation of calcium 

carbonate will release the water that was chemically bound in calcium-bearing phases, leaving 

changes of the solid volume. These changes can be, volume-wise, positive or negative, 

depending on the molar volume differences between reactants and products. It has a major 

impact on the porosity of carbonated area and further affecting the diffusion of CO2. 

2.3 Carbonation depth prediction models for Portland cement concrete 

From the discussion of carbonation mechanism, the carbonation depth is always developing 

with the diffusion of CO2 but dragged down by the carbonation reactions. In another word, 

these calcium-bearing phases have buffering effects on the carbonation development. The 

primary material indicator of carbonation rate could be defined by a single parameter - the 

effective buffering capacity of the cementitious binder expressed as an equivalent Portland 

cement content, while other physical properties of concrete are of secondary importance. 

Based on this assumption, an empirical formula has been developed to predict carbonation 

depth development [7].  

d a k t= +             Eq. 2-1 

where d is the carbonation depth [mm] and t is the carbonation time [year].  

 For the carbonation rate k it holds: 

4.062 2.568 (1000 / )    (1000/b>1.5)k b= − +        Eq. 2-2 

The total effective buffering capacity b  is calculated with: 
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1 1 2 2b b c b c= +            Eq. 2-3 

where 1b  is the buffering capacity of the PC component 1c  [kg/m3], 2b is the buffering capacity of the 

SCMs component 2c  [kg/m3] 

The effective buffering capacity of PC is calculated from the weight percentage of C3A: 

2

1 3 30.0019( ) 0.0056( ) 0.7538b C A C A= − +        Eq. 2-4 

in which 3C A  is the 3C A  content as the weight percentage of cement. The effective buffering 

capacity of BFS and FA (complying with BS 3892: part 1) is 0.6 and 0.2, respectively. 

This prediction model mainly considers the amounts of binders and related buffering 

capacity factors. It is independent of the diffusion of CO2. Apparently, it is a rough estimate, 

not that suitable for predicting the carbonation depth in concrete. 

Considering a series of mass balance of calcium-bearing phases, Papadakis [3] developed 

an engineering tool for predicting the penetration depth of the carbonation front ( )cX t , which 

is assumed to be linearly related with the square root of the exposure time t , as described 

with the formula: 

, 2

0

2

0 0 0 0

2 3 2

2[ ]
( )

[ ( ) ( )] 3[ ] 3[ ] 2[ ]

e CO

c

c

CO D
X t t

Ca OH s CSH C S C S
=

+ + +
     Eq. 2-5 

in which 0[ ]i indicates the initial concentrations of constituent i  in the non-carbonated zone in 

the concrete, 
2

c

,e COD  is the effective diffusivity of CO2 (gas) in the carbonated concrete, 

depending on the porosity of the concrete. 0

2[ ]CO is the atmospheric CO2 concentration at the 

concrete surface.  

The above empirical equation developed by Papadakis considers the diffusion of CO2, 

while the effective diffusivity is independent of carbonation time. This prediction model is 

designed for Portland cement concrete. It might need modification when applying for blended 

cement concrete, because this model does not take into account the effects of carbonation of 

C-S-H produced from pozzolanic reactions. 

Normally, the reactions between unhydrated cement and CO2 are ignored, because these 

reactions with CO2 are negligible compared to the reaction with CH and C-S-H [8]. 

Therefore, the main carbonation reactions between calcium-bearing phases and CO2 in the 

concrete are:  
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CH C C C H
− −

+ → +           Eq. 2-6 

( )x y z tC S H xC xC C ySH z yt H
− −

+ → + + −        Eq. 2-7 

with C =CaO , H = 2H O , S = 2SiO , and C = 2CO . The following discussion will focus on the 

carbonation of CH and C-S-H. 

2.4 Effects of SCMs 

There are lots of SCMs used in cement production all over the world. Two main groups can 

be distinguished: 

1) Hydraulic SCMs -- Hydraulic SCMs can set and harden when submerged in water by 

forming the calcium silicate hydrate (C-S-H) in a hydration reaction. Hydraulic binders, 

such as blast furnace slag, a by-product of the pig-iron/steel production, and class C fly 

ash from coal combustion, contain a significant amount of CaO. However, their hydraulic 

activity is relatively low compared to Portland cement. Normally, hydraulic SCMs are 

activated chemically to initiate and accelerate the reactions [9, 10]. For example, blast 

furnace slag can be chemically activated by portlandite (CH) produced from the 

hydration of Portland cement. 

2) Pozzolanic SCMs -- Pozzolanic SCMs react with excess calcium hydroxide generated 

in the hydration of Portland cement. The pozzolanic reactions are slower than hydraulic 

reactions and generate strength at later ages, beyond 28 days. Some common pozzolanic 

materials include class F fly ash, silica fume from the production of silicon or ferrosilicon 

alloys, volcanic ashes, metakaolin and calcined clays. The main difference between Class 

C and Class F fly ash is the chemical composition of the ash itself. ASTM C618 requires 

that Class F fly ash contains at least 70% pozzolanic compounds (silica oxide, alumina 

oxide, and iron oxide), while Class C fly ashes have between 50% and 70% of these 

compounds. Typically, Class C fly ash also contains significant amounts of calcium 

oxide - over 20%. Most Class F fly ash contains little calcium oxide.  

Figure 2-1 illustrates the chemical composition and typical variability of the most 

commonly used groups of SCMs in a CaO-SiO2-Al2O3 ternary variation diagram [11]. Alkalis, 

MgO and Fe2O3 content are ignored in this diagram. Utilization of these SCMs to substitute 

part of the Portland clinker has both economic and environmental advantages, including a 

great reduction of CO2 emission. However, most of the SCMs differ significantly in chemical 

composition compared to Portland cement (see Figure 2-1). They generally have a lower 

calcium content, but a higher amount of silica and alumina. The use of SCMs in cement will 

affect the hydration process and microstructure development of cement paste, which might be 

the consequences for the durability concrete made of blended cement. Among these 

consequences, the resistance of the concrete against carbonation is the particular topic of this 

study. 
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Figure 2-1 CaO-Al2O3-SiO2 ternary diagram of cementitious materials (after B. Lothenbach et al, 

2011 [11]) 

In concrete blended with SCMs, the CH content is relatively low compared to ordinary 

Portland cement concrete due to, first, the dilution effects and, second, the consumption of 

CH in pozzolanic reactions between SCMs and CH [11]. From the thermodynamic point of 

view, the reaction kinetic of CH carbonation is initially higher than that of C-S-H [12, 13]. 

Therefore, in the initial carbonation stage CH is always consumed first. The carbonation of C-

S-H will start when all the accessed CH is consumed. In later stage, the only calcium-bearing 

phase in blended cement concrete is C-S-H, which will play the key role for the long-term 

durability of concrete under the carbonation attack.  

2.5 Carbonation of C-S-H 

C-S-H is the major product of the hydration of Portland cement, and also the main contributor 

to the strength of concrete. Carbonation of C-S-H has been studied by many authors [6, 14, 

15]. It is a complex decalcification-polymerization process of the C-S-H and the formation of 

amorphous silica gel (see Eq. 2-7). Carbonation mechanisms, as well as the reaction rates and 

reaction products, depend on the properties of C-S-H, like Ca/Si (C/S) and H2O/Si (H/S). It is 

more appropriate, therefore, to study the carbonation mechanism of C-S-H based on the C-S-

H structure.  

The behaviour of different types of C-S-H phases (distinguished per C/S ratio in this 

discussion) varies in front of carbonation, including the decalcification rate and following 

influences on the microstructure of concrete. It is widely acknowledged that the C/S ratio of 

C-S-H gel from cement hydration ranges from 1.50 to 2.0 [16-23]. The C/S ratio of C-S-H 

gels produced from the pozzolanic reaction of SCMs, such as FA or BFS, varies from 1.0 to 

1.60 [24-28]. The C-S-H phases (including all the C-S-H gels mentioned above and natural 

phases) share a similar layer structure, which can be inferred from the refined structure of 

11Å tobermorite (Ca4.5Si6O16(OH)·5H2O) [29]. This refined structure consists of three parts: 

CaO2 sheets, a ‘dreierkette’ form SiO-chain and interlayer.  
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C/S ratio of C-S-H in the concrete is normally higher than 0.83. The increase of the C/S 

ratio in C-S-H gel based on the tobermorite structure can be caused by omission of the 

bridging tetrahedra and incorporation of additional calcium in the interlayer. If all the bridge 

tetrahedra are removed, the Ca/Si ratio can increase to 1.25 [30, 31]. Further incorporation of 

extra Ca2+ in the interlayer can form the C-S-H with a much higher Ca/Si ratio, the theoretical 

value of which is 1.50 when all the bridging sites are removed and taken up by extra Ca2+ [30]. 

The extra Ca2+ is normally balanced by the omission of H+ or the incorporation of OH- or both. 

If the amount of extra Ca2+ continues to increase and achieves a Ca/Si ratio even higher than 

1.5, the structure of C-S-H is closer to the C-S-H/CH ‘solid solution’ (T/CH model) [30]. 

From the above discussion, three types of Ca exist in the C-S-H structure (classification by 

the position of Ca): Ca in the CaO2 sheet layer, Ca in the bridging site and Ca in the 

interlayer, shown in Figure 2-2. The proportions of them vary among C-S-H with different 

Ca/Si ratio. In the previous statement, the carbonation of C-S-H gel proceeds in steps: 

removing Ca from different sites in the layer structure and polymerization of SiO chain. 

Apparently, the removal of Ca from the three above-mentioned chemical sites will need 

different energy. Moreover, the mean chain length (MCL) of SiO chain also varies in C-S-H 

phases with different C/S ratio. The MCL of C-S-H gel can be calculated form the 29Si NMR 

test results, which has been studied by many researchers and summarized in [32]. Manzano 

[33] investigated the thermodynamic stability of aluminosilicate chains, which is widely 

observed in blended cement concrete. The origin of stability in the aluminosilicate chains is 

analyzed by looking at the gap between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO). The calculation results indicate that the 

aluminosilicate chain with less length has a relatively higher HOMO-LUMO energy gap, 

which means the shorter chain is thermo-dynamically more stable. Considering the variation 

of both the Ca sites in the layer structure and thermodynamic stability of different SiO chain 

among different types of C-S-H gels, the decalcification rate of C-S-H phases with different 

C/S ratio will be different, which has to be taken into account in the study of carbonation of 

blended cement concrete.  

 

 

Figure 2-2 Possible positions of Ca2+ in the C-S-H layer structure 
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2.6 Effects of C-S-H carbonation on the porosity evolution of concrete 

It is well-known that the carbonation of CH leads to a reduction in porosity which is ascribed 

to the positive difference of molar volume between CH and the formed CaCO3 [34-39]. But if 

considering the carbonation of C-S-H, the effect of carbonation on the porosity and 

microstructure of cement paste is still controversial. Carbonation of C-S-H has been studied 

by many authors [6, 14, 40]. It consists of a complex decalcification-polymerization process 

of the C-S-H and the formation of amorphous silica gel, see Eq. 2-7. The molar volume 

change due to the carbonation of C-S-H depends on the properties of C-S-H (like Ca/Si ratio, 

water content) and the water remained in silica gel. 

Based on the Eq. 2-6 and Eq. 2-7, which equations describe the carbonation of CH and C-

S-H, the solid volume changes due to carbonation can be obtained with Eq. 2-8 [41]: 

0

0

( ) ( )
( ) [ ]

( / )( ) ( / )( )

CH CH CSH CSH CSH CSH
CH CSH CHCC CC CC CC

V t V t
n V V n V

C S t C S t
  

−
= + = − + +

−
   Eq. 2-8 

in which 
CH

CC
V =

CSH

CC
V = 36.93

3 /cm mol  and CHV =
333.08 /cm mol  are the molar volume of 

CC  and CH respectively. 
CH

CC
n and 

CSH

CC
n  are the molar number of CC contributed by the 

carbonation of CH and C-S-H. 0( / )( )C S t  and ( / )( )C S t are the Ca/Si ratio of C-S-H before 

and after carbonation. 0( / )( )C S t varies from 0.75 – 2.0 and ( / )( )C S t  equals to zero. ( )CSHV t  

is the molar volume of C-S-H after carbonation. ( )CSHV t = ( )tSH gelV  is the molar volume of 

carbonation product ( )tSH gel , which is in the range of 12-34 
3 /cm mol  [42]. 

By applying the above-mentioned parameters, the volume change per 1 mole of CC  

contributed by the carbonation of C-S-H can be calculated by Eq. 2-9.  

0 ( )0 3

0

( )
( / ) 36.93

( / )( )

tCSH SH gel

CSH

V t V
cm mol

C S t


−
= −       Eq. 2-9 

The total volume change due to the carbonation of CH and C-S-H can be calculated by Eq. 

2-10. 

0 ( )

0

( )
3.85 [36.93 ]

/ ( )

tCSH SH gelCH CSH

CH CSH CC CC

V t V
n n

C S t
  

−
= + =  − −     Eq. 2-10 

Assuming that 
0 0CSH = , then: 
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Figure 2-3 Relations between molar volume and Ca / Si ratio of the C-S-H 

 

0 0 ( )( ) 36.93 / ( )
tCSH SH gelV t C S t V=  +         Eq. 2-11 

The linear relationships between 0( )CSHV t  and 0( / )( )C S t  are drawn in Figure 2-3. The 

value of ( )tSH gelV is chosen as 12, 20 and 25
3 /cm mol , respectively. The data points in the 

same figure are the parameter values for C-S-H used in references [43-49]. 

Calculation of volume changes based on the values of the point above the linear curve will 

give a negative value of 
0 ( 0)CSH  ; otherwise a positive value. The negative value of 

0

CSH  

means the carbonation of these types of C-S-H will cause a decrease of the solid volume and 

the increase of the pore space volume or porosity of the cement paste matrix. 

From Figure 2-3, carbonation of most of the species of C-S-H will result in an increase of 

the porosity of cement paste. It should be noticed that the effects of carbonation on the 

porosity evolution will be different for some types of C-S-H gel in case the value of ( )tSH gelV  

will hold.  

2.7 Concluding remarks and motivation of the research 

In this chapter, a brief overview of carbonation mechanisms of concrete is given, and a few 

prediction tools for estimating the carbonation depth in Portland cement concrete have been 

mentioned. 

Utilization of SCMs in cement production can reduce the clinker content, which makes 

great contribution to the CO2 emission reduction. However, the pozzolanic reaction of SCMs 
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will consume the portlandite during the hydration of blended cement, producing different C-

S-H phases, indicated by their C/S ratios. C-S-H phases will replace portlandite to play the 

key role in the resistance to CO2 attack. 

Current research shows that the reaction kinetics of different C-S-H phases are different 

during the carbonation. Some C-S-H phases might be more prone to carbonation. Further 

investigations show that carbonation of C-S-H phases will increase the porosity of carbonated 

concrete, which is in favor of CO2 diffusion. 

The above-mentioned factors, which may alter the carbonation development trend in the 

blended cement concrete, are not considered in the existing empirical tools for prediction of 

the carbonation depth. Therefore, effects of the carbonation of C-S-H on the porosity 

development of blended cement paste are studied systematically in this thesis. The reaction 

rate of different types of C-S-H phases is investigated as well by performing accelerated 

carbonation experiments on synthesized C-S-H. The experimental results will be used for 

developing an improved empirical equation for the prediction of carbonation depth in blended 

cement concrete. 
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3  
 

Hydration of Portland Cement Blended with 

Supplementary Cementitious Materials (SCMs) 

 

 

 

3.1 Introduction 

The chemical composition of calcium-bearing phases and the microstructure of blended 

cement paste are affected by the types and replacement levels of SCMs. Compared with 

ordinary Portland cement (OPC), C-S-H, the major calcium-bearing phase in SCMs blended 

cement paste, originates from the hydration of OPC and pozzolanic reactions. The calcium-

bearing phases and the microstructure of cement paste largely determine the concrete’s 

resistance to carbonation.  Carbonation in cement paste mainly involves two steps: diffusion 

of atmospheric CO2 inside the microstructure of cement paste and chemical reactions between 

calcium-bearing phases and CO2. Therefore, it is very important to figure out the effects of 

SCMs on the hydration products and microstructure of blended cement paste. 

In this chapter the development of hydration products, i.e. portlandite and C-S-H, and the 

microstructure of cement paste blended with different types of SCMs (FA, BFS) are studied. 

Influences of the FA or BFS on the amounts of portlandite and C-S-H are discussed, together 

with the microstructure of blended cement pastes. The characteristics of C-S-H formed from 

pozzolanic reactions will be investigated as well. The above-mentioned results are input data 

for Chapter 4 where the phase changes and porosity development due to carbonation are 

calculated. 
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3.2 Materials and experiments 

3.2.1 Materials properties  

Cement pastes used in this study are made from ordinary Portland cement (OPC) CEM I 

425N (classification according EN 197-1), produced by ENCI in the Netherlands. Two types 

of SCMs, i.c. fly ash (FA) and blast furnace slag (BFS), are used to replace part of the cement 

to prepare blended cement paste. The fly ash used is Class F fly ash (ASTM C 618). BFS is 

produced by ORCEM, Netherlands. The main chemical compositions (in the form of oxides) 

of the above-mentioned raw materials are determined by X-ray fluorescence spectrometry 

(XRF). The results are presented in Table 3-1. The chemical compositions of raw materials 

will be used as the input parameters for numerical simulation studies with HYMOSTRUC3D-

E proposed by Gao [1], to be explained later in this chapter.  

Major crystalline phases of the above-mentioned raw materials were determined by X-ray 

diffraction (XRD). The X-ray source used is Cu K radiation (λ = 0.154056 nm). The scan step 

size was 0.03°, from 5° to 70° (2θ). Measured XRD patterns of the raw materials are 

described in Figure 3-1.  

 

 Table 3-1 Main chemical composition of raw materials tested by XRF (wt. %) 

 Main chemical components [wt. %]  

Component CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 Total 

Cement 64.50 18.88 4.48 3.69 2.01 0.51 0.34 4.04 99.993 

FA 5.54 50.55 30.74 6.30 1.00 1.11 0.28 0.79 99.982 

BFS 41.40 34.02 11.12 0.53 8.28 0.40 0.21 2.43 100.00 
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Figure 3-1 X-ray diffraction pattern of the raw materials 
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The major peaks in the XRD pattern of OPC are compared with the characteristic peaks of 

minerals or crystalline phases in the XRD spectra database to identify the crystals existing in 

OPC. Main crystalline phases found in OPC are Alite ( 3C S ), Belite ( 2C S ), Aluminate ( 3C A ) 

and Ferrite ( 4C AF ), together with Anhydrite ( CS ). By using the same method, Mullite and 

quartz are found in FA. Meanwhile, no peaks indicating the diffraction of crystals can be 

found in the pattern of BFS. This means that BFS is only present in amorphous form. Major 

crystalline phases of OPC and FA are confirmed by XRD tests and listed in Table 3-2.  

 

 Table 3-2 Major crystallographic data of phases identified in raw materials 

 

Based on the X-ray test results, the amounts of crystalline phases in OPC and FA can be 

determined by Rietveld method [3]. It is known that only crystalline phases create distinct 

diffraction patterns, and the amorphous phase is absent in the XRD patterns. By using the 

Rietveld refinement as shown in Figure 3-2, the phase quantifications can be usually reported  

 

 

Figure 3-2 Caculation of the relative and abosolute quanties of phases by rietveld refinement with 

internal standard 

Phase name Abbreviated notation Composition Lattice 
Space group 

 (ICSD data base [2]) 

Mullite  2A S  Al4.8O9.6Si1.2 Orthorhombic P2_1/b2_1/a2/m (No. 55) 

Quartz  S  SiO2 Trigonal P3_221 (No. 154) 

Alite 3C S  3CaO·SiO2 Monoclinic C1m1 (No. 8) 

Belite 2C S  2CaO·SiO2 Monoclinic P12_1/n1 (No. 14) 

Aluminate 3C A  3CaO·Al2O3 Cubic P2_1/a-3 (No. 205) 

Ferrite 4C AF  4CaO·Al2O3·Fe2O3 Orthorhombic I2mb (46) 

Anhydrite CS  CaO·SO3 Orthorhombic B2/b2_1/m2/m (No. 63) 
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as the relative weight percentage, which is relative to the total weight of all crystalline phases 

(see Step 3 in Figure 3-2). If a crystalline phase with known quantity is added in the sample, 

the relative quantities can be normalized to absolute values (see Step 4 in Figure 3-2).  

The crystalline phase added should be stable and inert, which is also known as the internal 

standard. In this research, the internal standard used is corundum (Al2O3). The weight 

percentage of Al2O3 (as per the total amount) in the initial mixture are listed in Table 3-3. The 

procedure of calculating the relative and absolute quantities is performed automatically by the 

Profex software[4].  

 

 Table 3-3 Weight percentage (%) of the internal standard Al2O3 added in OPC and FA 

Raw materials OPC FA 

Al2O3 10.53 10.49 

 

Rietveld refinement was performed on the XRD test results of OPC and FA shown in 

Figure 3-1, in order to calculate the relative amounts of crystalline phases. The 

crystallographic information files (CIFs) of corundum and other crystalline phases used in the 

Rietveld refinement are listed in Table 3-4. 

The amounts of major crystal phases in OPC, recalculated by the above-mentioned method, 

are listed in Table 3-5. The phase composition of OPC will be used as input parameters for 

numerical simulations hydration processes with HYMOSTRUC3D-E [1]. Meanwhile, the 

phase composition of fly ash is calculated as well and shown in Table 3-6.  

 

 Table 3-4 Crystallographic information file (CIF) of Al2O3 and other phases in OPC and FA  

Crystal Phases Corundum Mullite Quartz Alite Belite Aluminate Ferrite Anhydrite 

CIF  

(ICSD No.) [2] 
31546 202159 34636 94742 79550 1841 98837 56107 

 

Table 3-5 Major crystalline compositions of OPC determined by Rietveld method (wt. %) 

Alite Belite Aluminate Ferrite Anhydrite Amorphous 

60.1 11.77 4.65 12.59 3.98 6.10 

 

Table 3-6 Phase composition of fly ash determined by Rietveld method (wt. %) 

 

 

Quartz  Mullite  Amorphous  

6.99 27.80 65.30 
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Figure 3-3 Particle size distribution of raw materials (square - PC, triangle - FA, blue cycle - BFS) 

 

 Table 3-7 Parameters n  and b  determined for different binders 

 

The particle size distributions of raw materials were analyzed by laser diffraction method. 

Particle Size Analyzer DIPA-2000 is used for the tests. The results are presented in Figure 

3-3. As shown in Figure 3-3, the particle size distributions of raw binders follow the Rosin 

Rammler Bennett (RRB) cumulative distribution ( )G d : 

( ) ( )1 , lim 1
nbd

d
G d e G d−

→
= − =         Eq. 3-1 

where  d m  is the particle diameter; n  and b  are fitting parameters. By fitting the test data 

with RRB equation, the parameters n  and b  are determined for different raw binders, listed 

in Table 3-7. 

These parameters will be used as the input data for numerical simulations of reaction 

processes with HYMOSTRUC3D-E [1]. 

  Binders  

RRB - parameters  OPC FA BFS 

n  1.7700 1.7548 1.8043 

b  0.00084 0.00041 0.00305 
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3.2.2 Sample preparation and experimental procedure 

Pure Portland cement paste was prepared as the reference sample. In blended cement paste 

OPC was partly replaced by FA or BFS, including binary (PC + FA or BFS) and ternary mix 

(PC + FA + BFS). The weight percentages of raw materials in different mixtures are listed 

Table 3-8. The water/binder ratio (w/b) is 0.5. 

Cement pastes were prepared in a HOBART mixer at room temperature. The binders were 

mixed with demineralized water at the low speed for 1 minute and at the high speed for 2 

minutes with an interval of 15 seconds. The fresh paste was transferred immediately to the 

plastic bottles with the diameter of 50 mm. The bottles were filled in 3 steps and vibrated on 

 

 Table 3-8 Mass fraction of raw materials in different mixtures 

Sample ID PC (g) (wt. %) FA (g) (wt. %) BFS (g) (wt. %) Water (g) 

P100 1500    750 

F10 1350 150 (10)  750 

F30 1050  450 (30)  750 

B30 1050  450 (30) 750 

B70 450  1050 (70) 750 

F10B54 540 150 (10) 810 (54) 750 

F30B30 600 450 (30) 450 (30) 750 

 

the vibration table for 10 seconds at each step, in order to remove the air before the bottles 

were sealed. After sealing the bottles were fixed in the rotation machine at a speed of 5-7 rpm 

for 24 hours to prevent bleeding. After that sealed curing was performed at 20°C in the fog 

room for different ages up to 1 year.  

After curing for a predefined period, the plastic bottles with cement paste were broken and   

crushed into small pieces with dimensions of 1-2 cm3 and immersed into liquid nitrogen for 3-

4 min to stop further hydration. After hydration being terminated, the samples were 

immediately moved into a vacuum freeze-dryer. The temperature and vacuum were 

maintained at -24°C and 0.1 Pa, respectively [5]. The freeze-drying procedure lasted for at 

least 4 weeks until the daily weight loss of those specimens was less than 0.1%. 

3.2.3 Test methodology 

As indicated in Eq. 1-1 and discussed in section 1.1 of Chapter 1, the propagation rate of 

carbonation depth in concrete is mainly determined by the amounts of calcium-bearing phases 

(CH and C-S-H) and porosity of the concrete. It is known that CH and C-S-H are formed 

during the hydration of cement clinker in OPC. However, in blended cement concrete, SCMs 

(FA and BFS) will consume CH to form C(-A)-S-H, which has different properties other than 

C-S-H found in OPC concrete, i.e. a lower C/S ratio. Therefore, the introduction of SCMs in 

concrete will affect the resistance of blended cement concrete to carbonation in two ways: 

affecting the amounts of calcium-bearing phases and changing the porosity of concrete.  
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To figure out the effects of SCMs on the carbonation resistance of concrete, the amount of 

main calcium-bearing phases, i.e. CH and C-S-H, and the porosity of blended cement paste 

have to be determined by different methods. For determining the CH content in different 

blended cement pastes, thermogravimetric analysis (TGA) is used. The amount of CH is 

simulated by using HYMOSTRUC3D-E [1] as well, to comparing studied with the data 

measured by experiments. HYMOSTRUC3D-E is extended from HYMOSTRUC3D, to 

simulate the hydration and microstructure development of Portland cement blended with blast 

furnace slag or/and fly ash. HYMOSTRUC, the acronym for HYdration, MOrphology and 

STRUCture formation, is a numerical model of cement hydration proposed by K. van Breugel 

in 1991[6]. Further incorporated new algorithms by Koenders [7] and Ye [5] respectively, 

HYMOSTRUC is extended for simulation of 3D microstructure during the cement hydration, 

so called HYMOSTRUC3D. 

Different types of C-S-H phases (classified by C/S ratio in this research) are distinguished 

and determined based on the further processing of the elemental mapping data, which is 

carried out by using energy dispersive X-ray analysis (EDAX) under the Backscattered 

electron (BSE) model. Relative amounts of different types of C-S-H in blended cement paste 

is supplemented by HYMOSTRUC3D-E [1]. Meanwhile, Mercury Intrusion Porosimetry 

(MIP) is used to determine the pore size distribution and porosity (including total and 

capillary porosity) of blended cement paste. 

 TGA -- The amount of CH in the paste is determined by TGA. TGA measurements 

provide information about the decomposition or dehydration of minerals as a function of  

 

 
Figure 3-4 Netzsch STA 449 F3 Jupiter instrument used for thermogravimetric analysis 
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Figure 3-5 Typical TG/DTG curve of freeze-dried cement paste with or without SCMs 

temperature. TGA were carried out by the Netzsch STA 449 F3 Jupiter instrument coupled 

with a mass spectrometer (MS) Netzsch QMS 403 C Quadrupole (see Figure 3-4) under a dry 

argon atmosphere. With MS, the information of gases released at a certain temperature can be 

captured by measuring the ion current indicating the relevant gas (e.g. H2O or CO2), in order 

to identify the more accurate temperature range related to the emissions of H2O or CO2. The 

freeze-dried samples were ground into powder with an average particle size <75 μm. The 

mass of powder samples used for the measurements was 30-50 mg. The samples were heated 

at the rate of 10°C/ min from 40-1100°C. 

Typical TGA-MS results for cement paste hydrated in sealed condition are shown in 

Figure 3-5. In the DTG curve, the weight loss in the range of 40-400°C is normally related to 

the dehydration of C-S-H [8, 9], part of the carboaluminate hydrates [10], AFm [11] and AFt 

[12, 13] phases, monocarbonate [14], hydrotalcite [15, 16], as well as to the emission of 

physically-bound water [9]. The mass loss related to CH dehydration usually occurs in the 

range of 450-550°C [9, 17]. The weight loss around 600-650°C is due to the presence of λ-

CaCO3 (aragonite), a metastable calcium carbonate, which indicates the carbonation of 

cement paste during hydration. The weight loss in the range of 820-900°C is related to the 

thermal decomposition of anhydrite [18, 19]. It can only be found in the cement paste blended 

with SCMs. 

As discussed above, the dramatic weight loss in the TG curves between 450-550°C is 

related to the dehydration of CH in the cement paste. Based on the weight loss (amount of 

water in CH) in this temperature range, the amount of CH can be calculated accordingly. 

However, from the DTG curves in Figure 3-5 the decomposition temperature of CH varies in 

different blended mixtures. It is affected by other phases inside the same mixture. In this 

research, weight loss due to the dehydration of CH is determined by the tangential method 

[20]. This method makes a correction for the concurrent dehydration of other compounds. 
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Figure 3-6 Determination of weight loss due to the dehydration of CH - tangential method 

 

The tangential method is illustrated in Figure 3-6 and the procedure is described as follows: 

Step 1: Draw tangent lines 
1TL , 

2TL  and 
3TL  to get the two intersection points 

1AP  and 
2AP   

Step 2: From the coordinates of points 
1AP  and 

2AP , to find their related temperature values  

      1T  and 2T , and calculate the midpoint 0T  of 1T  and 2T  on the x -axis 

Step 3: Draw vertical line 
0TL  from 0T , which will be intersected with the tangent lines 

1TL  

      and 
2TL at point 

1BP  and 
2BP , respectively. 

The weight loss between 
1BP  and 

2BP is indicating the amount of water released due to the 

dehydration of CH. According to the dehydration reaction formula of CH, 

2 2

      74g/mol                     56g/mol                18g/mol

( )          Ca OH CaO H O→ +
        Eq. 3-2 

The CH amount described as the weight percentage per 1 g original binder can be 

calculated with Eq. 3-3. 

. .

1050

1 total
binder CH CH L O H
CH h

H

M w
w w

M w

−
=           Eq. 3-3 

where CH

hw is the relative mass percentage of water due to the dehydration of CH, calculated 

by the above-mentioned tangential method (see Figure 3-6 ); 1050w  is the relative weight 
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percentage of the paste at 1050°C in the TG curve. ( / )HM g mol  and ( / )CHM g mol  are the 

molar weights of H2O and portlandite, the values of which are 18 and 74 respectively. 

. .

total

L O Hw  is the total weight loss due to the decomposition of phases in the raw materials 

under the TG test conditions (heated under the protection of N2). The total weight loss of 

heating (L.O.H) of binders is calculated as follows: 

. . . . . .

total cem SCMs

L O H L O H cem L O H SCMsw w f w f=  +          Eq. 3-4 

where cemf  and SCMsf  are the fractions of OPC and SCMs in the original binder mix, as listed 

in Table 3-8. . .

cem

L O Hw  and . .

SCMs

L O Hw  are the total weight loss in the temperature range of 40 to 

1050°C in TG curve of OPC and SCMs, respectively. The value of . .

cem

L O Hw  is 1.282%, see 

Figure 3-7. The value of . .

SCMs

L O Hw  for FA and BFS are 2.206% and 0.0%, respectively. 

The CH amount described as the volume percentage (ml of CH per ml of cement paste) is 

determined by Eq. 3-5: 

[ ]( / )
100

h

CH CH bulk

H CH

w M
CH ml ml

M




=           Eq. 3-5 

where ( / )bulk g L is the bulk density of cement paste, calculated from the MIP test result. 

( / )CH g L  = 2230 is the bulk density of CH.  
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Figure 3-7 TG curves of OPC and FA (raw materials) 
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Figure 3-8 Polished sample for BSE-EDAX analysis (image from Yu[21]) 

 

BSE-EDAX -- Elemental mapping is performed by EDAX at the BSE mode with the 

environmental scanning electron microscope (ESEM). Freeze-dried paste samples are 

collected in a plastic bottle. Then the bottle with samples is moved into a vacuum chamber 

and evacuated at 30 mbar for 1 hour. With the running of vacuum pump, the samples are 

impregnated with epoxy. After impregnation, the paste samples with epoxy are moved to the 

oven and dried at 40°C for 24 hours. Then the samples were further processed with cutting, 

grinding, and polishing. After polishing, the sample is ready for the BSE-EDAX test, an 

example of which is shown in Figure 3-8. More details regarding the sample preparation for 

the BSE test are described in elsewhere [5]. 

 

 

Figure 3-9 Elemental mapping of OPC paste hydrated for 1 year 
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The BSE images together with EDAX data are collected by a Philips-XL30-ESEM in a 

gaseous (water vapour, low vacuum) environment. Acceleration voltage of the electron beam 

is 20 KV. The size of the reference region for the BSE image and related mapping area is 512 

µm in length and 384 µm in width. Magnification of the BSE image is 800 × and the 

resolution of each image is 0.308 µm / pixel. Typical BSE-EDAX test results are shown in 

Figure 3-9.  

MIP -- MIP is a widely used method to measure the porosity, pore size and pore size 

distribution, the density and other porosity-related characteristics of cement paste. Since 

mercury is non-wetting liquid for cement paste, it can’t penetrate the pores spontaneously by 

capillary force. By the application of external pressure, mercury is pushed into the pores. The  

equilibrant pressure is inversely proportional to the size of the pores. The pore size in the 

range of 0.001 μm to 1000 μm can be measured by MIP, depending on the applied pressure. 

Micrometrics PoreSizer 9320 was used for the MIP measurement (see Figure 3-10a). The 

maximum pressure that can be achieved is 207 MPa, which limits the effectively measurable 

pore size to the range of 0.007-500 μm. Each measurement consists of three stages: intrusion 

at the low pressure running from 0 to 0.170 MPa; intrusion at the high pressure running from 

0.170 to 205 MPa, followed by extrusion back to 0.170 MPa. In the test, the MIP instrument 

will record the cumulative intrusion volume of mercury at each applied pressure. 

The appropriate weight of cement paste used for the measurement should be pre-calculated 

and estimated. To ensure accurate test results, the ratio of the volume of intrusion mercury / 

the volume of penetrometer stem (see Figure 3-10b) should be maintained around 60-90%, 

according to the regulation of the machine. The intrusion volume equals to the volume of 

mercury penetrating inside the pores of samples. Therefore, the appropriate sample weight 

can be estimated by Eq. 3-6: 

( ) (60 ~ 90%)bulk stem
sample

V
W g




=          Eq. 3-6 

in which stemV  is the stem volume of penetrometer (ml),   is total porosity of the sample. The 

bulk  varies from 1.4 to 1.6 g / cm3, depending on whether the cement paste is blended with 

or without SCMs. The paste blended with SCMs has a lower bulk . It should also be noticed 

that the carbonation will increase the specific masse of the bulk bulk . 

The pore diameter d (µm) is related to applied pressure p (MPa), specified by Washburn 

equation[22] based on a model of cylindrical pores, described as follows in Eq. 3-7. 

4 cos
p

d

 
= −           Eq. 3-7 
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Figure 3-10 Micrometrics PoreSizer 9320 and penetrometer used for the measurement of porosimetry 

 

where   is the surface tension of mercury (mN/m) and θ (-) is the contact angle between 

mercury and the pore surface of the cement paste. The values suggested by Cook were 480 

(mN/m) and 139° [23] for the intrusion. The contact angle for extrusion process was 106°, 

suggested by León [24]. These values were used in this study for the calculation of the pore 

size. By applying the Washburn equation, MIP test data can be converted into a pore size 

distribution curve. From the curve, the following parameters can be deduced: porosity (total, 

inkbottle and capillary); pore size distribution; density ( bulk , skeleton ) and “critical” pore 

diameters [25] etc.. The details of the calculation methods for the above-mentioned 

parameters were specified elsewhere [5]. 

3.3 Experimental results and discussions 

3.3.1 Development of amount of portlandite in blended cement paste  

The amounts of portlandite in OPC paste and blended cement paste were calculated following 

the method mentioned in section 3.2.3. Then the amounts of portlandite in different pastes 

were compared to study the effects of SCMs on the development of portlandite in blended 

cement paste. 

Firstly, the amount of water released due to the dehydration of portlandite was determined 

by the tangential method (section 3.2.3), based on the TG curve of the paste. The results are 

(a) Micrometrics PoreSizer 9320      (b) Penetrometer 
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presented in Table 3-9. Then the total weight loss of heating (L.O.H), . .

total

L O Hw , of binders of 

different mixtures were calculated with Eq. 3-4. The fractions of different binders, i.e. OPC 

( cemf ) and SCMs ( SCMsf ), are taken from Table 3-8. The . .

total

L O Hw  of binders of different 

mixtures are listed in Table 3-10.  

 

Table 3-9 Amount of water released 
CH

hw due to the dehydration of portlandite in different pastes, 

hydrated for different days (wt %) 

 
CH

hw of different mixtures   

Hydration time (days) P100 F10 F30 B30 B70 F30B30 F10B54 

28 3.36 3.24 2.36 2.11 0.53 0.92 0.61 

105 3.55 3.17 2.11 1.85 0.63 0.91 0.61 

365 4.19 3.05 1.8 1.54 0.42 0.79 0.76 

 

 Table 3-10 Total weight loss of heating (L.O.H) ( . .

total

L O Hw ) of binders for different mixtures before 

hydration (wt %) 

 . .

total

L O Hw  of different mixtures 

 P100 F10 F30 B30 B70 F30B30 F10B54 

. .

total

L O Hw  1.2820 1.3744 1.5592 0.8974 0.3846 1.1746 0.6821 

 

Table 3-11 Amount of portlandite, 
binder

CHw , in different pastes, hydrated for different days (wt %) 

 
binder

CHw of different mixtures 

Hydration time (days) P100 F10 F30 B30 B70 F30B30 F10B54 

28 16.85 16.32 11.55 10.04 2.54 4.49 3.00 

105 18.02 15.81 10.49 9.18 3.17 4.51 3.04 

365 21.70 15.57 9.05 7.85 2.16 3.96 3.93 

 

Finally, the amounts of portlandite (per 1 g of raw binders) in different pastes hydrated are 

calculated with Eq. 3-3 for different days. The results are shown in Table 3-11. 

3.3.1.1 Effects of FA on the amount of portlandite in blended cement paste  

The amounts of portlandite in the cement paste blended with FA are compared with that in 

OPC paste, shown in Figure 3-11. This figure clearly shows that the amount of portlandite in 

OPC paste increases with hydration time. However, the amount of portlandite in FA-blended 

cement pastes F10 and F30 are decreasing with hydration time. Moreover, the partial 

replacement of cement by FA causes a reduction of the amount of portlandite in F10 or F30 

paste compared with the OPC paste at the same hydration age. 
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Figure 3-11 Development of the amount of portlandite in cement paste blended with different 

replacement levels of FA (10% or 30% by weight) determined experimentally 

 

By normalizing the amount of portlandite in F10 and F30 paste to that in OPC paste at the 

same age, the reduction of the portlandite content in blended cement paste is obvious. The 

calculated normalized amounts of portlandite in FA-blended cement paste are listed in Table 

3-12. For the FA replacement level of 10%, the amount of portlandite in F10 paste decreases 

by approximately 30% at the age of 1 year compared to OPC paste. When the FA replacement 

level is increased to 30%, the amount of portlandite in F30 is reduced by approximately 60% 

at the age of 1 year. It means that the use of FA as cement replacement causes a dramatic 

reduction of portlandite content. This reduction is due to, firstly, the dilution effects and, 

secondly, consumption of portlandite by pozzolanic reaction [26, 27]. 

Further study of the effects of FA on the amount of portlandite in the FA-blended cement 

paste will be performed by numerical simulation. The amounts of portlandite in FA-blended 

cement paste with different replacement levels are simulated with HYMOSTRUC3D- E [1]. 

Some input parameters of the simulation program concern the raw materials of the paste, such 

as the chemical compositions of the binders, and are listed Table 3-1. 

 

Table 3-12 Normalized amounts of portlandite in FA blended cement paste (%) 

 Different blended cement pastes 

Hydration time (days) P100 F10 F30 

28 100.00 96.84 68.56 

105 100.00 87.73 58.18 

365 100.00 71.76 41.70 
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Figure 3-12 Development of amount of portlandite in cement paste blended with different replacement 

levels of FA (varying from 10% to 35% by weight) determined by numerical simulation with 

HYMOSTRUC3D-E 

 

The amounts of major minerals in OPC and FA are shown in Table 3-5 and Table 3-6, 

respectively. Parameters describing the particle size distribution of different binders are listed 

in Table 3-7. 

The modelling results of FA blended cement paste are illustrated in Figure 3-12. The code 

‘F35’ indicates that the replacement level of FA in this mix is 35% by weight. The other 

labels in this figure have a similar meaning. 
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Figure 3-13 Effects of FA on the amount of portlandite in cement pastes hydrated for 1 year, 

determined experimentally and by numerical simulation with HYMOSTRUC3D-E.  
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As clearly shown in Figure 3-12, the amount of portlandite increases in OPC paste, 

whereas in the FA blended cement paste this amount decreases after having reached a peak 

value in the early stage. At the hydration age of 1 year, the amount of portlandite stabilizes. 

The numerically simulated amounts of portlandite in different pastes hydrated for 1 year are 

compared with experimental data presented in Figure 3-11. The comparative study of the 

amount of portlandite, affected by FA replacement level, are presented in Figure 3-13. 

From both experimental data and modelling data, the amount of portlandite in FA blended 

cement past has a good negative linear correlation with the replacement level of FA. By 

fitting the data, the parameters (slope and intercept) to describe this linear relation were 

determined and listed in Table 3-13. It is noticed that the intercept of this linear relation is 

indicating the amount of portlandite for OPC paste hydrated for 1 year, or which can be 

considered as the maximum amount of portlandite produced in OPC paste with the same W/C. 

With this relation, the amount of portlandite in cement paste blended with FA can be 

estimated based on the amount of portlandite in fully hydrated OPC under the same hydration 

conditions (W/C, curing temperature and moisture condition). 

 

Table 3-13 Parameters to describe the linear relation between the amount of portlandite in FA 

blended cement paste and the FA content. 

 Parameters in: y = a + b  x Amount of portlandite in OPC paste 

hydrated for 1 year  

(wt %) 
 Slope (b ) 

Intercept ( a ) 

(wt %) 

For experimental data -0.41 20.88 21.70 (P100 in Figure 3-11) 

For modelling data -0.81 27.52 27.81 (P100 in Figure 3-12) 

 

3.3.1.2 Effects of BFS on amount of portlandite in blended cement paste  

Amounts of portlandite in the cement paste blended with BFS are compared with that in OPC 

paste, described in Figure 3-14. As illustrated in this figure, the amounts of portlandite in the 

BFS blended cement paste B30 and B70 are decreasing with the hydration time. Meanwhile, 

the partial replacement of cement by BFS will also cause a reduction of the amount of 

portlandite in B30 or B70 paste compared to the amount of portlandite in OPC paste at the 

same hydration age. Replacement of OPC by either FA or BFS will cause a reduction of the 

amount of portlandite in cement paste, but for the same replacement level BFS causes a 

higher reduction than FA, as shown in Figure 3-14. 

The amounts of portlandite in B30 or B70 paste are normalized to that in OPC paste at the 

same hydration age. The calculated normalized amounts of portlandite in BFS blended cement 

paste are shown in Table 3-14. With the BFS replacement level of 30%, the amounts of 

portlandite in B30 paste decreases by approximately 63% at the age of 1 year compared to 

OPC paste.  
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Figure 3-14 Development of amount of portlandite in cement paste blended with different replacement 

levels of BFS (30% or 70% by weight) determined experimentally 

 

Table 3-14 Normalized amount of portlandite in BFS blended cement paste (%) 

 BFS blended cement pastes 

Hydration time (days) P100 B30 B70 

28 100.00 59.57 15.07 

105 100.00 50.92 17.60 

365 100.00 37.12 9.01 

 

When the BFS replacement level is increased to 70%, the amount of portlandite in B70 is 

reduced by nearly 90% at the age of 1 year. These values clearly show that the use BFS in 

concrete mixtures can cause a dramatic reduction of the portlandite content [26, 27]. 

Similarly, to further study the effects of BFS replacement level on the amount of 

portlandite in the BFS blended cement paste, more data of the portlandite content in cement 

paste blended with different replacement levels of BFS are simulated by HYMOSTRUC3D-E 

[1]. Same input parameters for the numerical simulations as discussed for the FA-blended 

cement paste are used in the modelling. The modelling results of BFS blended cement paste 

are illustrated in Figure 3-15. The code ‘B10’ indicates a mixture with a replacement level of 

BFS of 10% by weight. The other labels in this figure have a similar meaning. 

As clearly shown in Figure 3-15, the amount of portlandite continuously increases in OPC 

paste, whereas in the BFS blended cement paste this amount decreases after having reached a 

peak value in the early stage of hardening. In all cases, the amount of portlandite stabilizes at 
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Figure 3-15 Development of the amount of portlandite in cement paste blended with different 

replacement levels of BFS (varying from 10% to 70% by weight) determined by numerical simulation 

with HYMOSTRUC3D-E  

the hydration age of about 1 year. Therefore, these numerically simulated amounts of 

portlandite in BFS blended paste hydrated for 1 year are chosen to study the effects of 

replacement level of BFS on the amount of portlandite in the BFS blended cement paste, 

regardless of hydration time. The simulation data is compared with the experimental data 

taken from Figure 3-14, illustrated in Figure 3-16.  
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Figure 3-16 Effects of BFS on the amount of portlandite in cement pastes hydrated for 1 year, 

determined experimentally and by numerical simulation with HYMOSTRUC3D-E.  
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Table 3-15 Parameters to describe the linear relation between the amount of portlandite in BFS 

blended cement paste and the replacement level of BFS  

 Parameters in: y = a + b  x Amount of portlandite in OPC 

paste hydrated for 1 year  

(wt %) 
 Slope (b ) 

Intercept a ) 

(wt %) 

For experimental data -0.27 19.74 21.70 (P100 in Figure 3-11) 

For modelling data -0.38 27.84 27.81 (P100 in Figure 3-15) 

 

From the modelling data, the amount of portlandite in BFS blended cement paste has a 

good negative linear correlation with the amount of BFS in the mixture. In the experimental 

data, the amount of portlandite has not such perfect negative linear correlation with the 

amount of BFS. But this linear relation can still be used for the prediction of the amount of 

portlandite in cement paste blended with BFS. By fitting the data, the parameters (slope and 

intercept) to describe this linear relation were determined and listed in Table 3-15. 

Similar to what was found for FA blended cement paste, the intercept of this linear relation 

is close to the amount of portlandite in OPC paste hydrated for 1 year, or which can be 

considered as the maximum amount of portlandite produced in the OPC paste with the same 

W/C. With this relation, the amount of portlandite in cement paste blended with BFS can be 

estimated as well based on the amount of portlandite in fully hydrated OPC under the same 

hydration conditions (W/C, curing temperature and moisture condition). 

 

3.3.1.3 Effects of a combination of FA and BFS on the amount of portlandite in ternary 

blended cement paste  

Amounts of portlandite in the cement paste blended with FA and BFS are compared with that 

in OPC paste, described in Figure 3-17. As illustrated in this figure, the amounts of 

portlandite in the ternary blended cement pastes F30B30 and F10B54, and also in B70, are 

dramatically lower than in OPC paste at the same hydration age. Moreover, the amount of 

portlandite in ternary blended cement paste mainly depends on the total replacement level of 

SCMs. It is shown in Figure 3-17, that the higher the total replacement level of SCMs, the 

lower the amount of portlandite compared to the amounts in F30B30 and F10B54 at the same 

hydration age. 

The normalized amounts of portlandite in ternary blended cement paste are calculated and 

shown in Table 3-16. With the total replacement level of SCMs of 60%, the amount of 

portlandite in F30B30 paste decreases by approximately 75% at the age of 28 days or 105 

days compared to OPC paste. When the total replacement level is increased to 65%, the 

amount of portlandite in F10B54 is reduced nearly 84% at the same age, which is higher than 

the reduction for F30B30. 
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Figure 3-17 Development of amount of portlandite in cement paste blended with both FA and BFS 

determined experimentally 

 

Table 3-16 Normalized amount of portlandite in ternary blended cement paste (%) 

 Normalized amounts of portlandite for different mixtures 

Hydration time (days) P100 B70 F30B30 F10B54 

28 100.00 15.07 26.62 17.81 

105 100.00 17.60 25.01 16.84 

365 100.00 9.95 18.23 18.13 

 

3.3.2 Development of C-S-H phases in blended cement paste  

It is widely known that the reactions between portlandite produced by cement hydration and 

SCMs will cause the reduction of the portlandite content and the formation of C-S-H with a 

lower C/S ratio or less C(-A)-S-H in the blended cement paste. In section 3.3.1, the effects of 

SCMs on the amount of portlandite in the blended cement paste has already been discussed 

based on both experimental data and numerical simulations.   

In this section, different types of C-S-H phases (classified by the C/S ratio in this research) 

are studied and distinguished by further processing the elements data tested by EDAX 

mapping Unlike the determination of amount of portlandite, it’s hard to calculate the 

quantities of different types of C-S-H phases in the cement paste based on TG test results, 

especially in blended cement paste. Therefore, the effects of SCMs on the amounts of 

different C-S-H phases formed in the blended cement paste will be studied mainly based on 

the modelling results from HYMOSTRUC3D-E [1]. Before the discussion of the modelling 
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results, the major chemical reactions involved in the hydration of blended cement, and 

considered in the simulation model HYMOSTRUC3D-E, will be briefly summarized. 

3.3.2.1 Stoichiometry of the hydration of OPC 

In HYMOSTRUC3D-E [1], the chemical composition of C-S-H is assumed to be 1.7 4C SH , 

which is produced by the hydration of 3C S  and 2C S  [28-30] shown in Eq. 3-8 and Eq. 3-9. 

3 1.7 45.3 1.3C S H C SH CH+ → +           Eq. 3-8 

2 1.7 44.3 0.3C S H C SH CH+ → +          Eq. 3-9 

The hydration reactions of other two major minerals 3C A  and 4C AF  in cement clinker, 

are determined by the actual amounts of gypsum ( 2CSH ) and ettringite ( 6 3 32C AS H ) in the 

system [29, 30], described as follows: 

1. If gypsum is present in the system: 

3 2 6 3 323 26C A CSH H C AS H+ + →           Eq. 3-10 

4 2 6 3 32 33 30C AF CSH H C AS H CH FH+ + → + +         Eq. 3-11 

2. If gypsum is totally consumed and ettringite is present in the system: 

3 6 3 32 4 122 4 3C A C AS H H C ASH+ + →          Eq. 3-12 

4 6 3 32 4 12 32 12 3 2 2C AF C AS H H C ASH CH FH+ + → + +        Eq. 3-13 

3. If both gypsum and ettringite are used up in the system: 

3 3 66C A H C AH+ →             Eq. 3-14 

4 3 6 3+10C AF H C AH CH FH→ + +           Eq. 3-15 

3.3.2.2 Stoichiometry of the pozzolanic reactions of FA and BFS 

The stoichiometry of pozzolanic reaction of FA is described in Eq. 3-16, mentioned by Bentz 

[31]. 
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1.1 3.9 2 8(2 1.1 ) 6+2.8 )AS xS yC x y CH x y H xC SH C ASH  + + − + + → +（      Eq. 3-16 

in which AS xS yC   is the chemical formula of FA. x  and y  are stoichiometry coefficients, 

which can be calculated from the chemical composition of FA. For the chemical compositions 

of FA listed in Table 3-1, the values of x  and y  are 1.80 and 0.33, respectively. The 

pozzolanic reaction of FA is accordingly rewritten as follow: 

1.1 3.9 2 81.8 0.33 3.65 11.37 1.8AS S C CH H C SH C ASH  + + → +       Eq. 3-17 

where 1.1 3.9C SH  and 2 8C ASH  are the C-S-H gel and strätlingite produced from the pozzolanic 

reaction of FA. 

The stoichiometry of the reaction between BFS and portlandite in the pore solution is from 

the research of Richardson [32], described in Eq. 3-18: 

7.88 7.39 3 1.42 2.92 0.046 4.6 19

 (C(-A)-S-H)  (hydrotalcite-like)

2.6 31.5 7.39 0.66

                                                                          

C S M A CH H C SH A M AH+ + → +
    Eq. 3-18 

where 7.88 7.39 3C S M A  is indicating the glass phase in BFS. 1.42 2.92 0.046C SH A  and 4.6 19M AH  are 

the C(-A)-S-H gel and hydrotalcite-like phase produced by the reaction of BFS with 

portlandite. 

3.3.2.3 Effects of FA on the development of C-S-H phases in blended cement paste  

3.3.2.3.a C-S-H gels in cement paste blended with FA - Experimental 

The elemental mapping and BSE image of F30, hydrated for 1 year, are compared in Figure 

3-18. The BSE image shows unhydrated cement grains and unreacted FA particles in the 

blended cement paste even after 1 year hydration. The portlandite confirmed by TGA is found 

in the BSE image as well. C-S-H phases exist close to the side of unhydrated cement grains or 

in between FA particles and portlandite. Unfortunately, from only the BSE image analysis it 

is not possible to identify whether the C-S-H gel is produced from the cement hydration or 

from the pozzolanic reaction of FA.  

The elemental mapping images show the distribution of different elements in the same 

scanning area as the one selected for the BSE image shown in Figure 3-18. The mapping data 

are processed further to calculate the mean C/S ratio of C-S-H gels. Based mainly on the C/S 

ratio, the C-S-H gels produced from different reactions are determined.  

As illustrated in Figure 3-19, the rectangle area is selected firstly, which covers the FA 

particle, cement grain together with the hydration or pozzolanic reaction product in between. 

The size of the selected area is 20 pixels in height and 57 pixels in length, starting from FA 

particle and ended in the cement grain. In the elemental mapping data file, each pixel has 

coordinates in the mapping area. It contains the counts of the characteristic X-ray as well as 

those of different elements detected.  
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Figure 3-18 BSE image and related elemental mapping of F30 hydrated for 1 year 

 

 

Figure 3-19 Selecting area for the calculation of mean C/S of phases between FA and cement particles 

 

Based on the counts of element Ca and Si, the C/S ratio at each pixel is calculated by 

following the equation of Castaing [33], described in Eq. 3-19: 

( ) ( )

( ) ( )

B B K K

A A K K

N n w A E B

N n w B E A
=            Eq. 3-19 

where the subscripts A  or B  indicate the elements A or B. AN  is the number of atoms of 

element A  at this pixel; An  is the counts of the element A  at this pixel, recorded in the  
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Figure 3-20 Mean C/S of phases located from FA to cement particles (A: FA particle; B: C-S-H gel 

produced from pozzolanic reaction of FA; C: C-S-H gel produced from cement hydration; D: cement 

grain) 

 

elemental mapping data file; ( )KE A  is K-shell ionization energy of element A ; ( )Kw A  is the 

K-shell fluorescence yield of element A . The value of Kw  is calculated by the semi-empirical 

equation of Laberrigue-Frolow and Radvanyi [34] as follows. 

3 4

1

1 ( 0.0217 0.03318 0.00000114 )
Kw

Z Z −
=

+ − +  − 
     Eq. 3-20 

in which Z  is the atomic number. 

By substituting Eq. 3-20 in Eq. 3-19, the C/S at each pixel is calculated separately. As 

illustrate in Figure 3-19, there are 20 pixels (height of the selected area) in total with the same 

distance measuring from the start point in FA particle. The mean C/S ratio is calculated based 

on the values of these 20 pixels. Afterwards, the mean C/S ratio is plotted against the distance 

between the FA particle and the cement grain, which is measured from the FA particle. The 

changes of the mean C/S ratio of phases from FA to cement grain are illustrated in Figure 

3-20. 

As shown in Figure 3-20, the average C/S ratio of phases located in between the FA 

particle and the cement grain are increasing from approximate 0.25 inside the FA particle to 

3.70 inside the cement grain. Considering rims of the FA and the cement particles in the BSE 

image, the selected analyzed area can be divided into four sub-areas as follows: 
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A: FA particle 

B: C-S-H gel in the relicts of dissolved FA 

C: C-S-H gel near to the rim of cement grain 

D: Cement grain 

Inside the FA particle (area A), the measured average C/S ratio is around 0.25. It should be 

noticed that the overall C/S ratio of the FA particle is approximate 0.12, calculated from the 

chemical composition of FA listed in Table 3-1. 

At the other side, in area D, the measured mean C/S ratio is ranging from approximately 

2.50 to 3.70, the maximum value of which is quite close to that overall value of 3.44 of the 

cement grain, calculated from the chemical composition of OPC as listed in Table 3-1 as well. 

In area B, the mean C/S ratio of C-S-H gel measured near the rim of the FA particle is 

around 1.0. Then the C/S ratio slightly increases up to 1.30, indicating that the C/S ratio of 

remains of dissolved FA. This part must be the C-S-H gel produced from the pozzolanic 

reaction of FA, with a C/S ratio ranging from 1.0 to 1.30. This value is in good agreement 

with the results published by other researchers. Uchikawa reported the formation of C-S-H 

with the C/S ratio of 1.01 in cement paste blended with 40% FA, hydrated for 4 years [35]. 

Sato and Furuhashi [36] found a C-S-H gel with a C/S ratio of 1.1-1.2 close to the FA 

particles in a 10-year-old mortar blended material. It should be noticed that the theoretical C/S 

ratio of C-S-H gel produced by the reaction of FA is normally 1.10 (see in Eq. 3-17). 

In area C, the average C/S ratio of C-S-H gel increases from approximately 1.50 and 

ending at 2.30 near to the rim of the cement grain. In this area, the C-S-H gel is mainly 

produced from the hydration of the cement grain. Therefore, the C/S ratio of C-S-H gel 

produced by cement hydration is ranging from 1.50 to 2.30, which is in agreement with values 

found by other researchers. Harrisson reported a C/S ratio of 1.82 to 2.20 in the C-S-H gel 

found in OPC paste (W/C = 0.5) hydrated for 14 months [37]. In a 25-year-old sealed paste 

(W/C = 0.45) hydrated from C3S phase, Taylor found C-S-H gel with a C/S ratio of 1.81 [38]. 

By using the TEM coupled with microanalysis, Groves found C-S-H gel in C3S paste with a 

C/S ratio ranging from 1.66 to 1.93 [39]. Odler studied the early hydration kinetics and 

products of C3S [40]. He observed C-S-H gel and measured the C/S ratio by two methods. 

The C/S ratio of C-S-H measured by TG was approximately 1.99, whereas the value 

measured by extraction method was around 1.60. Sueur also found a C/S ratio of 1.70 or 1.80 

in the C-S-H gel of mature C3S paste [41]. As for the C-S-H gel produced by the hydration 

C2S, the C/S ratio was found of 1.80 or 2.0 [42-44].  

There seems to be a dramatic gap between C/S ratios measured for C-S-H gels in area B 

and C. As shown in Figure 3-20, the mean C/S ratio of C-S-H gel is jumping from 1.30 in the 

relicts of dissolved FA to 1.50 measured for the C-S-H gel produced from cement hydration. 

Clearly, there is a boundary between C-S-H gel produced by the pozzolanic reaction of FA 

and that formed from the hydration of cement grains. This difference can be considered as an 

appropriate tool to distinguish C-S-H gels produced from different sources in the cement paste 

blended with FA. 
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3.3.2.3.b Amounts of C-S-H gels in the cement paste blended with FA - Simulation 

As discussed in section 3.3.2.3.a, the C-S-H gel produced by the pozzolanic reaction of FA 

can be distinguished from that produced by the hydration of cement. However, it is still not 

easy to measure the amounts of these two types of C-S-H gel, tagged by their C/S ratio, 

experimentally. Therefore, the effects of FA on the amounts of different types of C-S-H gels 

formed in FA blended cement paste will be discussed based on the modelling results with 

HYMOSTRUC3D-E [1]. 

In HYMOSTRUC3D-E, the amounts of different phases are calculated based on the 

stoichiometry of different reactions involved, as discussed in section 3.3.2.1 and 3.3.2.2. The 

input data include the related chemical properties listed in Table 3-1, together with the 

amounts of different binders. Modelling results represent the final products of the hydration of 

cement and pozzolanic reactions of FA, as illustrated in Figure 3-21. The figure shows the 

paste composition as function of the FA percentage, by weight, in the paste. 

Firstly, the amount of portlandite is decreasing with increasing of replacement level of 

cement by FA, which is in line with the experimental results in section 3.3.1.1. Meanwhile, 

the amount of C-S-H gel ( 1.7 4C SH ) produced from the hydration of cement decreases as well 

when the amount of FA increases from 0 to 50%. On the contrary, the amount of C-S-H gel 

( 1.1 3.9C SH ) produced by the pozzolanic reaction of FA increases a lot. Volume percentages of 

different types of C-S-H gels to the total amount of C-S-H are calculated based on the above-

mentioned data, together with the volume ratio of different types of C-S-H gels. These 

volume percentages and ratios are plotted against the replacement level of FA, illustrated in 

Figure 3-22.  

 

0 5 10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
1.1

SH
3.9

V
o

lu
m

e 
p

ro
p

o
rt

io
n
 o

f 
p

h
as

es
 i

n
 c

em
en

t 
p

as
te

(c
al

cu
la

te
d

 b
as

ed
 o

n
 t

h
e 

st
o

ic
h

io
m

et
ry

)

Replacement level of FA (wt %)

 Unhydrated PC

 Unreacted FA_glass

 Unreacted FA_hollow

 CSH_PC

 AFm_PC

 FH3_PC

 C3AH6_PC

 CSH_FA

 ST_FA

 CH_total

 Capillary water

 Empty capillary poreC
1.7

SH
4

 

Figure 3-21 Effects of FA on the amounts of different phases in the cement paste blended with FA 

simulated with HYMOSTRUC3D-E (w/b = 0.5; Note: AFm_PC, CSH_PC, FH3_PC, C3AH6 are the 

AFm, CSH, FH3, C3AH6 produced by the hydration of PC, respectively. CSH_FA, ST_FA are the CSH, 

C2ASH8 produced by the pozzolanic reaction of FA, respectively.) 
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Figure 3-22 Effects of FA on the amounts of different C-S-H gels in the cement paste blended with FA 

 

The volume ratio of C-S-H gel (with higher C/S) produced by the cement hydration to the 

C-S-H gel (with lower C/S) decreases dramatically from approximate 9.0 to 2.0, when the FA 

content is increased from 5 to 35%. This drastic change shall be taken into account when 

studying the carbonation of concrete blended with a high amount of FA. As indicated in the 

modelling results shown in Figure 3-21, there is also a dramatic reduction of portlandite (one 

of the calcium-bearing phase) in the blended cement paste. The C-S-H gels produced from 

different sources are the major calcium-bearing phases to resist carbonation of the concrete. It 

must be emphasized that different types of C-S-H gels, with different C/S ratio, may exhibit 

different resistance against carbonation attack. 

3.3.2.4 Effects of BFS on the development of C-S-H phases in blended cement paste  

3.3.2.4.a C-S-H gels in the cement paste blended with BFS – Experiments 

The elemental mapping and BSE image of B70 hydrated for 1 year are shown in Figure 3-23. 

After 1-year hydration, both the unhydrated cement and BFS particle can be identified in the 

BSE image. However, portlandite is rarely shown in the BSE image. C-S-H phases exist at the 

rim of unhydrated cement grains or BFS particles. Unfortunately, from only the BSE image 

analysis it is not possible to determine whether the C-S-H gel is produced from cement 

hydration or from the pozzolanic reaction of BFS. 

For the selected area of the BSE image shown in Figure 3-23, the elemental mapping is 

performed to show the distribution of different detected elements. The mapping data are 

processed further in the same way as outlined in section 3.3.2.3.a for determining the mean 

C/S ratio of C-S-H gels in FA blended cement paste.  

A rectangular area is selected as shown in Figure 3-24, which covers the BFS particle, a 

cement grain and hydration or pozzolanic reaction product in between. The size of selected  
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Figure 3-23 BSE image and related elemental mapping of B70 hydrated for 1 year 

 

 

Figure 3-24 Selecting area for the calculation of mean C/S of phases between BFS and cement 

particles 

 

area is 20 pixels in height and 67 pixels in length, starting from BFS particle and ending in the 

cement grain. 

According the Eq. 3-19 and Eq. 3-20 the C/S ratio at each pixel can be calculated based on 

the counts indicating element Ca and Si recorded in the elemental mapping data file. Then the 

mean C/S ratio will be calculated based on the values of 20 pixels in the vertical direction 

shown in Figure 3-24. Afterward, the mean C/S ratio is plotted against the distance between 

BFS particle and cement grain, which is measured from the selected start point in BFS 

particle. The changes of the mean C/S ratio of phases from the BFS particle to the cement 

grain are shown in Figure 3-25. 
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As shown in Figure 3-25, the average C/S ratio of phases located in between the BFS 

particle, and the cement grain increases from approximately 0.80 inside the BFS particle to 

3.50 inside the cement grain. Considering the rims of BFS and cement particles observed in 

the BSE image, the selected analyzed area can be divided into four sub-areas as follows: 

A: BFS particle 

B: C-S-H gel near to the rim of BFS particle 

C: C-S-H gel near to the rim of cement grain 

D: Cement grain 

Inside the BFS particle (area A), an average C/S ratio is measured between 0.70 to 1.0, 

which is in good agreement with values found by other researchers [32]. In area D, in contrast, 

the measured mean C/S ratio is ranging from approximately 2.30 to 3.50, the maximum value 

of which is quite close to the overall C/S ratio of 3.44 of cement grains calculated based on 

the chemical composition of OPC as listed in Table 3-1. Unlike what is observed in Figure 

3-20, the C/S ratio of C-S-H gel increases continuously in C-S-H gel produced by the 

pozzolanic reaction of BFS to the C-S-H gel produced by the hydration of cement grains. 

There is no clear boundary between these two types of C-S-H gels. 

In area B, the mean C/S ratio of C-S-H gel is approximately 1.10, measured near to the rim 

of the BFS particle. Then the C/S ratio increases slightly up to 1.30. This part must be the  

 

 

Figure 3-25 Mean C/S of phases located from BFS to cement particles (A:BFS particle; B: C-S-H gel 

produced from pozzolanic reaction of BFS; C: C-S-H gel produced from cement hydration; D: cement 

grain) 
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C-S- H gel produced from the pozzolanic reaction of BFS, with a C/S ratio varying from 1.10 

to 1.30. Harrison reported that a C/S ratio of C-S-H gel at the rim of slag and relicts of fully 

reacted slag. 

In the same paste, the C/S ratio of C-S-H gel far from the BFS particle is around 1.79. 

Moreover, the author also found that the hydration time had no effect on the composition of 

the particles of proximately 1.62 [45]. The measurements were performed on cement paste 

blended with 40% (wt) BFS. The w/b ratio is 0.5. The hydration time varied from 28 days to 

14 months. individual phases in the slag cement pastes studied. Ruben [46] measured the C/S 

ratio of C-S-H gel formed in cement pasted blended with 30% BFS (w/b = 0.4), but hydrated 

for only 28 days. The C/S ratio of the inner and outer product around the slag particle were 

approximately 1.64 and 1.56, respectively. In the reference OPC paste, the measured C/S ratio 

of C-S-H gel was around 1.72 [46]. As reported by Richardson [32], the C/S ratio of C-S-H 

gel around slag grains in cement paste  blended with 30% BFS is approximately 1.53, while 

that of C-S-H gel around cement grains is 1.67. The paste he tested had the w/b of 0.55 and 

hydrated for 32 days under 35˚C. 

As concluded by Harrison [39], none of the individual phases in the slag cement pastes 

showed significant compositional variation with time from 28 day to 14-month. Therefore, the 

hydration time of the paste will not be considered as a relevant parameter when comparing the 

C/S ratio of C-S-H gel formed by the reaction of BFS and measured in this research, with C/S 

ratios found by other researchers. 

Obviously, the C/S ratio of C-S-H gel produced from the reaction of BFS is much lower 

than those reported in the above-mentioned literatures. Since the hydration time has no effect 

on the C/S ratio, another possible reason for different C/S ratios is the replacement level of 

BFS. Richardson [47] measured C/S ratios of C-S-H gel in cement pastes blended with 

different amounts of BFS. These pastes had the same w/b of 0.40 and were hydrated for 14 

months at 20˚C. The replacement level of BFS varied from 0 to 100%. He found that the C/S 

ratio of C-S-H gel around the BFS grain is reduced dramatically with increasing replacement 

level of BFS, as illustrated in Figure 3-26. 
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Figure 3-26 Effects of BFS amount on the C/S value of C-S-H gel produced by the reaction of BFS 

(after Richardson [47]) 
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As shown in Figure 3-26, the C/S ratio of C-S-H gel produced by the reaction of BFS 

decreases from 1.78 to 1.55 when the replacement level of BFS is increased from 25% to 50%. 

This range is exactly covering the values reported in the above-mentioned literatures [32, 45, 

46]. Meanwhile, the C/S ratio of C-S-H gel around slag grains are 1.43 and 1.37, respectively, 

when the amounts of BFS are 66.7% and 75%. The replacement level of BFS is 70% in this 

study, for which percentage the measured C/S ratio of C-S-H gel around the slag particle 

varies from 1.10 to 1.30. These values are close to the values measured by Richardson. 

Therefore, it makes sense to measure and calculate the C/S ratio of C-S-H gels in blended 

pastes by further processing of EDAX mapping data, proposed in this research. 

In area C, the average C/S ratio of C-S-H gel is continuously increasing from 

approximately 1.30 to 2.00 near to the rim of cement grain. In this area, the C-S-H gel is 

mainly produced from the hydrating cement grain. Therefore, the C/S ratio of C-S-H gel 

produced by cement hydration is ranging from 1.50 to 2.00 in slag-blended paste, which is 

also found by other researchers [32] [38] [45] [46]. 

3.3.2.4.b Amounts of C-S-H gels in the cement paste blended with BFS - Simulations 

Like FA blended case, it is hard to measure the amounts of C-S-H gels produced from 

different reactions in slag-blended cement paste experimentally. Therefore, the effects of BFS 

on the amounts of different types of C-S-H gels formed in cement paste blended with BFS 

will be analyzed using simulation results obtained with HYMOSTRUC3D-E [1].  

The input data for numerical simulations concern chemical properties of the binders, as 

listed in Table 3-1, together with the amounts of different binders. Simulation results are the 

final products of the hydration of cement and pozzolanic reactions of BFS, as illustrated in 

Figure 3-27. This figure shows, firstly, that the amount of portlandite decreases with the 

increase of replacement level of BFS. This is in line with the experimental results presented in 

section 3.3.1.2. When the replacement level of BFS is increased to 70%, portlandite is almost 

absent in the fully hydrated blended cement paste. Meanwhile, the amount of C-S-H gel 

( 1.7 4C SH ) produced from the hydration of cement decreases dramatically when the amount of 

BFS is increased from 0 to 70%. In contrast, the amount of C-S-H gel ( 1.4 2.92 0.046C SH A ), 

produced from the pozzolanic reaction of BFS, increases. Volume percentages of different 

types of C-S-H gels to the total amount of C-S-H are calculated based on the above-

mentioned data, together with the volume ratio of different types of C-S-H gels. These 

volume percentages and ratio are plotted against the replacement level of BFS, as illustrated 

in Figure 3-28. 

The volume ratio of C-S-H gel (with high C/S ratio) produced by the cement hydration to 

the C-S-H gel (with lower C/S ratio) decreases dramatically from approximate 9.0 to 0.33, 

when the BFS content increases from 10 to 70%. This drastic change must be considered 

seriously when studying the carbonation of concrete blended with high amounts of BFS. As 

indicated in the modelling results shown in Figure 3-27, there is also a dramatic reduction of 

portlandite (one of the calcium-bearing phase) in the blended cement paste. The C-S-H gels 

produced from different sources are the major calcium-bearing phases to resist carbonation. 

Moreover, different types of C-S-H gels (with different C/S ratio), produced from either  
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Figure 3-27 Effects of BFS on the amounts of different phases in the cement paste blended with BFS, 

simulated with HYMOSTRUC3D-E (w/b = 0.5; Note: AFm_PC, CSH_PC, FH3_PC, C3AH6 are the 

AFm, CSH, FH3, C3AH6 produced by the hydration of PC, respectively. CSH_BFS, HT_BFS are the 

CSH, M4.6AH19 produced by the pozzolanic reaction of BFS, respectively.)  
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Figure 3-28 Effects of BFS on the amounts of different C-S-H gels in the cement paste blended with 

BFS 

cement hydration or pozzolanic reaction of BFS, may provide different resistance against 

carbonation attack. 

3.3.3 Pore structure evolution of blended cement paste 

MIP tests normally consist of two steps: mercury intrusion and mercury extrusion. Typical 

MIP test results of cement pasted are shown in Figure 3-29 and Figure 3-30. The intrusion 

and extrusion curves in Figure 3-29 provide information about the pore size distribution of 

cement paste measured in two different stages. The total porosity and effective porosity can be  
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Figure 3-29 Pore size distribution of cement paste measured by the mercury intrusion and extrusion 

(P100, hydrated for 28 days) 

 

determined accordingly. The difference between intrusion and extrusion curve represents the 

so-called ink-bottle porosity. 

The related differential curves are shown in Figure 3-30. The peaks in the curves are 

named “threshold”, “critical” or “percolation” pore diameters [25]. In cement paste, the first 

peak, between 0.1 µm to 1 µm, is generally considered to correspond to the large capillary 

porosity, according to the classification of pores by Mindess and Young [48]. The second 

peak, between 0.01 µm to 0.1 µm, corresponds to the medium capillary porosity. For example, 

in Figure 3-30, the first peak corresponds to a diameter of 0.526 µm and the second peak to 

0.0432 µm. 
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Figure 3-30 Pore size distribution differential curves of cement paste measured by mercury intrusion 

and extrusion (P100, hydrated for 28 days) 
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The intrusion and extrusion hysteresis, including the definitions of total, effective and ink-

pore structure evolution of blended cement paste will mainly focus on the effects of SCMs on 

the total porosity and capillary porosity. 

3.3.3.1 Effects of FA on the porosity of blended cement paste  

Pore size distributions of OPC paste (P100) and FA blended paste (F30) are illustrated in 

Figure 3-31 and Figure 3-32, respectively. The ages of the pastes vary from 28 days to 1 year.  

As observed from Figure 3-31a and Figure 3-32a, the total pore volume decreases with 

hydration time for both P100 and F30. These pores are (partly) filled with water. In fact, the 

capillary water is the only water available for hydration of cement or pozzolanic reaction of 

SCMs [49]. With continuous hydration, more and more capillary water is consumed by the 

reactions of the binder and is converted into hydration products. These products will 

precipitate in the capillary pores and reduce the connectivity of the pore structure of the paste. 

Thus, increasing hydration results in reduction of total pore volume of both OPC paste and 

FA blended paste [5, 25, 50, 51]. 
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Figure 3-31 Pore size distribution of P100 hydrated for from 28d up to 1 year 
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Figure 3-32 Pore size distribution of F30 hydrated for from 28d up to 1 year 
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In the differential curves of P100 (Figure 3-31b) and F30 (Figure 3-32b), both the two 

peaks indicating the “threshold” pore diameters can be observed, which will disappear with 

increasing hydration time. This is also found in studies of other researchers [5, 50]. 

The first peak in the differential curves indicates the capillary pores with an average 

diameter larger than 0.01 μm. With the development of hydration, the larger capillary pore 

will gradually be filled with hydration products and become disconnected. This is the reason 

why the first peak becomes weak and moves to a smaller pore diameter area with increasing 

hydration time. 

The second peak indicates the gel pores. The threshold pore diameter of this peak is around 

0.02-0.04 µm for all the mixture in this study. This value is higher than the size of the gel 

pores defined by Powers (< 0.01 µm) [52] and Jennings (3-30 nm) [53].  

From Figure 3-31b to Figure 3-32b, the second peaks in OPC paste and in the paste 

blended with only 30% of FA both show growth in intensity, but become narrow with 

increasing hydration time. 

Based on the above-mentioned MIP test results, the total porosity and effective porosity of 

different FA blended pastes together with OPC paste are calculated with the procedure 

illustrated with Figure 3-29. The calculated porosities of pastes hydrated for the same age are 

plotted against the replacement level of FA. The hydration time varies from 28 days to 1 year. 

Effects of the FA content on the total porosity is shown in Figure 3-33. 

For the same age, the use of FA will increase the total porosity of cement paste blended 

with FA. Especially at the earlier age, the total porosity of blended cement paste has a nearly 

positive linear relation with the replacement level of FA, as shown in Figure 3-33. At later 

ages, i.e. 182 days or 1 year, the above-mentioned relation is not exactly linear. The total 

porosity of OPC paste decreases slowly or even increases slightly from 105 days to 1 year 

compared to FA blended cement pastes (i.e. F10 and F30). 
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Figure 3-33 Effects of FA amount on the total porosity of blended cement paste hydrated for 28 days, 

105 days, 182 days or 1 year 
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Table 3-17 Normalized total porosity of FA blended cement paste (%, normalized to the total porosity 

of OPC paste at the same age) (Mixture composition: see Table 3-8) 

Hydration time  

[days] 

Normalized total porosity [%] of different mixtures  

P100 F10 F30 

28 100.0 105.1 114.9 

105 100.0 109.6 130.3 

182 100.0 107.0 129.5 

365 100.0 101.3 118.9 

 

It is known that the degree of pozzolanic reaction of FA is much lower than the degree of 

hydration of cement at the same age. Less reaction products are generated in blended cement 

paste, resulting in a higher total porosity compared to pure Portland cement paste [54]. The 

higher the replacement level of FA, the higher the total porosity compared to that of mixtures 

F10 and F30. 

Total (MIP) porosities of different FA blended cement pastes are normalized to the total 

(MIP) porosity of OPC paste with the same age. The normalized values are listed in Table 

3-17. Comparing with P100 hydrated for 28 days, the total porosity of F10 and F30 are 

increased by 5.1% and 14.9% respectively, approximately half of the related replacement 

level of FA. When hydrated for 105 days, the total porosity reaches the highest values for 

both F10 and F30, i.e. 9.6% and 30.3%, respectively. These two increments are nearly the 

same as the replacement levels of FA in the related blended cement pastes. With further 

hydration, the increase of the total porosity of blended cement pastes due to the incorporating 

of FA decreases with hydration time. 

Form 28 days to 105 days, there are more hydration products produced in P100 than in F10 

and F30 because of the lower reaction rate of the pozzolanic reaction and dilution effects. 

Therefore, the total porosity of P100 is reduced more than that of F10 and F30. 

From 105 days to 182 days or 1 year, the hydration of cement is slowed down, resulting 

the less changes of the total porosity of P100. Meanwhile, the pozzolanic reaction of FA is not 

slowed down in F10 and F30. The total porosities of these mixtures decrease further with 

hydration time and the difference of the total porosities between P100 and F10 or F30 

decreases. In summary, the increase in total porosity of FA blended cement paste is highest at 

105 days. 

Effects of the FA content on the effective porosity is shown in Figure 3-34. The 

normalized effective porosities of FA blended cement pastes are listed in Table 3-18. 

Apparently, the replacement level of FA affects the effective porosity of blended cement paste 

in the same trend as the total porosity. 
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Figure 3-34 Effects of FA amount on the effective porosity (MIP) of blended cement paste hydrated for 

28 days, 105 days, 182 days or 1 year 

 

Table 3-18 Normalized effective porosity of FA blended cement paste (%, normalized to the effective 

porosity of OPC paste at the same age) (Mixture composition: see Table 3-8) 

Hydration time  

[days] 

Normalized effective porosity [%] of different mixtures  

P100 F10 F30 

28 100.0 107.4 115.2 

105 100.0 113.8 124.8 

182 100.0 102.4 110.4 

365 100.0 84.3 94.0 

 

3.3.3.2 Effects of BFS on the porosity of blended cement paste  

Pore size distributions of cement pastes blended with BFS (B70) are illustrated in Figure 3-35. 

Hydration time of B70 paste varies from 28 days up to 1 year. 

The total pore volume of B70 decreases with hydration time. Unlike OPC (P100) and FA 

blended paste (F30) shown in Figure 3-31b and Figure 3-32b, the pore size distribution 

differential curve of B70 has no peak indicating the “threshold” pore diameter between 0.1 

and 1 µm (first peak). Most of the pores in B70 have a pore diameter less than 0.1 µm. 

Furthermore, it is hard to find the second peak. Only a ‘shoulder peak’ of the second peak can 

be observed in the differential curve of B70 paste hydrated for 28 days. After 28 days, the 

second peak totally disappears. This means that the hydration of BFS produces more C-S-H, 

which contributes to a much finer pore structure of BFS blended cement paste. 

Based on the above-mentioned MIP test results, the total porosity and effective porosity of 

different BFS blended pastes together with OPC paste are calculated according to the 

procedure illustrated in Figure 3-29. The calculated porosities of pastes hydrated for the same 

age are plotted against the replacement level of BFS. The hydration time varies from 28 days 

to 1 year.  
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Effects of BFS content on the total porosity of blended cement paste is shown in Figure 

3-36. The curves in Figure 3-36 show that the total porosity of cement paste blended with 

BFS decreases with the increasing replacement level of BFS under the same hydration time. 

The total porosity of BFS blended cement paste has a nearly negative linear relation with the 

replacement level of BFS, especially for the data measured from samples hydrated for 182 

days.  

Total porosities of different BFS blended cement pastes are normalized to the total porosity 

of OPC paste with the same age. The normalized values are listed in Table 3-19. Apparently, 

the introduction of BFS in cement will cause a reduction of the total porosity of BFS blended 

cement paste. This effect will become more obvious when increasing the amount of BFS or 

hydration time. 
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Figure 3-35 Pore size distribution of B70 hydrated for from 28d up to 1 year 
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Figure 3-36 Effects of BFS amount on the total porosity of blended cement paste hydrated for 28 days, 

105 days, 182 days or 1 year 
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Table 3-19 Normalized total porosity of BFS blended cement paste (%, normalized to the total 

porosity of OPC paste at the same age). (Mixture composition: see Table 3-8) 

Hydration time  

[days] 

Normalized total porosity of different mixtures  

P100 B30 B70 

28 100.0 83.2 93.5 

105 100.0 72.5 81.1 

182 100.0 70.7 78.7 

365 100.0 56.2 61.8 

 

Unlike FA, the fineness of BFS is even higher than OPC in this study. Moreover, the 

pozzolanic reaction of BFS develops faster than that of FA, although it is slower than the 

hydration of OPC. Therefore, the use of BFS will cause a dramatic decrease of the total 

porosity of cement paste blended with BFS. Due to the reaction of BFS at later ages, this 

effect increases with hydration time.  

The porosity of paste, mortar or concrete blended with BFS has already been measured by 

many researchers in the past with different methods, such as MIP, BSE imaging analysis and 

water sorption etc. To compare the results of this study with the references, only the data 

measured by MIP are discussed here. It appears, however, that the conclusions regarding the 

effects of BFS amount on the porosity are ambiguous. Some studies conclude that 

incorporating BFS will cause a reduction of the porosity of paste [55-57], mortar [58] or 

concrete [59-62] blended with BFS, whereas other researchers draw an opposite conclusions 

[63-66].  

By comparing study of above-mentioned references, three major factors are found to affect 

the conclusions related to the porosity, which are the fineness of BFS, drying method of 

sample and age of the sample. Even with the same w/b and cured under the same conditions, 

different conclusions were made for the effects of BFS on the total porosity of blended 

cement paste (mortar or concrete) when the three factors are different. 

When using BFS with fineness higher than OPC, the total porosity of BFS blended cement 

paste (mortar or concrete) is normally lower than that of OPC paste (mortar or concrete. On 

the contrary, the researchers [63] [66] found that the addition of BFS would increase the total 

porosity of blended cement paste when using BFS with a fineness less than OPC. 

The drying method of the specimens prepared for MIP tests also affects the test results and 

conclusions. The specimens in this study were freeze-dried before the MIP test. The details 

are described in elsewhere [5]. In some studies, the specimens are oven-dried before the MIP 

test [64] [62]. In the latter case the results show that using BFS will increase the total porosity 

of blended paste or concrete. Other reseachers found that the conclusion will be different 

when measurements are performed at different ages. Ortega [67] compared the porosities of 

OPC and slag cement (with a content of GGBS between 66-80% of total binder) mortars 

cured under different conditions. The w/b ratios were 0.40 and 0.50. Under normal laboratory 

curing condition ( RH of 100%, 20˚C), the slag cement mortar showed higher total porosity at 

early age (7 days), but less total porosity at later age (28, 90, 180 days) compared with OPC 

mortar. 
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Choi [56] investigated the micropore structures of high-strength cement pastes (w/b of 0.20) 

blended with high volume of BFS (replacing OPC up to 80% by mass). With increasing 

replacement level of BFS, the porosity of blended cement paste increased at early ages (3 

days), but decreased at later ages (7, 28, and 91 days).  

Leemann [68] compared the total pore volumes (ml/g) of OPC (CEM I 42.5) and slag 

cement (CEM III/B, 70% of slag by mass) mortar with the same w/b of 0.50. The specimens 

were crushed and freeze-dried before the MIP test. The results showed that the slag cement 

mortar has higher total pore volume in the early age (7 days or 28 days), but lower total pore 

volume in the later age (182 days) compared with the OPC mortar. 

Yio[57] investigated the pore structure and mass transport properties of cement paste 

blended with SCMs (SF, FA and BFS), with average particle sizes lower than that of OPC. 

The cement paste blended with 60% of BFS had a higher total porosity at early age (7 days), 

but a lower total porosity at later age (90 days) than OPC paste. 

Based on the results measured in this reseach and discussion about the reference data, the 

use of BFS in cement paste will normally cause the reduction of the porosity of the paste, and 

hence a reduction of the porosity of mortar or concrete made with this paste. 

3.3.3.3 Situation in OPC-FA-BFS ternary system  

Total porosity and effective porosity of F30 and B30 are compared in Figure 3-37a and 

Figure 3-37b, respectively. The addition of FA will increase the porosity of cement paste 

blended with FA, whereas the addition of BFS will bring a reduction to the porosity of BFS 

blended cement paste. Apparently, FA and BFS have totally opposite effects on the porosities 

of blended cement paste. Therefore, the ternary mixture is compared and studied with binary 

mixture in this section, in order to find if it has a better behavior from the porosity point of 

view. 
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Figure 3-37 Comparison of total and effective porosity of F30 and B30 
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Figure 3-38 Comparison of total and effective porosity of B70 and F30B30 

 

Total porosity and effective porosity of B70 and F30B30 are compared in Figure 3-38a 

and Figure 3-38b, respectively. The total porosity of F30B30 is higher than that of B70, but is 

getting closer to that of OPC paste (P100), with increasing hydration time. In Figure 3-17, the 

amount of portlandite in F30B30 is relatively higher than that of B70. Considering both the 

amount of portlandite and porosity, F30B30 may show better resistance to CO2 attack than 

B70 which contains the similar amount of SCMs. Therefore, an optimized ternary mixture can 

be designed to fulfill three requirements of blended cement concrete: economic, low-CO2 

emission and better carbonation resistance. 

3.4 Conclusion 

Effects of SCMs (FA and BFS) on the development of portlandite and C-S-H, together with 

the porosities of blended cement paste, are studied both experimentally and by numerical 

simulation. Some general conclusions are drawn below. 

◆ Using FA and BFS can both cause reduction of the amount of portlandite in blended 

cement paste. The amount of portlandite has a negative linear relation with the 

replacement level of FA or BFS. The intercept value of this linear relation is close to the 

maximum amount of portlandite that will be produced in case of fully hydrated cement 

paste, given the same w/b of the mixtures. 

◆ Partial replacement of OPC by FA and BFS will cause production of C-S-H gels with a 

lower C/S than that produced by hydration of OPC. With increasing replacement level of 

FA or BFS, the amount of C-S-H gel with lower C/S will increase. The average C/S of C-

S-H gels produced by the pozzolanic reaction of FA varies from 1.0 to 1.30. Meanwhile, 

the average C/S of C-S-H gels produced by the pozzolanic reaction of BFS is slightly 

higher, varies from 1.1 to 1.30 in paste hydrated for 1 year. 
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◆ Using FA will increase the total and effective porosities of FA blended cement paste. 

This effect will be highest in pastes hydrated for 105 days. BFS will cause a reduction to 

the total and effective porosities of BFS blended cement paste. 

◆ Optimized concrete mixture by considering the price, lower CO2 emission and 

carbonation resistance can be designed by using both FA and BFS, or combinations of 

these two materials, in the concrete.  
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4  
 

Accelerated Carbonation of Blended Cement Paste 

 

 

4.1 Introduction 

In Chapter 3, the amount of hydration products and the microstructure of cement paste 

blended with SCMs were studied. Effects of SCMs on the assemblage of hydrates and 

microstructure were discussed. In the chapter cement pastes studied in Chapter 3 will be used 

in accelerated carbonation experiments. 

In this chapter the focus is on the transformation of calcium-bearing phases and evolution 

of microstructure of cement paste blended with SCMs during carbonation. Influences of the 

variety and content of SCMs are discussed. Carbonation of C-S-H gel and the effects on the 

microstructure development are investigated. 
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4.1.1 Mixture composition and sample pre-treatment 

Mixtures for samples used for carbonation test were prepared from the same materials and 

cured by using the same methods mentioned in Chapter 3. After curing for 1 year, plastic 

bottles were cut into two pieces, i.e. part A and part B, in order to obtain two cylinders (height 

= 40 mm, φ =50 mm, as shown in Figure 4-1a). The cutting surface was grinded by the 

sandpaper # 800, in order to achieve a uniform surface roughness. The condition of the 

polished surface exposed to CO2 is shown in Figure 4-1b. The water on the surface was 

removed by cloth. Both top surface rims and bottom surface of part B were re-sealed with 

silicon sealant in order to obtain one - dimensional carbonation condition. Figure 4-1c shows 

the well-sealed sample, ready for the accelerated carbonation test. 

4.1.2 Accelerated carbonation test in the lab 

Under ambient conditions carbonation in concrete develops slowly and even slower in cement 

paste. In order to obtain enough data for different mixtures in a relatively short time, 

accelerated carbonation tests can be performed in the lab. After pre-treatment, the samples for 

the carbonation tests were moved into the carbonation chamber. In the carbonation chamber,  

 

 

Figure 4-1 Preparing and pre-treatment of samples used for carbonation: a. cutting; b. after surface 

grinding; c. the well-sealed sample 

 

           

                        

a 

b c 
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the CO2 concentration is maintained at 3% ± 0.2, automatically regulated by the solenoid 

valve connected to a CO2 sensor. The temperature is regulated at 20°C and the relative 

humidity is controlled at around 75% by using the saturated NaCl solution. The carbonation 

exposure periods were 28 days to 84 days and 224 days. A part of the recorded relative 

humidity and temperature data are illustrated in Figure 4-2. The fluctuation in the humidity 

was caused by removing samples or adding water to the NaCl solution. 

4.1.3 Test methods 

During carbonation hydration products, such as portlandite (CH) and calcium silicate hydrates 

(C-S-H), are transformed into CaCO3 and silicate gel. These transformations also lead to 

changes of the microstructure, including changes of the gel pore and capillary pore structure 

of the cement paste. Since the pH value of the pore solution decreases with ongoing 

carbonation, the carbonation depths were determined using the phenolphthalein spray test. 

Thermogra-vimetric analysis (TGA) was used to determine the amounts of portlandite and 

CaCO3 of samples after carbonation. The gel pore volume and pore size distribution of 

carbonated paste were determined from nitrogen adsorption tests. Meanwhile, Mercury 

Intrusion Porosimetry (MIP) was used to determine porosity, the capillary pore volume and 

pore size distribution of cement paste after carbonation. 

Phenolphthalein spray test -- The carbonation depth (Xc) was determined by 

phenolphthalein spray test. Phenolphthalein is a pH indicator. When the pH value increases 

from 8.2 to 12.0, the color changes from pink to fuchsia. It becomes colorless when the pH  
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Figure 4-2 Monitored data of relative humidity and temperature in the carbonation chamber 
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Figure 4-3 Procedure of the carbonation depth measurement by phenolphthalein spray test  

 

 

Figure 4-4 Schematic diagram of the cutting of slice specimens  

 

value is lower than 8.2. For the spray test a solution of 1% (w/v) phenolphthalein in 95% (v/v) 

ethanol was used. After carbonation, the cylindrical specimens were split into two half-

cylinders. Phenolphthalein solution was sprayed on both exposed fresh surfaces. About 10 

points, 0.5 mm intervals between test points, were chosen to measure the carbonation depth 

Final carbonation depth was the average of 10 measurements. The procedure of the 

phenolphthalein spray test is illustrated in Figure 4-3. 

Slice cutting -- In order to draw the carbonation profiles of phases involved in the 

carbonation process and the porosity of the cement paste, slices were sawn from the two half-

cylinders after the spray test, step by step from the exposed surface to deeper inside area of 

the sample. The thickness of the slices was approximately 2 mm. The cutting procedure for 

obtaining the slices is shown in Figure 4-4. 

After cutting, these slices were immersed in liquid nitrogen and freeze-dried until the 

samples were ready for the TGA, MIP and nitrogen absorption test. The details of drying 

produce and treatment of samples used for the above tests were described in section 3.2.2. 

Nitrogen adsorption -- The gel pore structure, i.e. pores 2-37 nm, was inferred from 

nitrogen adsorption isotherms. Based on the nitrogen adsorption data, the gel pore volume and 

size distribution can be calculated by using the BJH model [1].  
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Figure 4-5 Gemini VII 2390 instrument used for nitrogen adsorption test. 

 

Nitrogen adsorption tests were performed by using Gemini VII 2390, shown in Figure 4-5. 

The relative pressure used in the measurement was in the range of 0.05-0.98.  

TGA & MIP -- The details of TGA and MIP test were described in section 3.2.3. 

4.2 Experimental results and discussions 

4.2.1 Development of the carbonation depth (Xc) 

The measured carbonation depths Xc in mm are listed in Table 4-1. Figure 4-6 shows the time 

evolution of Xc for different cement pastes. A square root of time relation passing through the 

origin has been used to fit Xc data. The carbonation depth illustrated in the figure is the 

median value of the measured data. The rate of carbonation in unidimensional is also 

calculated with the following equation: 

( )cX mm A t=           Eq. 4-1 

In Portland cement concrete the carbonation rate is - in a first approximation -, 

proportional to the porosity of the concrete, but inversely proportional to the content of 

calcium-bearing phases if the environmental effects are the same. As shown in Figure 4-6, the  

 

Table 4-1 Carbonation depths of samples carbonated for different days measured by phenolphthalein  

 Carbonation depth Xc (mm) 

Mixture 

Carbonated for 28 days Carbonated for 84 days Carbonated for 224 days 

Average Median Max. Average Median Max. Average Median Max. 

P100 2.9 2.9 3.5 3.5 3.5 5.7 8.3 8.3 10.6 

F30 6.2 6.1 9.2 7.7 7.3 10.6 14.1 14.3 15.7 

B70 4.9 4.9 8.3 8.2 8.2 11.4 13.5 13.5 16.1 

F30B30 7.4 7.3 9.0 11.7 11.9 13.2 17.2 17.2 20.4 

F10B54 6.2 5.8 8.8 8.5 8.3 10.9 13.1 13.3 13.9 
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Figure 4-6 Relations between carbonation depth Xc and square root of time (Eq. 4-1) 

 

carbonation rate in the FA-blended cement paste F30 is higher than in BFS-blended cement 

paste B70, even though the BFS content in B70 is more than twice the FA amount in F30. For 

mixtures, the carbonation rate in F10B54 is closer to that in B70. F30B30 has the highest 

carbonation rate.  

For an explanation of afore mentioned findings, at least two factors have to be considered. 

On one hand, partial replacement of Portland cement by SCMs will cause a dramatic 

reduction of portlandite concentration in blended cement paste. On the other hand, some types 

of SCMs, like BFS, will lead to a lower total porosity of blended cement paste. The 

carbonation rate is determined by these two major factors. In general, the carbonation rate is 

higher in blended cement paste compared to Portland cement (see Table 4-1). Carbonation 

develops more quickly in FA-blended cement paste than BFS-blended cement paste. For 

example, F30 contains a higher amount of portlandite, but also has higher total porosity 

compared to B70. The carbonation develops faster in F30, even though the SCMs content in 

B70 is twice that in F30. Comparing with BFS in this study, FA is found to have more 

negative effects on the carbonation resistance of blended cement paste. This is also found in 

the ternary system. Compared to B70, the BFS was partially replaced by FA to prepare the 

ternary mixtures F10B54 and F30B30. Even though the total amount of SCMs in these two 

ternary mixtures is lower, the carbonation rates are higher than that of B70. Especially, 

F30B30 exhibits a high carbonation rate. Table 4-2 gives a summary of the total porosities 

and the amounts of portlandite of different mixtures. The conclusions are in good agreement 

with those published by other researchers [2-4]. 
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Table 4-2 Total porosity and the amount of portlandite in cement paste  

Characteristic  

 Mixture 

Unit P100 F30 B70 F30B30 F10B54 

Content of portlandite  g/cm3 0.276 0.11 0.025 0.046 0.045 

Total porosity before carbonation  % 0.216 0.256 0.132 0.218 0.154 

Total porosity after carbonation  % 0.132 0.195 0.178 0.225 0.187 

 

4.2.2 Phase assemblages in blended cement paste after carbonation 

The typical TGA-MS results for cement paste after carbonation are shown in Figure 4-7. It 

includes the DTG curves (solid line) and mass spectroscopy curves (dot line) indicating the 

gas released. The decomposition of CaCO3 mainly happens in the range of 600-900°C [5, 6].  

Further, in the DTG curve in Figure 4-7, two obvious peaks in CO2 MS curve appear, 

which are due to the de-carbonation of γ-CaCO3 (aragonite) and β-CaCO3 (calcite), 

respectively. In the DTG curve of carbonated blended cement paste, there is one more peak at 

lower temperature, which is not obvious in the DTG curve of carbonated Portland cement 

paste. This indicates the decomposition of μ-CaCO3 (vaterite). Both aragonite and vaterite are 

metastable calcium  
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Figure 4-7 TGA-MS coupled test results of cement paste w/b = 0.5: Hydrated for 1 year, then 

carbonated for 84 days, the outermost surface part with a depth of 2mm. 
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Figure 4-8 Gaussian multi-peaks fitting of CO2 mass spectrum of cement paste (red line – original 

mass spectroscopy, green line – fitted peaks): (a) Portland cement paste P100; (b) BFS cement paste 

B70 

 

Table 4-3 Decomposition temperature of different types of calcium carbonate 

 Amorphous CaCO3 Vaterite Aragonite Calcite 

P100 424 - 508 °C 510 - 621 °C 592 - 754 °C 750 - 806 °C 

F30 327 - 500 °C 493 - 597 °C 601 - 754 °C 760 - 784 °C 

B70 394 - 572 °C 522 - 626 °C 622 - 748 °C 754 - 770 °C 

F30B30 352 - 504 °C 505 - 619 °C 615 - 755 °C 757 - 775 °C 

F10B54 358 - 452 °C 494 - 635 °C 619 - 750°C 756 - 776 °C 

 

carbonate formation, and are particularly formed from carbonation of C-S-H gel with low 

Ca/Si ratio [7]. MS patterns also confirm that CO2 starts to be released in the same 

temperature range as CH. This is due to the presence of amorphous forms of calcium 

carbonate [8-13]. 

In order to figure out the proportion of CO2 released from different polymorphs of calcium 

carbonate, the CO2 mass spectrum of P100 and B70 are picked from Figure 4-7 and fitted by 

multi-Gaussian peaks. The fitting schematic diagram is shown in Figure 4-8. Each peak is a 

sign of CO2 emission during the heating. For example, the peak in the range of 750-800°C is 

indicating CO2, which is produced from decomposition of calcite. The decomposition 

temperatures of different CaCO3 polymorphs are determined from the fitting results, which 

are listed in Table 4-3.  

From the relevant TG curve, the relative weight loss [%] due to decomposition can be 

determined as follows: 

According to the decomposition reaction of CaCO3, viz.: 

3 2

    100g/mol               56g/mol              44g/mol

         COCaCO CaO→ +
         Eq. 4-2 

the CaCO3 concentration in cement paste can be calculated by Eq. 4-3. 
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[ ] (mol / L)
100

CC

c bulk

C

w
CC

M


=           Eq. 4-3 

where, CC

cw  (%) is the relative weight loss [%] of CO2 from the decomposition of CaCO3 in 

the TG curve. CM  is the molar weight (g/mol) of CO2. bulk is the bulk density (g/L), 

measured by MIP.  

The concentration of calcium carbonate on the surface of cement pastes specimen were 

calculated and compared in Figure 4-9. The surface part has a depth of 2 mm and the cement 

pastes were carbonated for 28 and 84 days. The values of the bulk density bulk are listed in 

Table 4-4. 

Comparing with Portland cement paste, the concentration of calcite in blended cement 

pastes decreases, but the concentration of vaterite increases with increasing SCMs content. 

The reason is that calcite is mainly formed from carbonation of portlandite, which is abundant 

in OPC paste; other metastable carbonates are mainly produced from the carbonation of C-S-

H. The concentrations of aragonite and calcite are almost unchanged when the carbonation  

 

Table 4-4 Bulk density bulk of carbonated cement paste (g/ml) 

  Mixture composition   

Carbonation time P100 F30 B70 F30B30 F10B54 

28 days 1787 1752 1662 1573 1613 

84 days 1828 1695 1701 1610 1669 
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Figure 4-9 Concentration of different forms of carbonates in cement paste: hydrated for 1 year, then 

carbonated for 28 days and 84 days 
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time increased from 28 days to 84 days, but the concentration of vaterite increases with 

carbonation time. Compared with F30, more vaterite but less aragonite and calcite were 

formed in B70 due to carbonation.  

4.2.3 Profiles of the portlandite and the amounts of CaCO3 

In order to obtain the phase concentration profile in cement paste after carbonation, the TGA 

test was performed for slices taken from different depths along the carbonation front of the 

paste sample. Based on the weight loss from TG curve, the portlandite concentration was 

calculated with Eq. 3-5 (see section 3.2.3).  
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Figure 4-10 DTG curves of slices cut from: (a) Portlandite cement paste; (b) BFS-blended cement 

paste; ‘2 mm’ is the depth of the slice away from the exposed surface. 

 

  
Figure 4-11 Profiles of the amounts of portlandite and CaCO3 in cement paste after carbonation, 

calculated based on the TGA data (Hydrated for 1 year, carbonated for 28 and 84 days, carbonation 

condition: 70% RH and 3% CO2 concentration).       

    To be continued on next page →  
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Figure 4-11 - continued - Profiles of the amounts of portlandite and CaCO3 in cement paste after 

carbonation, calculated based on the TGA data (Hydrated for 1 year, carbonated for 28 and 84 days, 

carbonation condition: 70% RH and 3% CO2 concentration).  

 

As discussed in section 4.2.2, calcite is not the only type of CaCO3 formed during 

carbonation. Due to these polymorphs, the temperature of the decomposition of CaCO3 can 

vary from 400-825°C. Moreover, this temperature range is different from mixture to mixture 

and also different from slice to slice in the same sample, as shown in Figure 4-10. 

Considering both the MS of CO2 and DTG curve, the weight loss related to the decomposition 

of CaCO3 was determined for each slice and used in the calculation. The concentration of 

CaCO3 in the blended cement paste was calculated by using Eq. 4-3. The concentrations of 

portlandite and CaCO3 are calculated for each slice. Concentration profiles were drawn and 

compared in Figure 4-11. 
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Table 4-5 Comparison of carbonation depth tested by two methods (carbonation for 84 days) 

 Carbonation depth for different mixtures [mm] 

 P100 F30 B70 F30B30 F10B54 

TG 12.5 12.5 22.5 22.5 12.5 

phenolphthalein spray 3.45 7.27 8.35 11.9 8.25 

 

Using SCMs in cement paste results in a lower portlandite content, due to the dilution 

effect and pozzolanic reaction. Normally, the higher amount of SCMs, the lower amount of 

portlandite. During carbonation, the portlandite is converted into CaCO3. Therefore, from the 

exposed surface to the non-carbonated part, the amount of portlandite increases from zero, 

together with the decrease of the amount of CaCO3. Profiles of portlandite and CaCO3 move 

towards inside of the cement paste specimen with increasing carbonation time. These phase 

profiles can be used to determine the carbonation front or depth. The depth where the amounts 

of both portlandite and CaCO3 become almost unchanged is considered as the carbonation 

depth. The carbonation depth inferred from phase profile is compared with that measured by 

phenolphthalein test. The results are presented in Table 4-5. The carbonation depth 

determined by TGA-MS turns out to be much higher than that determined by the 

phenolphthalein.  

It should be noticed that the increasing amount of CaCO3 with the extension of carbonation 

time is mainly contributed by the carbonation of C-S-H in cement paste blended with a high 

amount of SCMs, such as B70, F10B54 and F30B30.  

4.2.4 Effects of carbonation on the capillary pore-MIP test  

MIP test was performed on each slice sawed from the sample of blended cement paste which 

was carbonated for 84 days. Pore volume and pore size distribution of each slice were 

calculated from MIP test results. Final results of each mixture are summarized and illustrated 

in Figure 4-12 and Figure 4-13, in which the test results of binary and ternary mixtures are 

compared, respectively. It should be noted that the labels of the curve (i.e. 2 mm) are 

indicating the cutting position of the slice referring to the exposure surface. It means slice cut 

at 2 mm represents the totally carbonated area and slice cut at the maximum distance (i.e. 12.5 

mm for P100) indicates the totally non-carbonated zone. The meaning of label is applicable to 

all the mixtures studied. 

In general, the pore size distribution differential curve of cement paste measured by MIP 

shows two ‘critical peak’ [14]. The first critical peak is in the range of 0.1 to 1 µm, 

corresponding to large capillary pores. The second critical peak is in the range of 0.01 to 

0.1µm, corresponding to medium capillary pores, according to the classification of pores in 

cement paste by Minders and Young [15]. Although there are different definitions of capillary 

pores [16], the classification and definition by Minders and Young will be used here. 

For Portland cement paste the pore volume in the range of 0.01-0.1 µm decreases during 

the carbonation (Figure 4-12a), together with the intensity of the second critical peak which  
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Figure 4-12 Capillary pore volume and pore size distribution of Portland cement and binary mixture: 

a & b: Portland cement paste (P100); c & d: blended with 30% of FA (F30); e &f: blended with 70% 

of BFS (B70) (Hydrated for 1 year, then carbonated for 84 days) 

 

corresponds to the medium capillary pore (Figure 4-12b). The pore volume in the range of 

0.1-1.0 µm is approximately the same before and after carbonation. For the non-carbonated 

part of Portland cement paste, there is no first critical peak in the pore size distribution 

differential curve (Figure 4-12b). 

Normally, carbonation in Portland cement is only responsible for a clogging of the 

microstructure between 0.01-0.1 µm, corresponding to medium capillary pores attributed to 

the voids among outer C-S-H clusters, which is confirmed by many studies [17-21]. It is due 
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to the formation of CC  in the pores, with a greater molar volume than the initial component 

CH. However, carbonation is also capable of producing larger capillary pores of 100-200 nm 

size if the w/c ratio or CO2 concentration is high enough (i.e. w/c > 0.5 or CO2 > 50%), 

claimed by some other researchers [12, 22-24]. Chaussadent et al [25] studied the relationship 

between w/c ratio and size of hydrates in cement pastes. Hydrates with a bigger size can be 

developed well in capillary pores of concretes with high w/c ratio. During carbonation, the 

CH dissolves, leaving bigger pores while carbonation products preferably develop in the 

smaller pores. This is one of the possible reasons for the appearance of pores around 100-200 

nm and at the same time filling of smaller 30 nm pores. Whatever the effects of carbonation 

on the capillary pore structure, i.e. making it coarser or finer, the total porosity of Portland 

cement paste (mortar, or concrete) decreases due to carbonation (natural or accelerated). 

For cement paste blended with 30% of FA, the pore volume in the range of 0.02-1 µm, 

which includes the medium and large capillary pores, increases during carbonation (Figure 

4-12c). In the relevant differential curve (Figure 4-12d), there is a shift of the second critical 

peak, corresponding to the medium capillary pore, towards greater pore radii during 

carbonation, together with a decline in intensity. Moreover, the “first peak” indicating large 

capillary pores appears after carbonation (2.0 mm - line in Figure 4-12d). And the intensity of 

the “first peak” increases with the carbonation time (from 5.5 mm - line to 2.0 mm - line). The 

totally carbonated cement paste blended with 30% of FA (2 mm part) exhibits a coarser 

capillary pore structure.   

For cement paste blended with 70% of BFS, the pore volume in the range of 0.01-1 µm 

increases dramatically (Figure 4-12e). There are no critical peaks observed in the differential 

curve of BFS blended cement paste (19.5 mm - line in Figure 4-12f). However, the peak 

corresponding to large capillary pores appears during the carbonation (2.0 & 5.5 mm - line in 

Figure 4-12f). A new critical peak in the range of 1-5 µm arises after carbonation. It means a 

much coarser capillary pore structure of B70, compared to the FA blends, was formed.  

Figure 4-13 shows the pore volume and pore size distribution curves of the ternary 

mixtures. F10B54 and F30B30. For both ternary mixtures, the pore volume in the range of 

0.01-1 µm increases dramatically (Figure 4-13a and Figure 4-13c). There are no critical 

peaks observed in the differential curve of both mixtures (16.0 mm - line in Figure 4-13b and 

26.5 mm - line in Figure 4-13d). However, the peak corresponding to large capillary pores 

appears during the carbonation (2.0 mm - line in Figure 4-13b and Figure 4-13d). Like in the 

curves of B70, a new critical peak in the range of 1-5 µm arises after carbonation. The MIP 

rest results of B70, F10B54 and F30B30 are showing the similar changes of the 

microstructure of these three mixtures during the carbonation. 

The total porosity and effective capillary porosity calculated from MIP test data are shown 

in Figure 4-14. Apparently, both the total and effective capillary porosity of Portland cement 

(P100) and FA blended cement paste (F30) paste decrease due to carbonation. For cement 

paste blended with a relatively high amount of BFS, like B70 and F10B54, the total porosity 

and effective capillary porosity increase. This is consistent with the results tested on the 

concrete under natural carbonation up to 20 years [26]. For mixture F30B30 the effective 

capillary porosity increases, although the total porosity decreases due to carbonation. 
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Figure 4-13 Capillary pore volume and pore size distribution for ternary mixture:  cement paste 

blended with 10% of FA and 54% of BFS (F10B54), blended with 30% of FA and 30% of BFS 

(F30B30) (hydrated for 1 year, then carbonated for 84 days). 
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Figure 4-14 Total porosity and effective capillary porosity of blended cement paste before and after 

carbonation (hydrated for 1 year, then carbonated for 84 days). 

 

It is known that carbonation of portlandite causes a decrease of porosity. However, the 

porosity of B70 and F10B54 increases after the carbonation (see Figure 4-14). The only 
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reason is that the carbonation of CSH may increase the porosity, especially the carbonation of 

C-S-H with low Ca/Si ratio produced from the pozzolanic reactions.  

Calculated on the basis of the TGA test results, the amounts of calcium carbonate 

contributed by the carbonation of portlandite, or C-S-H were calculated separately and shown 

in Figure 4-15a. Apparently, the proportion of CaCO3 contributed by the carbonation of C-S-

H is significantly higher than that produced from the carbonation of portlandite, in the three 

mixtures blended with a high amount of SCMs such as B70, F10B54 and F30B30. This is 

consistent with the results found in the fly ash blended paste, when the replacement level of 

FA increases higher than 40% [24]. 

As discussed, the carbonation of C-S-H contributes an increase of the porosity of 

carbonated cement paste. And most of the CaCO3 are formed from the carbonation of C-S-H 

in blended cement paste. Therefore, the carbonation of C-S-H has a dominant effect on the 

evolution of total porosity in cement paste blended with the high amount of SCMs. Combined 

with the total porosity tested by MIP, the relationship between the changes of total porosity in 

cement paste and the amount of C-S-H being carbonated are drawn and illustrated in Figure 

4-15b. 

Total porosities of B70 and F10B54 increase with the increasing amount of C-S-H 

involving in the carbonation; total porosities of P100 and F30 decrease with the increase of 

the amount of carbonated C-S-H. The total porosity of F30B30 increases after carbonation, 

however the increment in porosity decreases when the amount of C-S-H being carbonated 

increases.  

It should be noticed that the property of low Ca C-S-H in FA blended cement paste is quite 

different from that produced from the pozzolanic reaction of BFS. They may have the 

opposite effects on the porosity development in blended cement paste, see in Figure 4-15b. 

The combined effect from the carbonation of these two types of C-S-H results in the particular 

development of the total porosity in F30B30. 
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Figure 4-15 (a) The amounts of CaCO3 contributed by the carbonation of CH (
CH

CC
n  ) or CSH (

CSH

CC
n  ) 

(Hydrated for 1 year, then carbonated for 84 days; the surface part). (b) Relationship between the 

changes of total porosity in cement paste and the amount of C-S-H being carbonated during 

carbonation 
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4.2.5 Effects of carbonation on the gel pore-Nitrogen adsorption test 

By using BJH method, the pore size distributions in the range of 2-37 nm are calculated from 

the nitrogen adsorption test results performed on the blended cement paste carbonated for 84 

days, as shown in Figure 4-16.  

As mentioned in Jennings’ work, the low density (LD) C-S-H structure has a significant 

internal porosity accessible to nitrogen, while the high density (HD) C-S-H has not. 

Therefore, the pores in this scale range are mainly gel pores of LD C-S-H. These pores can be 

divided into two categories: small gel pores (SGP = 1-3 nm) and large gel pores (LGP = 3-12 

nm), according to the Globule C-S-H model [27], schematically shown in Figure 4-17a. The 

definition of gel pores and the schematic will used for the discussion of the gel pore structure 

development during carbonation, measured by nitrogen adsorption test and shown in Figure 

3-16. 
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Figure 4-16 Evolution of accumulative pore volume and pore size distributions (2-37 nm) of different 

mixture. (Hydrated for 1 year, then carbonated for 84 days).     

    To be continued on next page → 
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Figure 4-16 - continued - Evolution of accumulative pore volume and pore size distributions (2-37 nm) 

of different mixture. (Hydrated for 1 year, then carbonated for 84 days). 

 

 
Figure 4-17 Evolution of the gel pore structure of C-S-H based on the Colloid model: a before 

carbonation; b after carbonation (re-draw after Jennings [32]). 
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For all mixtures shown in Figure 4-16, the pore volume in the range from 2-37 nm (see 

Figure 4-16a, c, e, g) decrease due to carbonation. In the relevant differential curves (Figure 

4-16b, d, f, h), the critical peak at around 5 nm appears, whereas the critical peak at around 

22-30 nm disappears. The first peak at around 5 nm indicates the small gel pores, and the 

second peak at around 22-30 nm corresponds to the pore space between the globule flocs, 

which have a size between 30-60 nm. During carbonation, the polymerization of silicate 

chains will develop in three dimensions after the decalcification. The globule will grow 

(Figure 4-17b). Therefore, the pore space between globules (size of the SGP) increases and 

contributes to the appearance of the first critical peak. The polymerization of silicate chains 

can also happen between the adjacent chains from different globule flocs, which will cause 

the interpenetration of globule flocs. The interpenetration of globule flocs will reduce the size 

of LGP (see Figure 4-17a) and the volume of the pore space between globule flocs (see 

Figure 4-17b). This is the other reason why the critical peak around 5 nm appears, whereas 

the critical peak at about 22-30 nm disappears due to carbonation, together with the decrease 

of the gel pore volume. These changes can be observed more obvious in the mixtures with a 

high replacement level of SCMs, like B70 and F30B30 (see Figure 4-16f and Figure 4-16h). 

4.3 Conclusions 

In this chapter, the reaction products of the carbonation process and microstructural changes 

in cement paste blended with SCMs have been studied by using TGA, MIP and nitrogen 

adsorption. The evolution of capillary pores and the gel pore structure caused by the 

carbonation of C-S-H are discussed. The main conclusions are the following. 

◆ The carbonation rate increases dramatically in cement paste blended with SCMs, 

especially in FA blended paste. The carbonation rate in ternary mixture F10B54 is quite 

close to that in B70, F30B30, has the highest carbonation rate. All the samples discussed 

were hydrated for 365 days before the carbonation test. 

◆ There are four types of calcium carbonate formed in the cement paste during carbonation, 

i.e. amorphous calcium carbonate, vaterite, aragonite and calcite. Calcite is the most 

observed form of calcium carbonate in carbonated Portland cement paste. Vaterite and 

aragonite are the main carbonates in blended cement paste, such as F30 and B70. With 

increasing carbonation time (from 28 days to 84 days), the proportion of vaterite in 

blended cement paste increases dramatically. 

◆ The carbonation of C-S-H increases the pore volume of pores with radius close to the 

small gel pores but causes the reduction of the volume of gel pores.  

◆ Both the total porosity and effective capillary porosity increases in cement paste B70 and 

F10B54 due to carbonation. The effective capillary porosity of mixture F30B30 increases, 

whereas the total porosity decreases. Carbonation leads to a coarser capillary pore 

structure in blended cement paste with a high amount of SCMs. 

◆ Calculation results based on the TGA data show that the dominant amounts of CaCO3 are 

produced from the carbonation of C-S-H in these three pastes blended with high amounts 
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of SCMs (B70, F10B54 and F30B30). It indicates that the carbonation of C-S-H will 

increase the porosity of blended cement paste after carbonation. 
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5  
Synthesis of C-S-H gel with Different Ca/Si Ratio 

 

5.1 Introduction 

In Chapter 4, the study was focused on transformation of calcium-bearing phases and 

evolution of the microstructure due to carbonation of cement paste blended with SCMs. That 

study included the carbonation of, among other phases, C-S-H gel. However, the C-S-H 

phases in the blended cement pastes consist of different types of C-S-H, confirmed by the 

EDAX mapping test results in Chapter 3. The C/S ratio of C-S-H gel produced by cement 

hydration is ranging from 1.50 to 2.30 in this study. The C/S ratio of C-S-H gel produced 

from the pozzolanic reaction of FA and BFS are in the range of 1.0 to 1.3 and 1.1 to 1.3 

respectively.  

 

 
Figure 5-1 Schematic of the layer crystal structure for the 11 Å tobermorite 
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The C-S-H phases (including all the C-S-H gels mentioned above and natural phases) share 

a similar layer structure, which can be inferred from the refined structure of 11Å tobermorite 

(Ca4.5Si6O16(OH)·5H2O) [1]. This refined structure consists of three parts: CaO2 sheets, a 

‘dreierkette’ SiO-chain and the interlayer, as illustrated in Figure 5-1. The C/S ratio of C-S-H 

in the (blended) concrete is normally higher than 0.83. From tobermorites to C-S-H phases 

with higher C/S ratio found in concrete, the main change in the structure is that the chains of 

SiO4 tetrahedra are broken by removing of the bridge tetrahedra ( 2

BQ ). Meanwhile, extra Ca2+ 

is incorporated into the interlayer and even into the bridge site with further increasing of C/S 

ratio. The variations in the molecular structure of C-S-H with different C/S ratio can be 

reflected in the spectrum of XRD or 29Si NMR. 

In the layer structure of C-S-H, Ca is expected to appear in three different chemical sites: 

the CaO2 sheet layer, a bridging site, and the interlayer, shown in Figure 5-1. The proportions 

of Ca located in different sites vary among C-S-H with different Ca/Si ratio. Therefore, it is 

expected that C-S-H gels with different C/S ratio perform differently when exposed to 

carbonation. In the carbonation studies in previous chapters, only the average effect of the 

mixed C-S-H phases on carbonation was considered. In this chapter the focus will be on 

carbonation of only C-S-H gels with different C/S ratios.  

In Chapter 5, C-S-H with C/S ratios ranging from 0.66 to 2.0 are synthesized in a water 

solution, covering the C/S ratios of C-S-H identified in blended cement paste in Chapter 3. 

The synthetic products are measured by different methods, including XRD, TGA-MS, 29Si 

NMR and FTIR, to characterize the synthesized C-S-H gels. C-S-H phases with the targeted 

C/S ratios will be used for accelerated carbonation tests as discussed in Chapter 6. 

5.2 Materials and experiments 

5.2.1 Materials 

Raw materials used to synthesize C-S-H gels in the CO2-free water are CaO and fumed silica 

CaO is freshly prepared by calcination of CaCO3 under 1000°C for at least 4 hours before 

synthesis. Fumed silica with the surface area of 175-225 m2/g is produced by Sigma-Aldrich. 

CO2-free deionized water is obtained by boiling the deionized water in the narrow mouth 

Erlenmeyer flask sealed with a rubber cork. The rubber cork is pierced by a glass tube used 

for cooling water and discharging CO2. The glass tube is connected to the stem of a glass 

funnel, of which the other side is soaked in saturated Ca(OH)2 water to absorb the CO2. 

5.2.2 Synthesis of C-S-H gels 

C-S-H gels were prepared by using stoichiometric amounts of CaO and fumed silica, aiming 

at C/S ratios ranging between 0.66 and 2.0. The mix design for preparing C-S-H with 

different C/S ratios is described in Table 5-1. Solid agents were mixed with CO2-free water 

with a water/solid ratio of 50:1. 
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Figure 5-2 Schematic diagram of the set-up for synthesis of C-S-H gels 

 

The solution was stirred with a magnetic stirrer at around 20°C. The whole synthesis 

procedure was under the N2 protection to minimize carbonation. After 1-, 2- or 4-weeks 

reaction, the slurry with products were extracted, washed and filtered through a Balston No. 

45 paper. Then they were moved as quick as possible into a vacuum drying chamber. After 

drying under 35°C for 24 h, the above-mentioned samples were transferred and stored in the 

desiccator with the relative humidity of 30%, regulated by a standard saturated CaCl2·6H2O 

solution. The set-up of the synthesis device is shown in Figure 5-2.  

 

Table 5-1 Mass fraction of raw materials for preparing different C-S-H and C-A-S-H 

Sample NO.  Ca/Si ratio Al/Si ratio CaO (g) SiO2(g) H2O (g) 

1 0.66 -- 3.0 4.9 400 

2 0.86 -- 3.6 4.4 400 

3 1.18 -- 4.2 3.8 400 

4 1.40 -- 4.5 3.5 400 

5 1.70 -- 4.9 3.1 400 

6 2.00 -- 5.2 2.8 400 

 

5.2.3 Characteristic methods of C-S-H gels 

Characteristic methods used for identification of synthetic products were X-ray diffraction 

(XRD), Thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) 

and Nuclear magnetic resonance (NMR). For executing the above-mentioned tests, well-dried 

synthetic products were ground into powders with an average particle size less than 75 μm. 

The details of these methods were described as follows. 
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XRD -- XRD test were performed by a Philips PW 1830 diffractometer (see Figure 5-3 ) 

using CuKa radiation (λ = 0.154056 nm, 40 mA, 40 KV). The scanning rate was set as a step 

size of 0.03°, 3 s per step. The scanning covers the 2-Theta range between 5° and 70°. The 

test results are analyzed with the software X’Pert HighScore® version 1.0b. 

TGA-MS -- Thermogravimetric analysis (TGA) was also carried out with the Netzsch STA 

449 F3 Jupiter○R instrument, coupled with a mass spectrometer (MS) Netzsch QMS 403 C 

Quadrupole○R (see Figure 3-4) under a dry argon atmosphere. More technical details of this 

test method together with the requirements for sample, are described in section 3.2.3 of 

Chapter 3. 

FTIR -- Fourier transform infrared spectroscopy (FTIR), coupled with attenuated total 

reflectance (ATR) technique, enables examination of samples in the solid or liquid state 

without 

 

 

Figure 5-3 Philips PW 1830 diffractometer used for X-ray diffraction test  

 

 

Figure 5-4 TM 100 Optical ATR-FTIR spectrometer 
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further preparation. In this research, the FTIR spectra were collected over the wavelength 

range from 4000 to 400 cm-1 at a resolution of 4 cm-1 using TM 100 Optical ATR-FTIR 

spectrometer, shown in Figure 5-4. The well-grinded samples were spread on the testing plate 

(ATR crystal) and pressed to obtain good contact.  

NMR -- Solid state 29Si single pulse magic angle spinning (MAS) NMR spectra were 

acquired using a BrukerMSL-400 spectrometer (magnetic field 9.8 T; operating frequencies 

of 79.5 MHz for 29Si). C-S-H samples were ground and packed into the zirconia rotor sealed 

at either end with Teflon end plugs, and spun at 6 kHz in a Varian 7 mm wide-body probe. 

The spectra were acquired using a pulse recycle delay of 5 s, a pulse width of 4.97 μs, and an 

acquisition time of 20 ms; 2002 scans were collected for each sample. 29Si chemical shifts are 

given relative to tetrakis (trimethylsilyl) silane (TTMSS) at -9.8 ppm, with kaolinite as an 

external standard at -91.2 ppm.  

Quantitative information of the fractions of silicate tetrahedra with different connectivity 

was obtained by deconvolution of the single pulse spectra measured by 29SiNMR. The 

tetrahedra unit Q1, Q2 and Q3 are described in Figure 5-1. Q4 indicates the silicate tetrahedron 

is directly connected to adjacent four tetrahedra. The spectra were fitted to 

Gaussian/Lorentzian mixed function using the open-source software package dmfit2015. 

5.3 Experimental results and discussions 

5.3.1 Effects of synthesis time on the formation of C-S-H gels 

Firstly, the effects of synthesis time on the final products, i.e. the synthesized C-S-H, were 

studied. The products synthesized for different weeks were examined by XRD and X-ray 

fluorescence (XRF) to figure out the appropriate duration for the synthesis of C-S-H with 

different target C/S ratio. 

5.3.1.1 XRD test results of C-S-H gels synthesized for different weeks 

The XRD test results of products synthesized for 1-, 2- and 4-week are compared in Figure 

5-5 to Figure 5-8. In Figure 5-5, four main peaks with a d-spacing (Å) value of 3.04 (29.27˚ 

in 2θ), 2.79 (32.16˚ in 2θ), 1.82 (50.05˚ in 2θ), 1.66 (55.39˚ in 2θ) respectively can be found 

in the XRD spectra of products synthesized for only 1 week. These four peaks are the 

characteristic peaks of C-S-H(I) [2], which is one of the C-S-H phases found in Portland 

cement concrete. Moreover, nearly no changes can be observed in the XRD spectra when the 

synthesis time are increased from 1 week to 2 or 4 weeks. No traces of any reflection 

indicating unreacted CaO, Ca(OH)2 and CaCO3 polymorphs were visible in the diffraction 

patterns, regardless of synthesis time. Therefore, the main solid phase in the synthetic 

products is C-S-H(I) and the C-S-H gel can be formed in one week.  

From Figure 5-6 to Figure 5-8, the same conclusion as mentioned above can be drawn for 

the synthesis of C-S- H gels with designed C/S ratios of 0.86, 1.18 and 1.40. That is C-S-H 

can be produced with the synthesis time of one week. 
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Figure 5-5 XRD test results of products with designed C/S of 0.66, synthesized for 1-, 2- and 4-week 
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Figure 5-6 XRD test results of products with designed C/S of 0.86, synthesized for 1-, 2- and 4-week 
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Figure 5-7 XRD test results of products with designed C/S of 1.18, synthesized for 1-, 2- and 4-week 
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Figure 5-8 XRD test results of products with designed C/S of 1.40, synthesized for 1-, 2- and 4-week 

 

5.3.1.2 XRF test results of C-S-H gels synthesized for different weeks 

According to the XRD results discussed in section 5.3.1.1, the main solid phase found in the 

synthetic products is C-S-H(I), regardless of synthesis time and initial C/S ratio. Therefore, 

the C/S ratio of synthesized C-S-H gels can be calculated based on the bulk weight percentage 

of CaO and SiO2, measured by XRF. The calculated C/S ratio of C-S-H gels synthesized for 

different time, are described, and compared with the designed C/S ratio of the related mixture 

in Figure 5-9. 

Apparently, for all designed mixtures, the C/S ratio of synthetic C-S-H gels are decreasing 

with synthesis time and getting closer to the designed C/S ratio. The appropriate synthesis 

time is 4 weeks in this study. In the following sections, the test results of C-S-H gels 

synthesized for 4 weeks will be presented and discussed. 

 

 

Figure 5-9 Bulk C/S ratio of synthetic products synthesized for 1, 2 and 4 weeks 
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5.3.2 Identification of C-S-H gels with different C/S ratio 

As discussed in section 5.3.1.1, the C-S-H gels synthesized from CaO and fumed silica in the 

solution are showing the same identical peaks as C-S-H(I) [2] in XRD spectrum. However, 

those data are not sufficient to confirm that products are exactly the C-S-H with the target C/S 

ratio. Some other identities of C-S-H(I), which can be revealed in the XRD, TGA, 29Si NMR 

and FTIR spectrum, will be described and discussed in the flowing sections, to further 

identify the C-S-H gels with different C/S ratio. 

5.3.2.1 XRD test results of C-S-H gels with different C/S ratio 

The XRD test results of C-S-H gels synthesized for 4 weeks are compared in Figure 5-10. In 

the XRD patterns of C-S-H gels with a lower targeted C/S (0.66, 0.86, 1.18 and 1.40), only 

diffraction peaks related to the C-S-H(I) phase can be found.  
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Figure 5-10 XRD test results of C-S-H with different C/S (0.66 - 2.0), synthesis for 4 weeks.  

 

 
Figure 5-11 Schematic of constructive interference of X-rays, Bragg’s law (modified based on the 

image in Wikipedia) 
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However, in the XRD patterns of C-S-H gels with a higher designed C/S ratio, i.e. 1.70 and 

2.00, some other peaks with diffraction angles of 34.11, 47.14 and 50.80 can be observed (see 

Figure 5-10). These peaks are related to portlandite (Ca(OH)2). Apparently, it is better to limit 

the C/S ratio of the raw mixture to 1.40 (value found in this study) when trying to get C-S-H 

only. Otherwise, portlandite will appear in the products. This is in agreement with results of 

other researchers [3-5]. 

The X-ray diffraction pattern is obtained by measuring the intensity of scattered X-rays as 

a function of scattering angle. Very strong peaks in the diffraction pattern are obtained at the 

points where the scattering angle and the interplane spacing d satisfy Bragg’s law[6], 

described in Figure 5-11. The X-axis of the X-ray diffraction pattern can either be expressed 

as 2 or interplane spacing d. 

In the XRD spectrum of C-S-H(I), an identical peak at around 7.4° ( 2 , Cu Kα) appears. 

This peak is formed when the incident X-rays is approaching and scattered by the atomics in 

the crystal lattice plane 001(Miller index) of C-S-H (perpendicular to c direction as indicated 

in Figure 5-1). which is exactly the Ca-O sheet layer in the C-S-H crystal structure. Therefore, 

the spacing of the (001) lattice plane of C-S-H is equal to the interlayer spacing or the basal 

spacing, which has the most conspicuous variations, both in position and in intensity. It shifts 

towards lower d spacing (higher diffraction angles) with increasing C/S ratio, which can be 

considered as a characteristic to distinguish C-S-H gels with different C/S ratio. The interlayer 

spacings were extracted from the XRD patterns of C-S-H gels with different C/S ratio, 

synthesized for 4 weeks. They were plotted versus C/S ratio in Figure 5-12 and compared  
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Figure 5-12 Variation in the interlayer spacing in C-S-H versus C/S. Published XRD patterns having 

too weak peaks or showing the presence of portlandite were excluded. Magenta full-filled pentagons 

indicate the model structure developed by Richardson[7]. 
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with the data published by other researchers [3, 7-20]. It should be noted that only the data of 

C-S-H synthesized in water solution at room temperature were collected and compared in this 

figure. 

Apparently, the interlayer spacing of synthesized C-S-H gels decided from the XRD 

patterns, shifts to lower d spacing when increasing the C/S ratio from 0.66 to 1.50. It indicates 

that C-S-H gels with different C/S ratio were synthesized successfully. Although there is quite 

a large scatter in the data, attributed to the degree of drying or the intermixing of C-S-H with 

the second phase (e.g. Ca(OH)2), most of the data lie in between the two dashed trend lines. 

The upper (dashed) and the lower (dotted) trend-line represent the samples which were dried 

lightly and strongly respectively, before the XRD test. The distance of the two parallel lines is 

approximately 2 Å and is not affected by the C/S ratio. For the C-S-H gel with a certain C/S 

ratio, this 2 Å difference is caused by adding or removing one water molecule in the interlayer. 

Comparing the positions of the data points with other experimental data or hypothetical data 

in Figure 5-12, the C/S ratio of synthesized C-S-H gels satisfy the targeted value.  

The data calculated from the XRD patterns of synthesized C-S-H gels lays in between the 

two parallel trend lines of Figure 5-12. The solid line, containing data points notified as Tn, 

are the values calculated from the patterns of hypothetical crystal structures of C-S-H 

proposed by Richardson. The experimental data of this research are scattered around this solid 

trend line. This means the crystal structure of synthesized C-S-H can be interpreted by the 

structure model proposed by Richardson, which will be discussed further in the following 

section 5.3.3.  

5.3.2.2 TGA test results of C-S-H gels with different C/S ratio 

The typical TGA test results of C-S-H with the C/S of 0.86 is shown in Figure 5-13, including 

TG, DTG and DSC curves.  
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Figure 5-13 Test results of TGA coupled with gas analysis for C-S-H (C/S = 0.86, synthesized over 4 

weeks) 
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As shown in Figure 5-13, there is an endotherm peak in the DSC curve of C-S-H at around 

100-200C and an exothermic peak at around 835-900C. The latter is related to the trans-

formation of C-S-H into β-wollastonite, which shifts to the higher temperature with increasing 

C/S ratio [3, 21-25] . This feature is used to identify different C-S-H phases synthesized. 

The temperature values of the exothermic peaks are extracted from the DSC curves of the 

C-S-H gels synthesized over 4 weeks (see Figure 5-14). These values are plotted versus the 

targeted C/S ratio in Figure 5-15, and compared with the data from other literatures.  

The exotherm peak (at around 835C) shifts toward the higher temperature when 

increasing the C/S ratio of C-S-H gel from 0.66 to 1.40 (see Figure 5-15). However, this peak 

will not shift further when the C/S ratio is higher than 1.40. Shifting of the exotherm peaks 
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Figure 5-14 DSC curves of C-S-H synthesized over 4 weeks 
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Figure 5-15 Relations between the exotherm peak position and C/S ratios 
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Figure 5-16 29Si NMR test results of C-S-H with different C/S (0.66 - 2.0), synthesized for 4 weeks. 

 

(at around 835C) of synthetic C-S-H gels proves that the C-S-H gels have different C/S 

ratios. Comparing the positions of data points tested in this study with the reference data, the 

final C/S ratio of the synthesized C-S-H gels satisfy the initial designed values. 

5.3.2.3 29Si NMR test results of C-S-H gels with different C/S ratio 

The 29Si NMR test results of C-S-H gel synthesized over 4 weeks are described in Figure 

5-16. The peaks around -78 ppm and -85 ppm indicates the Q1 and Q2 type of SiO4 tetrahedra, 

respectively [26, 27].  

Normally, notation Qn is used in 29Si NMR spectroscopy to describe different types of SiO4 

tetrahedra according to the surroundings of the silicon atom. The number n (0 - 4) denotes the 

number of SiO4 units connected to the silicon atom by “Si-O-Si” chain.  

Figure 5-1, shown at the very beginning of this chapter, illustrates the pentameric unit, in 

which a bridging SiO4 (QB
2) connects two dimers, resulting in two SiO4 end-groups (Q1) and 

two “paired” SiO4 sites (QP
2). Normally, the Q3 or Q4 SiO4 tetrahedra is absent in the C-S-H 

phases produced by the hydration of Portland cements.  

In Figure 5-16, the intensity of the peak indicating Q1 increases with the increase of the 

C/S ratio, whereas the intensity of the peak indicating Q2 decreases. 

The increase of the C/S ratio in C-S-H based on the tobermorite structure can be caused by: 

omission of the bridge tetrahedra and incorporation of additional calcium in the interlayer. 

Removing the bridge tetrahedra will cause the breaking of the silicate chain, the fractions of 

different bridge tetrahedra and paired tetrahedra will be changed as well according to the layer 

structure illustrated in Figure 5-1. The mean length of the silicate chain and the fractions of 

different types of silicate tetrahedra have a strong relation with the C/S ratio of the C-S-H, 

Especially, the mean silicate chain length can be considered as an identical property to 

distinguish the C-S-H gels with different C/S ratio. 
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The mean silicate chain length (MCL), fraction of bridging tetrahedra (BT %) and the 

fraction of paired tetrahedra (PT %) can be calculated with Eq. 5-1 to Eq. 5-3 as follows [28]: 

Mean silicate chain length:  

1 2

1

2( )Q Q
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Q

+
=           Eq. 5-1 

Fraction of bridging tetrahedra:  
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1 2
%

3( )

Q
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Q Q
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+
          Eq. 5-2 

Fraction of paired tetrahedra:  

1 2

1 2

2 / 3
%

Q Q
PT

Q Q

+
=

+
          Eq. 5-3 

in which Q1 and Q2 are the fractions of Si present in Q1 and Q2 tetrahedra, respectively. 

Quantitative information of the Si fraction was obtained by the deconvolution of the single 

pulse 29Si NMR spectra. The spectra were fitted to Gaussian/Lorentzian mixed function by 

using the dmfit2015 software package. An example of the fitting result is shown in Figure 

5-17.  

The deconvolution process is performed on the 29Si NMR test results of C-S-H gels with 

C/S varied from 0.66 to 2.0, synthesized for 4 weeks. The relative fraction of Qn, MCL and 

other properties related to the evolution of the silicate chain were calculated based on the 

deconvolution results, which are listed in Table 5-2.  
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Figure 5-17 Fitting results of 29Si NMR spectrum, Ca/Si = 1.4, synthesis for 4 weeks. 



102 

Table 5-2 Relative fraction of Qn (%), mean chain length (MCL), fraction of bridging tetrahedra 

(BT %) and fraction of paired tetrahedra (PT %) in C-S-H with different C/S ratio, synthesized over 4 

weeks 

Ca/Si 
Synthesis time  

[weeks] 

Q1 

[%] 

Q2 

[%] 

MCL 

tetrahedron unit 

BT 

[%] 

PT 

[%] 
BT/PT 

0.66 4  14.41 85.59 13.88 0.29 0.71 0.40 

0.86 4  19.21 80.79 10.41 0.27 0.73 0.37 

1.18 4  42.02 57.97 4.76 0.19 0.81 0.24 

1.40 4  66.72 33.28 3.00 0.11 0.89 0.12 

1.70 4  80.79 19.22 2.48 0.06 0.94 0.07 

2.00 4  66.96 33.03 2.99 0.11 0.89 0.12 

 

 

Fractions of bridging tetrahydra (BT) decrease with the increasing of C/S ratio of C-S-H 

gels synthesized, which indicates removal of BT from the silicate chain as discussed above. 

The consequence is the production of more PT- and Q1-type of tetrahedra. The amount of Q2-

type of tetrahedra will decrease as well, also shown in Figure 5-16. 

MCL of C-S-H with different C/S ratio were also calculated and plotted against the C/S 

ratio, compared with the data of C-S-H gel synthesized from the water solution [2, 27, 29-32] 

(see Figure 5-18). 

The MCL of the C-S-H decreases with increasing C/S ratios when the C/S ratio is lower 

than 1.4. Then the MCL stays at around 2~3 tetrahedron units long. The variation of the MCL 

shown in Figure 5-18 indicates that C-S-H gels with different C/S ratio were synthesized. 

Comparing the MCL with the data from references, the final C/S ratio of synthetic C-S-H gels 

satisfies the initial targeted value. 
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Figure 5-18 Calculated mean silicate chain length (MCL) of C-S-H with different C/S ratio. 
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5.3.2.4 FTIR test results of C-S-H gels with different C/S ratio 

Similarly, some features found in the FTIR spectra of C-S-H gels will be used to identify the 

synthesized C-S-H gels. FTIR tests were performed on the C-S-H gels with C/S ratios 0.66 to 

2.0 and synthesized over 4 weeks. The test results are compared in Figure 5-19. 
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 Figure 5-19 FTIR test results of C-S-H with different C/S (0.66 - 2.0), synthesized for 4 weeks 

 

 

Table 5-3 Relative assignments of major bands observed in the FTIR spectra of synthesized C-S-H 

Peak wavenumbers  

(cm-1) 
Primary assignment Reference 

~659 Si-O-Si bending [27] 

~812 Si-O stretching of Q1 [33] 

~871 Bending (v2) of CO3
2- [33-45] 

~960 
Si-O stretching vibrations of Q2 tetrahedra; Shifting to lower 

frequency with increasing of Ca/Si 

[33, 40, 42, 

45-49] 

~1216 Si-O stretching vibration in Q3 sites (only in 1.1nm T) [33] 

~1400 to 1500 stretching (v3) of CO3
2-(carbonation) 

[33-44, 50-

52] 

~1636 H-O-H bending vibration of water (OH in 1.4nm T) [33-38] 

~1730  H-O-H bending vibration of bound water [49] 

~3380 water molecules [33-38] 

~3640 O-H stretching vibration in Ca(OH)2 
[39, 42, 50, 

51] 
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Figure 5-20 Relationships between the position of peaks indicating Q2 (~ 960cm-1) and C/S ratio 

 

There are some identical peaks observed in the absorbance spectrum of synthesized C-S-H. 

The chemical bond vibrations related to these peaks are listed in Table 5-3. 

The peaks at around 659, 812, 960 and 1212 are related to the bands in the silicate chain, 

which confirm the existence of Q1 and Q2 tetrahedra. The characteristic peak at approximately 

970 cm-1 corresponds to the Si-O stretching vibrations of Q2 tetrahedra, which shifts to a 

lower frequency with increasing C/S ratio [33, 47, 53]. 

The positions of peak ~970 cm-1 in the FTIR spectra of synthesized C-S-H are plotted 

versus the designed C/S ratio in Figure 5-20, and compared with data collected from other 

researchers. 

Apparently, the peak ~960 cm-1 shifts toward lower wavenumbers when the C/S ratio 

increases from 0.66 to 1.40. However, the peak will shift by following the opposite rule when 

the C/S ratio increases further. The variations of the peak ~960 cm-1 among the synthesized C-

S-H gels show that the C-S-H gels with different C/S ratio were synthesized. By comparing 

with the reference data points, the final C/S ratio of the synthesized C-S-H is consistent with 

the initial targeted value. 

5.3.3 Structure of nano-crystalline C-S-H gels 

In Chapter 6, the carbonation rate of C-S-H gels with different C/S ratio will be calculated 

based on the amounts of products and remaining C-S-H gels after exposure to accelerated 

carbonation. The amounts of these phases will be determined with the Rietveld refinement of 

XRD test results. It is known that the crystal information file of each phase involved is 

necessary for the Rietveld analysis. Therefore, the appropriate crystal structure file of C-S-H 

will be discussed and selected for the study in Chapter 6.  
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5.3.3.1 Effects of crystal size on the XRD pattern 

C-S-H is normally considered as an amorphous or poorly crystalline phase due to its short-

range order feature and lack of structure order in the long range. The short range is in 

nanometer scale, so the C-S-H is also named as nanocrystalline C-S-H. The smallest size of 

the nano-crystallites is in the order of 3-6 nm [3, 54]. For the nanocrystalline C-S-H in OPC-

pastes, the largest dimension is typically in the range of 6-15 nm [3, 54]. Other researchers 

also found that the largest dimension can be over 100 nm [55, 56], which may be either 

corresponding to a partially continuous structure [57] or to a colloidal state [58]. Nevertheless, 

the general crystal size of C-S-H phases is in nanoscale. It is known that the peak in the XRD 

pattern is affected by the size of the crystals as well. Therefore, it is necessary to figure out 

the size effect before performing the Rietveld refinement of synthesized C-S-H gels. 

For studying the crystal structure of nanocrystalline C-S-H, Richardson[7] proposed a 

series of T-models for the description of the structure of C-S-H(I), which were modified based 

on tobermorite crystal structure, which cover C/S ratios in the range of 0.66 - 1.50. The 

related crystallographic information files (CIF) were proposed as well. These CIFs will be 

used to study the effects of crystal size on the XRD pattern.  

Theoretical XRD patterns were simulated based on the above-mentioned CIFs by using 

CrystalDiffract (CrystalMaker Software Ltd). Assuming the crystals are isotropic, the 

calculated patterns of C-S-H phases with different isotropic crystal sizes are compared in 

Figure 5-21 to Figure 5-24. Tn in the figures is the label of the T-model, in which, “T” 

denotes “tobermorite-based structure”; a number or “∞” denotes the mean length of the 

silicate chains.  

The characteristic peaks in the calculated XRD patterns are widening if the assumed 

crystal size decreases. Patterns in Figure 5-23 and Figure 5-24 are more like the normal 

powder diffraction spectrum of crystal phases. Compared to the real XRD patterns of 

synthesized C-S-H(I) in Figure 5-10, the peak shape of calculated patterns shown in Figure 

5-21 and Figure 5-22 are much more suitable to describe the crystal structure of C-S-H. The 

setting of crystal sizes will be considered in the following Rietveld refinement. 
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Figure 5-21 Calculated XRD patterns for the model structures of C-S-H(I) proposed by Richardson 

(monochromatic Cu Kα radiation, λ = 1.5406 A˚), assuming the crystal size of 5 nm 
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Figure 5-22 Calculated XRD patterns for the model structures of C-S-H(I) proposed by Richardson 

(monochromatic Cu Kα radiation, λ = 1.5406 A˚), assuming the crystal size of 10 nm 
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Figure 5-23 Calculated XRD patterns for the model structures of C-S-H(I) proposed by Richardson 

(monochromatic Cu Kα radiation, λ = 1.5406 A˚), assuming the crystal size of 20 nm 
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Figure 5-24 Calculated XRD patterns for the model structures of C-S-H(I) proposed by Richardson 

(monochromatic Cu Kα radiation, λ = 1.5406 A˚), assuming the crystal size of 100 nm 
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5.3.3.2 T-series structure model of C-S-H 

In section 5.3.3.1, the effects of crystal size on the shape of XRD pattern of C-S-H are 

discussed. The T-series structure models of C-S-H are introduced and used as examples. The 

T-series structure models are the hypothetical C-S-H crystal structures developed by 

Richardson, which will provide the CIFs of the C-S-H in the Rietveld refinement. These 

structure models are listed in Table 5-4 with explanation of the notation.  

 

Table 5-4 Notation of structure models used in the Rietveld refinement 

Structure Model  Ca/Si MCL 

Position Relation of  

the Neighbor Bridging 

Tetrahedra  

Based 

Tobermorite 

Structure 

Approximate 

Layer Spacing 

Staggered Adjacent Clino-T 11 Å 14 Å 

T2_ac 1.25 2 -  √ √ - - 

T2_sc_LS1 1.50 2 √ - √ - - 

T2_sc_LS2 1.50 2 √ - √ - - 

T3_14sc 1.22 3 √ - √ - √ 

T5_14sc 1.10 5 √ - √ - √ 

T5_11sc 1.10 5 √ - √ √ - 

T11_14sc 0.82 11 √ - √ - √ 

Tinf_11ac 0.83 Infinite-chain  - √ √ √ - 

Tinf_14ac 0.83 Infinite-chain  - √ √ - √ 

Tinf_14sc 0.83 Infinite-chain √ - √ - √ 

*Tinf_sc_noCa_LS1 0.66 Infinite-chain √ - √ - - 

Tinf_sc_noCa_LS2 0.66 Infinite-chain √ - √ - - 

* noCa means no interlayer Ca2+ ions. 

 

In the name of the structure model, “T” is the abbreviation of Tobermorite; the number or 

“inf” behind “T” indicates the mean silicate chain length (MCL) in this C-S-H. The bridging 

tetrahedral sites (vacancies in the silicate chain of T2) are either adjacent to one another or 

staggered by b/2. The two features of the structure model are labelled as “a” and “s” in their 

name, respectively, and are illustrated in Figure 5-25 and Figure 5-26. “LS1” and “LS2” 

indicate the first and second of two alternative layer spacings in the hypothetical dimer with 

the staggered chain. For example, in the first version (T2_sc_LS1), the interlayer Ca is placed 

close to the vacant tetrahedral bridging site, whereas the second version, i.e. T2_sc_LS2, 

involves two Ca atoms.  

The schematic of the structures of T2_sc_LS1 and T2_sc_LS2 are illustrated in Figure 

5-26 and Figure 5-27. It should be noticed that structure models originated from ortho-

tobermorite are not used in the refinement, because it is not possible to generate the dimeric 

models, i.e.  T2_so_LS1 and T2_so_LS2, which are crystal-chemically consistent with known 

calcium silicate hydrates by using an ortho-tobermorite starting structure, concluded by 

Richardson [7]. 
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Figure 5-25 A hypothetical dimer (T2_ac) derived from a clinotobermorite with the bridging 

tetrahedral sites adjacent to one another. (a) Viewed along the a axis, and (b) viewed along the b axis 

(after Richardson [7]) 

 

Figure 5-26 A hypothetical dimer (T2_sc-LS1) derived from a clinotobermorite with the bridging 

tetrahedral sites staggered by b/2. (a) Viewed along the a axis, and (b) viewed along the b axis (after 

Richardson [7]) 

 

 

Figure 5-27 A hypothetical dimer (T2_sc-LS2) derived from a clinotobermorite with the bridging 

tetrahedral sites staggered by b/2. (a) Viewed along the a axis, and (b) viewed along the b axis (after 

Richardson [7]) 

 

5.3.3.3 Rietveld refinement of synthetic C-S-H gels with different C/S ratio 

In section 5.3.3.2, the hypothetical T-series crystal structure models are briefly introduced. 

Their CIFs will be used in the Rietveld refinement in this section. With the CIFs of C-S-H 

phases the Rietveld refinement was performed for the XRD results of synthesized C-S-H gels 

by using Profex software [59]. 

Several combinations of structure models were considered in the refinement program. The 

optimized combinations for each sample with C/S ratios 0.66 - 2.00, synthesized over 4 weeks, 

were described in Figure 5-28 to Figure 5-33. In each figure, part a and b indicate the 

refinement results for the anisotropic and isotropic grain sizes of crystals, respectively. 
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Rietveld refinement results, including the accuracy of fit, are listed in Table 5-5. There are 

two Rietveld reliability factors: Rexp and χ2. The lower these two factors, the better the 

refinement result. 

The results show that the crystal structure of each type of synthesized C-S-H (with certain 

C/S ratio) can be described by one or two-mixed hypothetical structures. For example, the 

crystal structure of synthesized C-S-H with C/S ratios 0.66 and 1.18 can be interpreted by the 

crystal structure model Tinf_sc_noCa_LS2 and T3_14sc, respectively. As for the synthesized 

C-S-H with C/S ratio of 0.86, its crystal structure can be described by the mix-structures of 

T5_14sc and Tinf_11ac. The crystal structure of synthesized C-S-H with C/S ratios even 

higher than 1.40, can be interpreted by the mix-structures of T2_sc_LC1 and T3_14sc, plus 

Ca(OH)2, if there is. Furthermore, the refinement result is always better regardless of the C/S 

when considering the C-S-H as anisotropic crystals, if checking the Rietveld reliability factors, 

i.e. Rexp and χ2.  

 

 

Figure 5-28 Rietveld refinement for the powder pattern of sample C/S = 0.66; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 

 

 

Figure 5-29 Rietveld refinement for the powder pattern of sample C/S = 0.86; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 
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Figure 5-30 Rietveld refinement for the powder pattern of sample C/S = 1.18; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 

 

 

Figure 5-31 Rietveld refinement for the powder pattern of sample C/S = 1.40; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 

 

 

Figure 5-32 Rietveld refinement for the powder pattern of sample C/S = 1.70; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 
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Figure 5-33 Rietveld refinement for the powder pattern of sample C/S = 2.00; a - refinement 

considering the anisotropic crystal size, b - refinement considering the isotropic crystal size. 

 

In Figure 5-12, the interlayer spacings of synthesized C-S-H gel were compared with those 

data from references and the T-series structure models. The locations of the data points from 

this research are either close to a certain T model (C/S = 0.66 or 1.18) or lie in between two T 

models (C/S = 0.86 or 1.40). For example, the data of the C-S-H gel with C/S ratios 0.66 and  

 

Table 5-5 Rietveld refinement results of the C–S–H gel series, synthesized for 4 weeks 

C/S 

Crystal 

Size 

Condition 

Refine Result 

Evaluation Refined 

Bulk 

C/S 

Weight Percentage of Possible Phases 

*Rwp *Rexp *χ2 
T2_sc

_LS1 

T3_14

sc 

T5_14

sc 

Tinf_1

1ac 

Tinf_sc_noC

a_LS2 

Ca(OH)

2 

0.66 
Isotropic 4.5 2.6 3.00 0.67 - - - - 1.00 - 

Anisotropic 3.64 2.59 1.98 0.67 - - - - 1.00 - 

0.86 
Isotropic 3.58 2.65 1.83 0.86 - - 0.16 0.84 - - 

Anisotropic 3.22 2.65 1.47 0.91 - - 0.47 0.53 - - 

1.18 
Isotropic 4.67 2.67 3.06 1.22 - 1.00 - - - - 

Anisotropic 3.62 2.66 1.85 1.22 - 1.00 - - - - 

1.40 
Isotropic 5.62 2.74 4.21 1.4 0.68 0.32 - - - - 

Anisotropic 4.81 2.73 3.10 1.34 0.46 0.54 - - - - 

1.70 
Isotropic 5.11 2.64 3.75 1.5 0.75 0.21 - - - 0.04 

Anisotropic 3.57 2.63 1.84 1.34 0.11 0.84 - - - 0.06 

2.00 
Isotropic 4.13 2.58 2.56 1.33 0.10 0.85 - - - 0.05 

Anisotropic 3.46 2.58 1.79 1.37 0.05 0.87 - - - 0.08 

CIFs 

ref. 
       [7] 

ICSD 

64950 

* Rietveld reliability factors, including weighted profile R-factor(Rwp), expected R factor(Rexp) 

and goodness of fit or Chi squared, χ2 =(Rwp/Rexp)
2[60]. 

 

5 10 15 20 25 30 35 40 45 50 55 60 65 70

a

Ca/Si = 2.00, 4 Weeks;

Refined anisotropically

2-Theta ()

 I-observed

 I-calculated

 I-difference

 Background

 Portlandite

 T2_sc_LS1

 T3_14sc

5 10 15 20 25 30 35 40 45 50 55 60 65 70

b

Ca/Si = 2.00, 4 Weeks;

Refined isotropically

2-Theta ()

 I-observed

 I-calculated

 I-difference

 Background

 Portlandite

 T2_sc_LS1

 T3_14sc



112 

1.18 are near to Tinf and T3 respectively. The data of the C-S-H gel with C/S ratio 0.86 is 

located on the solid trend line but in between T11 and T5. As for the C-S-H with the C/S of 

1.40, the data lie in between T3 and T2 in Figure 5-12. This means the crystal structures of C-

S-H gels synthesized in this study can be described from refined T-series structure models, 

which is confirmed by the optimized refinement results for each synthesized C-S-H gel, 

shown in Table 5-5. 

5.4 Conclusion 

In Chapter 5, C-S-H gels with different C/S ratios are synthesized in a water solution for the 

accelerated carbonation study. The synthetic products are studied by using XRD, 29Si NMR, 

TGA and FTIR. The crystal structure of synthesized C-S-H are discussed. The main 

conclusions are as follows: 

◆ C-S-H(I) with different C/S ratios are synthesized successfully under the applied 

experimental conditions, identified by the test results from different measurement 

methods. 

◆ When the designed C/S ratio is over 1.40, portlandite will appear in the synthetic products.  

◆ The results confirm again that the “defect-tobermorite” model is an appropriate one to 

explain the structure of C-S-H(I) (C/S = 0.66~1.40). C-S-H(I) with higher C/S ratio can 

be derived from tobermorite by removing the bridge tedrahedra and incorporating extra 

Ca2+ in the interlayer. It yields C-S-H with a C/S ratio up to 1.50. By incorporating 

nanocrystalline portlandite in the interlayer of the structure, C-S-H can be formed with 

even higher C/S ratio. 

◆ The crystal structure of synthesized C-S-H(I) can be refined and well described using T-

series structure models. 
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6  
 

Accelerated Carbonation of Synthesized C-S-H gels 

with Different C/S Ratio 

 

6.1 Introduction 

In Chapter 5, C-S-H gel with different Ca/Si ratios (C/S) were prepared successfully from 

water solution. Several methods including XRD, XRF, TGA, FTIR and 29Si NMR are used to 

identify the C-S-H phases. Crystal structures of nanocrystalline C-S-H were discussed as well 

in Chapter 5. C-S-H gels synthesized for 4 weeks were selected for the accelerated 

carbonation study in this Chapter 6. The C/S ratio of C-S-H used in the accelerated 

carbonation test ranges from 0.66 to 2.00.  

The selected C-S-H gels are exposed to the accelerated carbonation: CO2 concentration of 

3% (V/V), temperature of 20°C and the relative humidity of 75%. Carbonation products of C-

S-H gels are characterized to with the aim to understand the carbonation mechanism of C-S-H. 

Especially, the carbonation rates of C-S-H with different C/S ratio are compared and 

investigated. The results of this study will provide input for modelling of C-S-H carbonation 

in Chapter 7. 
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6.2 Materials and experiments 

6.2.1 Accelerated carbonation experiment of C-S-H gels 

C-S-H gels synthesized for 4 weeks were used for accelerated carbonation tests. C/S ratios of 

the C-S-H gels are listed in Table 6-1. As mentioned earlier in section 5.2.2, these samples 

were stored in a desiccator with relative humidity of 30%, regulated by standard saturated 

CaCl2·6H2O solution, before exposed to accelerated carbonation. Before placing the samples 

in the carbonation chamber, these specimens were grinded into powders. CO2 concentration in 

the chamber was maintained at 3% ± 0.2 (V/V) by the solenoid valve connected with a CO2 

sensor. The temperature inside the carbonation chamber was 20°C and the relative humidity 

around 75% by using the saturated NaCl solution. The samples were exposed to carbonation 

for several hours (from 0.5 h to 24 h) and days (from 1 day to 7 days). Samples exposed for 

hours will be used to study the early-age behavior of C-S-H gels under accelerated 

carbonation. The other samples exposed for days will be used for the study of final products 

of C-S-H gels after carbonation and the carbonation rate of C-S-H with different C/S ratio. 

6.2.2 Test methods of C-S-H gels after carbonation 

Carbonation process and related carbonation products of C-S-H have been studied by many 

authors [1-3]. From their studies, it has been learned that carbonation of C-S-H is a complex 

decalcification-polymerization process and the formation of amorphous silica gel. The 

carbonation reaction of C-S-H can be described as follows (Eq. 6-1). 

 

( )x y tC SH xC xCC SH y t H+ → + + −        Eq. 6-1 

 

in which C =CaO , H = 2H O , S = 2SiO , and C = 2CO . x , y and t are the molecular numbers. 

x  stands for the C/S ratio of C-S-H. As indicated in Eq. 6-1, the Ca will be removed from the 

C-S-H layer structure during decalcification and reacts with CO2 to form carbonates. 

Meanwhile, the adjacent Si-tetrahedra in different silicate chains will be linked together to 

form a 2- or 3-dimensional network, illustrated in Figure 6-1.  

Table 6-1 C-S-H gels selected for the accelerated carbonation test 

Sample NO.  Ca/Si ratio Synthesis Time 

1 0.66 4 weeks 

2 0.86 4 weeks 

3 1.18 4 weeks 

4 1.40 4 weeks 

5 1.70 4 weeks 

6 2.00 4 weeks 
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Figure 6-1 Schematic of polymerization of silicate chain 

 

 Table 6-2 The arrangements of accelerated carbonation experiments and related test methods 

Sample NO.  Exposure Time Test Method Test Purpose 

1 - 6 

Hours, 0.5 h to 24 h FTIR Early-age behaviour 

Days, 1 day to 7 days 
XRD and Rietveld 

analysis, 29Si NMR 

Final carbonation products 

and average carbonation rate 

 

Different test methods were applied in this study to investigate the changes of C-S-H gels 

after different accelerated carbonation periods. The purpose of the test method is summarized 

in Table 6-2. 

X-ray diffraction (XRD) was mainly used to investigate the amounts of carbonates. 

Rietveld refinement was performed on the XRD test result to quantify the amounts of 

carbonation products of synthesized C-S-H. Before the XRD test, the samples were mixed 

with approximate 12-13% of corundum (Al2O3, PDF 00-10-0173) as an internal standard. 

Average carbonation rates of C-S-H with different C/S ratio were calculated based on the 

Rietveld analysis results.  

29Si Nuclear magnetic resonance (NMR), and Fourier transform infrared spectroscopy 

(FTIR) were used to study the changes of silicate chains in the C-S-H when exposed to 

accelerated carbonation. FTIR was specially used to study the changes of the layer structure 

of C-S-H gels after accelerated carbonation for several hours. The accelerated carbonation 

arrangements and related test methods are listed in Table 6-2. More details of the above-

mentioned test methods were described already in section 5.2.3.  
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6.3 Experimental results and discussions 

6.3.1 Carbonation of C-S-H gels 

6.3.1.1 XRD test results of C-S-H gels after carbonation 

After accelerated carbonation for several days, the C-S-H gels with C/S ratios of 0.66 to 2.00 

were measured by XRD to identify the carbonates and other possible crystal phases. Exposure 

time varied from 1 day to 7 days. The test results are presented in Figure 6-2 to Figure 6-7.  

 

 

 

Figure 6-2 XRD test results of C-S-H (C/S = 0.66, age 4 weeks), exposed to carbonation from 0 day to 

7 days 

 

 

Figure 6-3 XRD test results of C-S-H (C/S = 0.86, age 4 weeks), exposed to carbonation from 0 day to 

7 days 
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Figure 6-4 XRD test results of C-S-H (C/S = 1.18, age 4 weeks), exposed to carbonation from 0 day to 

7 days 

 

 

Figure 6-5 XRD test results of C-S-H (C/S = 1.40, age 4 weeks), exposed to carbonation from 0 day to 

7 days 

 

 

Figure 6-6 XRD test results of C-S-H (C/S = 1.70, age 4 weeks), exposed to carbonation from 0 day to 

7 days 
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Figure 6-7 XRD test results of C-S-H (C/S = 2.0, age 4 weeks), exposed to carbonation from 0 day to 

7 days 

In general, before exposure to carbonation, the phases identified in XRD patterns are C-S-

H(I) and portlandite, together with the internal standard Corundum. When exposed to 

carbonation, the diffraction peaks related to C-S-H(I) and portlandite show a decrease in 

intensity and even disappear with the increasing exposure time. 

It is noticed that new diffraction peaks appear in the XRD pattern after carbonation. For 

example, peaks with the diffraction angle (◦ 2θ) of 23.07, 29.44 and 39.37 are indicating 

calcite. The peaks at 26.22, 36.10 and 45.91 denote aragonite. The peaks at 24.91, 27.09 and 

32.79 are related to vaterite. Details of the identified phases and their related diffraction peaks 

are listed in Table 6-3. These carbonates are the three polymorphs of CaCO3. The latter two 

are metastable phases of calcium carbonate. Apparently, the characteristic peaks of all the 

three polymorphs are found in the XRD patterns after carbonation. The intensities of the 

major peaks indicating these carbonates are increasing with increasing exposure time.  

As discussed above, three polymorphs of CaCO3 are identified in the carbonation products 

of all C-S-H-gels with different C/S ratio. However, the amounts of different polymorphs 

varied from case to case. Figure 6-2 and Figure 6-3 show that the carbonation product of  

 

Table 6-3 Phases identified and related diffraction peaks in the XRD spectra 

Phases 

Identified  
C-S-H 

Portlandite 

(Ca(OH)2) 

PDF NO. 

00-044-1481 

Corundum 

(Al2O3) 

PDF NO. 

00-010-0173 

Polymorphs of CaCO3 

Calcite 

PDF NO. 

00-05-0586  

Vaterite 

PDF NO. 

04-011-5985 

Aragonite 

PDF NO. 

00-041-1475 

D
iffractio

n
 A

n
g

le (◦
 

2
θ
) o

f id
en

tical p
eak

s 

29.27 18.04 25.57 23.07 20.95 26.22 

32.16 34.11 35.17 29.44 24.91 27.22 

50.05 47.14 37.78 39.37 27.09 33.16 

55.39 50.80 43.38 47.52 32.79 36.10 

- - 52.57 48.45 42.82 38.55 

- - 57.52 - 43.87 45.91 

- - 66.52 - 50.08 - 

- - 68.20 - 55.87 - 
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C-S-H with C/S ratios of 0.66 or 0.86 are mainly aragonite and vaterite, after 7 days’ exposure. 

But in the XRD patterns of C-S-H gel with C/S ratios of 1.18 or 1.40 after 7 days’ exposure, 

the peak number and intensity related to calcite increase dramatically (Figure 6-4 and Figure 

6-5). It is well known that calcite is normally formed from the carbonation of portlandite in 

concrete. Calcite is also the main carbonation product of C-S-H with a relatively high C/S 

ratio, i.e. 1.18 to 2.00. Therefore, obvious peaks related to calcite can also be observed in the 

XRD patterns of carbonated C-S-H gel with the C/S ratios 1.70 and 2.00, which are not pure 

C-S-H gel but mixed with portlandite, see Figure 6-6 and Figure 6-7.  

6.3.1.2 29Si NMR test results of C-S-H gels after carbonation 

29Si NMR test is a mature technique to identify different types of Si tetrahedra in a molecular 

structure. In this research, it is used to study the evolution of Si structure in C-S-H during the 

carbonation. 29Si NMR test results of C-S-H gels with different C/S ratio exposed for 3 and 7 

days are shown in Figure 6-8. The characteristic peaks at around -101 and -111 ppm indicate 

the Q3 and Q4 types of tetrahedra, respectively. These peaks for Q3 and Q4 appear after 

exposed to carbonation for 3 or 7 days. Meanwhile the peaks related to the Q1 and Q2 

tetrahedra disappear.  

 

Table 6-4 Relative fraction of Qn
 (%) in C-S-H gels with different C/S ratio before and after exposure 

to accelerated carbonation 

Ca/Si Exposure time (days) Q1 Q2 Q3 Q4 

0.66 

0  14.41 85.59 - - 

3 - 3.3 21.19 75.51 

7  - 1.46 24.53 74.01 

0.86 

0  19.21 80.79 - - 

3 - 1.94 17.31 80.77 

7  - - 16.17 83.82 

1.18 

0  42.02 57.97 - - 

3 - - 22.66 77.34 

7  - - 32.32 67.69 

1.40 

0  66.72 33.28 - - 

3 - 2.42 48.57 79.0 

7  - - 27.77 72.23 

1.70 

0  71.42 28.57 - - 

3 - - 21.0 79.0 

7  - - 22.25 77.75 

2.00 

0  71.69 28.3 - - 

3 - - 26.74 73.36 

7  - - 18.3 81.7 
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 Figure 6-8 29Si NMR test results of C-S-H, C/S ratio = 0.66 - 2.00, carbonated for 3 and 7 days 
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Figure 6-9 Fitting results of 29Si NMR spectrum, Ca/Si = 1.4, synthesis for 4 weeks, exposed to 

carbonation for 7 days 

 

In order to find the quantitative information of different types of Si tetrahedra (Q1, Q2, Q3 

and Q4) in the C-S-H gels after exposure to carbonation, the deconvolution process was 

performed on all the 29Si NMR spectra shown in Figure 6-8. One of the deconvolutions (or 

fitting) results is presented in Figure 6-9. The relative percentages of different types of Si 

tetrahedra (Qn) were calculated based on the deconvolution results and listed in Table 6-4. 

Obviously, the fractions of Q3 and Q4 type of tetrahedra in the C-S-H gels (regardless the 

C/S ratio) dramatically increase after carbonation. Meanwhile, the fractions of Q1 and Q2 type 

of tetrahedra decrease to zero. The evolution of the fractions of four Qn types of tetrahedra 

observed from the 29Si NMR results reveals the polymerization of the silicate chain structure. 

This is illustrated schematically in Figure 6-1. The appearance of Q3 and Q4 indicate that the 

silicates on the neighboring silicate chain are interlinked with each other to form the silicate 

network in three directions. Q3- and Q4-type tetrahedra are usually found in quartz or silica 

gel. However, the characteristic peaks of quartz are not observed in the XRD test results. 

Therefore, these peaks are related to silica gel, which is also formed during carbonation of C-

S-H gels.  

6.3.2 Rietveld analysis of XRD test results 

It is known that only crystalline phases create the distinct diffraction patterns, and the 

amorphous phase is absent in the XRD patterns. By using the Rietveld refinement as 

illustrated in Figure 3-2, the phase quantifications are usually reported by their weight 

percentage, relative to the total weight of all crystalline phases (see Step 3 in Figure 3-2). If a 

crystalline phase with known quantity is added in the sample, the relative quantities can be 

normalized to absolute values (see Step 4 in Figure 3-2). The added crystalline phase should 

be stable and inert and is also called as the internal standard. In this research, the internal 

standard used is corundum (Al2O3).  
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Table 6-5 Weight percentage (%) of the internal standard Al2O3 added in C-S-H gels with different C/S 

ratios before exposure to accelerated carbonation 

Ca/Si 0.66 0.86 1.18 1.40 1.70 2.00 

Al2O3 10.85 13.47 11.59 10.68 11.02 11.69 

 

Table 6-6 Crystallographic information file (CIF) of Al2O3 and calcium carbonates 

Crystal Phases Corundum Vaterite Aragonite Calcite 

CIF No. ICSD 31546 ICSD 15879 ICSD 32100 ICSD 16710 

 

The weight percentages of Al2O3 in the initial mixtures are listed in Table 6-5. Calculations 

of the relative and absolute quantities is performed with the Profex software [4]. 

Rietveld refinement was performed on the XRD test results shown from Figure 6-2 to 

Figure 6-7, to calculate the relative amounts of crystal phases, in particular the different 

polymorphs of calcium carbonates. The crystallographic information files (CIFs) of corundum 

and calcium carbonates used in the Rietveld refinement are listed as follow in Table 6-6.  

The CIF used to simulate the pattern of C-S-H can be found in the section 5.3.3.3 of 

Chapter 5, Table 5-5.  

The refinement results of C-S-H gels with a C/S ratio of 1.18, carbonated for different 

days, are illustrated from Figure 6-10 to Figure 6-13. 
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Figure 6-10 Rietveld refinement result of C-S-H (C/S = 1.18) before exposure to carbonation 
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Figure 6-11 Rietveld refinement result of C-S-H (C/S = 1.18) after 1-day’s exposure to carbonation 
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Figure 6-12 Rietveld refinement result of C-S-H (C/S = 1.18) after 3-day’s exposure to carbonation 

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Ca/Si = 1.18, Synthesized for 4 Weeks;

7-day' exposure to Carbonation

2-Theta ()

 I-observed

 I-calculated

 I-difference

 Background

 Corundum 

 Vaterite

 Aragonite

 Calcite

 
Figure 6-13 Rietveld refinement result of C-S-H (C/S = 1.18) after 7-days exposure to carbonation 
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From the Rietveld refinement results, the relative quantities of different crystal phases in 

the C-S-H gels with C/S ratios of 0.66, 0.86, 1.18, 1.40, 1.70 and 2.00 before and after 

carbonation are calculated and listed in Table 6-7 to Table 6-12. 

 

Table 6-7 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 0.66) exposed to the 

carbonation for different days 

C/S 
Exposure  

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 Tinf_sc_noCa_LS2 Vaterite Aragonite Calcite 

0.66 

0 3.54 2.54 1.94 17.03 82.90 0.00 0.00 0.00 

1 3.58 2.45 2.14 15.80 36.20 44.65 1.79 1.64 

3 4.20 2.48 2.87 15.76 19.50 60.35 2.35 2.08 

7 4.68 2.35 3.97 13.73 0 80.10 3.80 2.37 

 

Table 6-8 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 0.86) exposed to the 

carbonation for different days 

C/S 
Exposure  

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 Tinf_11ac  T5_14sc Vaterite Aragonite Calcite 

0.86 

0 3.33 2.61 1.63 17.51 31.10 36.60 0.00 0.00 0.00 

1 3.28 2.29 2.05 15.79 35.10 47.40 39.30 0.31 1.16 

3 3.35 2.48 1.82 14.39 25.80 17.60 45.24 0.88 1.46 

7 5.78 2.41 5.75 15.65 22.20 15.80 81.34 0.99 2.02 

 

Table 6-9 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 1.18) exposed to the 

carbonation for different days 

C/S 
Exposure 

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 T3_14sc Vaterite Aragonite Calcite 

1.18 

0 3.93 2.70 2.12 13.84 86.16 0.00 0.00 0.00 

1 4.05 2.56 2.50 15.45 43.70 24.21 7.75 8.88 

3 3.69 2.49 2.20 15.20 31.14 35.60 8.43 9.62 

7 4.25 2.49 2.91 13.45 0.00 56.98 17.81 11.76 

 

Table 6-10 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 1.40) exposed to the 

carbonation for different days 

C/S 
Exposure 

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 T3_14sc T2_sc_LS1 Vaterite Aragonite Calcite 

1.40 

0 4.31 2.62 2.71 11.69 23.40 64.90 0.00 0.00 0.00 

1 4.48 2.54 3.11 13.40 15.41 44.50 16.28 2.40 7.98 

3 4.67 2.55 3.35 14.56 12.78 28.00 30.40 4.32 9.95 

7 4.27 2.52 2.87 13.42 0.00 0.00 59.08 12.71 14.79 
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Table 6-11 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 1.70) exposed to the 

carbonation for different days 

C/S 
Exposure 

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 T3_14sc T2_sc_LS1 Ca(OH)2 Vaterite Aragonite Calcite 

1.70 

0 3.60 2.62 1.89 12.59 21.10 64.40 1.87 0.00 0.00 0.00 

1 3.27 2.56 1.63 12.21 16.20 17.10 1.30 35.66 4.55 12.98 

3 3.59 2.53 2.01 11.21 2.61 25.40 0.34 39.40 5.61 15.48 

7 4.09 2.44 2.81 11.61 0.00 0.00 0.00 59.24 11.26 17.89 

 

Table 6-12 Relative quantities (wt %) of different phases in the C–S–H gel (C/S = 2.00) exposed to the 

carbonation for different days 

C/S 
Exposure 

Time (Day) 

Refine Result Evaluation Relative Quantities (wt %) 

*Rwp *Rexp *χ2 Al2O3 T3_14sc T2_sc_LS1 Ca(OH)2 Vaterite Aragonite Calcite 

2.00 

0 3.48 2.62 1.76 12.43 27.10 54.00 6.48 0.00 0.00 0.00 

1 3.37 2.45 1.89 13.47 14.42 13.47 2.14 40.55 5.91 9.77 

3 3.93 2.63 2.23 11.99 7.31 8.55 1.14 48.49 6.76 15.76 

7 4.10 2.33 3.10 11.88 0.00 0.00 0.39 60.56 10.26 16.87 

* Rietveld reliability factors, including weighted profile R-factor(Rwp), expected R factor(Rexp) and 

goodness of fit or Chi squared, χ2 =(Rwp/Rexp)2[5]. 

 

Polymorph compositions of CaCO3 found in the C-S-H gels with different C/S ratios 

exposed to carbonation are illustrated in Figure 6-14. 

Based on the refinement results, the vaterite is the major carbonate produced from the 

carbonation of C-S-H, regardless the C/S ratio. Only small amounts of aragonite and calcite 

will be formed during the carbonation of C-S-H with lower C/S ratio (C/S = 0.66 or 0.86). 

The amount of aragonite and calcite increased a lot for C/S ratios 1.18 or even higher.  
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Figure 6-14 Polymorph amounts of calcium carbonates in the carbonation products of C-S-H, C/S = 

0.66 - 2.00           

    To be continued on next page → 
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Figure 6-14 - continued - Polymorph amounts of calcium carbonates in the carbonation products of 

C-S-H, C/S = 0.66 - 2.00 

 

6.3.3 Carbonation rate of C-S-H gels with different C/S 

As mentioned in section 6.2.2, the carbonation of C-S-H is a complex decalcification-

polymerization process of the C-S-H, which can be described with Eq. 6-1. The average 

carbonation rate (if not specially specified, the carbonation rate in the following discussion is 

indicating the average carbonation rate of the C-S-H gel) can be calculated based on the 

amounts of CaCO3 formed and changes with exposure time. The relative amounts of CaCO3 

formed in the C-S-H gel after each carbonation time, were discussed in section 6.3.2 and are 

listed in Table 6-7 to Table 6-12. 

As the total weight of the solid is changed with the carbonation, the relative quantities of 

CaCO3 shall be normalized to the initial weight of C-S-H gels and expressed as the unit of g 

per g of initial C-S-H gels. The carbonation rate will be calculated based on the normalized 

amount. The calculation of the carbonation rate of C-S-H runs as follows. 

Since Al2O3 (corundum) is not involved in the reaction, the amount of this internal 

standard ( )
2 3Al Om t [g] can be calculated with Eq. 6-2 and Eq. 6-3: 
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2 3 2 3
( )(g) ( ) ( )rel

Al O cr Al Om t m t w t=          Eq. 6-2 

or  

2 3 2 30 0 0( )(g) ( ) ( )rel

Al O cr Al Om t m t w t=          Eq. 6-3 

in which ( )
2 3Al Om t  [ g ] is the weight of Al2O3 in the carbonation products of C-S-H gel after 

the carbonation time t  [day]; 0( )crm t  [ g ] is the initial weight of crystal phases identified by 

XRD in the C-S-H gel; ( )crm t  [ g ] is the total weight of crystals in the C-S-H gel after 

carbonation time of t [day]. 
2 3 0( )rel

Al Ow t  and 
2 3

( )rel

Al Ow t  are the relative weight percentage of 

Al2O3 in the crystals at the beginning and after carbonation of t  [day]. 

The total crystal weight ( )crm t [ g ] can be normalized to the initial crystal weight 0( )crm t

[g]. The normalized total crystal weight ( )
cr

norm t  [ g ] is indicated in Eq. 6-4: 

( )

( )
2 3

2 3

0

0

( )
( )( / )

( )

rel

Al Ocrnor

cr rel

cr Al O

w tm t
m t g g

m t w t
= =         Eq. 6-4 

Following the same method, the weight of CaCO3 at exposure time t (day) can be 

normalized to the initial total weight of crystal phases and expressed in Eq. 6-5: 

( ) ( )

( )

( ) ( )
2 3 2 3

2 3 2 3

0 0

0 0

( ) ( )( ) ( ) ( )
( )( / ) ( )

( ) ( )

rel rel

Al O Al Ocrnor cr relcc cc cc
cc ccrel rel

cr cr cr cr Al O Al O

w t w tm tm t m t m t
m t g g w t

m t m t m t m t w t w t

− = =  =  =   Eq. 6-5 

in which ( )( / )nor cr

ccm t g g−  and ( )rel

ccw t  are the normalized weight (to the initial crystal weight) 

and relative weight percentage of CaCO3 at exposure time t (day) respectively. This equation 

is used for the calculation of the normalized weight of three polymorphs of CaCO3 and other 

crystals listed in Table 6-7 to Table 6-12.  

Following the illustration in Figure 3-2, the initial composition of C-S-H phases mixed 

with internal standard Al2O3 can be described as follow in Figure 6-15. 

 

 
Figure 6-15 Schematic of initial phase compositions of C-S-H gel mixed with internal standard (Al2O3) 
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The weight of CaCO3, i.e. ( )ccm t , at exposure time t (day) will be normalized to the initial 

total weight of C-S-H gel and described in Eq. 6-6: 

( ) ( )

( )

( ) ( )
0 0

0 0 0 0

( ) ( ) ( )
( )( / )

crnor CSH cc cc CSH cr
cc

CSH cr CSH cr CSH

m tm t m t m t
m t g g

m t m t m t m t

− −

−

= =       Eq. 6-6 

where ( ) ( )( )0( ) /cc crm t m t  is the weight normalized to initial total crystal weight, described in 

Eq. 6-5. The terms ( )( ) ( )( )0 0/cr CSH crm t m t−  and ( ) ( )( )0 0( ) /CSH cr CSHm t m t−
 are related to the 

weight percentage of the crystal portion in C-S-H to the total initial weight of crystal phases 

identified by XRD and to the total initial weight of C-S-H gel, respectively. They are 

expressed in Eq. 6-7 and Eq. 6-8. 

( )

( ) ( )
0

0 0

1

CSH cr

cr

rel

CSH cr

m t

m t w t
−−

=          Eq. 6-7 

( )

2 3

2 3

2 3

0

0

00

0 0

( )
( )

( )( )

1 ( )

abs

Al Orel

CSH cr rel

Al OCSH cr

abs

CSH Al O

w t
w t

w tm t

m t w t

−

−



=
−

        Eq. 6-8 

where ( )0CSH cr

relw t
−

 , 
2 3 0( )rel

Al Ow t  denote the relative weight percentage of the crystal phases and 

internal standard Al2O3 in the initial C-S-H gel mixed with Al2O3. These two values can be 

found from the Rietveld refined results listed in Table 6-7 to Table 6-12. 
2 3 0( )abs

Al Ow t  is the 

absolute weight percentage of Al2O3 in the initial C-S-H gel mixed with Al2O3, which is listed 

in Table 6-5. 

After calculation of the normalized weight of CaCO3 produced during exposure to CO2, 

the carbonation rate (reaction rate) can be calculated by Eq. 6-9. 

y

C

[
/ / )

[ ] 1 C ]
(

x

C

d C SH d C
r g g da

dt x dt
y= − =         Eq. 6-9 

where y[ ]xC SH , [C ]C  denotes the concentration of the yxC SH , or CC . The concentration of 

CaCO3 is expressed as the weight per the initial weight of C-S-H ( / )g g , which is the 

normalized weight mentioned in Eq. 6-6. 

Based on the relative quantities, the normalized weight of different polymorphs of CaCO3 

produced are calculated for different C-S-H gels when carbonated for different time. The 

calculated normalized weights of CaCO3 polymorphs are listed in Table 6-13.  
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Table 6-13 Normalized weight (g/g) of different CaCO3 polymorphs produced in the C–S–H gel (C/S = 

0.66 to 2.00) exposed to the carbonation for different days 

C/S 
Exposure  

Time (Day) 

Normalized Weights (g / 1 g of initial C-S-H gel)  

Vaterite Aragonite Calcite 

0.66 

0 0.00 0.00 0.00 

1 0.929 0.037 0.034 

3 0.932 0.036 0.032 

7 0.928 0.044 0.027 

0.86 

0 0.00 0.00 0.00 

1 0.964 0.008 0.028 

3 0.951 0.018 0.031 

7 0.964 0.012 0.024 

1.18 

0 0.00 0.00 0.00 

1 0.593 0.190 0.217 

3 0.664 0.157 0.179 

7 0.658 0.206 0.136 

1.40 

0 0.00 0.00 0.00 

1 0.611 0.090 0.299 

3 0.681 0.097 0.223 

7 0.682 0.147 0.171 

1.70 

0 0.00 0.00 0.00 

1 0.670 0.086 0.244 

3 0.651 0.093 0.256 

7 0.670 0.127 0.202 

 

2.00 

 

0 0.00 0.00 0.00 

1 0.721 0.105 0.174 

3 0.683 0.095 0.222 

7 0.691 0.117 0.192 

 

Especially, the normalized amount of portlandite was calculated for C-S-H gels before the 

exposure. Then, the amount of CaCO3 produced by the carbonation of portlandite in some C-

S-H gels (C/S ratio of 1.7 or 2.0) was subtracted from the total amount of carbonates, to 

calculate the amount of CaCO3 produced from the carbonation of C-S-H gels. Total 

normalized weight of CaCO3 is plotted versus the carbonation time in Figure 6-16. 

By fitting the data in Figure 6-16, a liner relation is built between the total amount CaCO3 

and carbonation time. Apparently, the total normalized amount of CaCO3 (divided by the C/S 

of C-S-H) formed from the carbonation of C-S-H is in a linear relation with the carbonation 

time. The slope is indicating the carbonation rate / /( )g g day  of CaCO3 referring to Eq. 6-9. 

 The carbonation rate of C-S-H is constant for all the studied C-S-H gels. Carbonation rate 

expressed here actually is the general crystal growth rate of CaCO3. Formation of CaCO3 

crystal consists of two processes: crystal nucleation and growth. In the initial nucleation stage, 

crystal nucleus with different particle sizes are simultaneously nucleated and then growing 

with the time. According to the crystal growth rate dispersion (GRD) model [6], which is 

describing the variation in the crystal growth rates within a population of crystals. In this  
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Figure 6-16 Development of total CaCO3 amount produced from the carbonation of C-S-H with 

exposure time  

 

 
Figure 6-17 Expected sizes of individual particles in a batch growth cell vs time; the growth rate 

distribution is shown in the inset, after [6] 

model, each individual crystal is growing with a unique constant rate (see Figure 6-17). The 

crystal growth rate dispersion is the assembling of all the growth rates of every individual 

crystal in the population. And the particle size distribution at any time is a linear expansion of 

the growth rate distribution, shown in Figure 6-17. Thus, the overall crystal growth rate of the 

whole population should be a constant as well. This is exactly what is observed in Figure 

6-16. 



134 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

C
ar

b
o

n
at

io
n
 r

at
e 

co
n

st
an

t 
(α

) 
(g

/g
 p

er
 d

ay
)

Ca/Si ratio

Slop = -0.05175, R
2
 = 0.9722

 

Figure 6-18 Relation between carbonation rate related constant and C/S of C-S-H powder 

 

Furthermore, the carbonation rate constant of C-S-H powder calculated by the above-

mentioned method and are plotted against the C/S ratio in Figure 6-18. Apparently, the 

carbonation rate constant of C-S-H gels in powder status has a good negative linear 

correlation with the C/S ratio. The higher the C/S ratio, the lower the carbonation rate 

constant. It can be concluded that the C-S-H with relative higher C/S ratio has a higher 

resistance to carbonation. 

6.3.4 Carbonation of C-S-H gels in the early stage 

6.3.4.1 Carbonation rate tested by FTIR 

In section 6.3.1, the XRD and 29Si NMR test results of C-S-H gels exposed to accelerated 

carbonation for days were discussed. However, the carbonation process was developed so fast, 

that only the final carbonation products were found. In order to observe the changes of the 

silicate chain structure in the early exposure stage, FTIR tests were performed on the C-S-H 

gels with different C/S ratio, exposed to accelerated carbonation for hours, varying from 0.5 h 

to 24 h. The FTIR test results are shown in Figure 6-19. 

In the FTIR spectra of C-S-H, there is a characteristic peak at around 970 cm-1. This peak 

indicates the Si-O stretching vibrations of Q2 tetrahedra. It shifts to the lower frequency 

(higher wavenumber in FTIR spectra) with the increasing of C/S [7-9]. On the contrary, it 

shifts to higher frequency (lower wavenumber in FTIR spectra) after carbonation, see Figure 

6-19. Meanwhile, the intensity of the peak at around 970 cm-1 decreases dramatically. 

The shoulder peak at around 1066 cm-1, indicating the Si-O stretching vibrations of Q2 

tetrahedra, is showing an obvious growth in the intensity after carbonation. This peak only 

appears in the FTIR spectrum of C-S-H with low C/S ratio or in the tobermorite. The changes 

of these two peaks during carbonation reveal the progressive polymerization of silicate chains.  



135 

4000
3800

3600
3400

3200
3000

2800
1800

1600
1400

1200
1000

800
600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

871
968

A
b
so

rb
a
n
c
e
 (

%
)

Wavenumbers (cm-1)

Ca/Si =  0.66

1066

1400~1500

24 h

18 h

12h

6.0 h

3.0 h

1.0 h

0.5 h

0 h

       

4000
3800

3600
3400

3200
3000

2800
1800

1600
1400

1200
1000

800
600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Ca/Si =  0.86

A
b

so
rb

a
n

c
e
 (

%
)

Wavenumbers (cm-1)

24 h

18 h

12h

6.0 h

3.0 h

1.0 h

0.5 h

0 h

1400~1500

1066

968
871

 

 

4000
3800

3600
3400

3200
3000

2800
1800

1600
1400

1200
1000

800
600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Ca/Si =  1.18

A
b

so
rb

a
n
c
e
 (

%
)

Wavenumbers (cm-1)

24 h

18 h

12h

6.0 h

3.0 h

1.0 h

0.5 h

0 h

1400~1500
1066

968

871

        

4000
3800

3600
3400

3200
3000

2800
1800

1600
1400

1200
1000

800
600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Ca/Si =  1.40

A
b

so
rb

a
n
c
e
 (

%
)

Wavenumbers (cm-1)

24 h

18 h

12h

6.0 h

3.0 h

1.0 h

0.5 h

0 h

1400~1500
1066

968

871

 

 

4000
3800

3600
3400

3200
3000

2800
1800

1600
1400

1200
1000

800
600

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
b
so

rb
an

ce
 (

%
)

Wavenumbers (cm-1)

24 h

18 h

12h

6.0 h

3.0 h

1.0 h

0.5 h

0 h

1400~1500 1066

968

871Ca/Si =  1.70

 

Figure 6-19 FTIR test of C-S-H, C/S = 0.66 - 1.70, exposed to carbonation for hours, from 0.5 to 24 

hours 

 

The peak at around 875 and 1400-1500 cm-1 represents the bending of CO3
2- (v2) and the 

stretching of CO3
2- (v3), respectively. Both have a dramatic increase in the intensity when the 
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shoulder peak (1066 cm-1) grows into an obvious and independent peak. For example, it can 

be observed in the spectrum of C-S-H with the C/S ratio of 0.66, carbonated for 3 h. This 

‘critical’ time is 6 h for the C-S-H with C/S ratios 0.86 and 12 h for the rest three C-S-H 

phases (C/S = 1.18, 1.40 and 1.70). The changes of these peaks in the FTIR spectra indicate 

that the destruction of the silicate chain in the C-S-H is starting under carbonation. Comparing 

the ‘critical’ time identified for different C-S-H gels, it can be concluded that C-S-H with a 

higher C/S ratio decomposed at a lower rate than that of C-S-H with a lower C/S ratio.  

6.4 Conclusions 

In this chapter, the accelerated carbonation was performed on the C-S-H gels with different 

C/S ratio. The CO2 concentration in the carbonation chamber was maintained at 3% ± 0.2 

(V/V), which is relatively higher than that in ambient condition. The carbonation products are 

identified by means of XRD, 29Si NMR, and FTIR. Both qualitative and quantitative 

information related to the carbonation rate of different C-S-H gels are collected and compared. 

The main conclusions are as follow: 

◆ Carbonation products of C-S-H are calcium carbonate (CaCO3) and silica gel. 

◆ Three polymorphs of CaCO3 are found in the carbonation products of C-S-H with 

different C/S ratio, i.e., Calcite, Aragonite and Vaterite (μ-CaCO3), but in different 

amounts. 

◆ Vaterite is the major carbonate in carbonation products of C-S-H. Limited amount of 

aragonite and calcite can be observed in the carbonation products of C-S-H with 

relatively lower C/S ratio (0.66 or 0.86). A dramatic increase of the amount of aragonite 

and calcite is only found in carbonation product of C-S-H with relatively high C/S ratio, 

i.e., C/S > 0.86.  

◆ Carbonation rate of C-S-H powder is calculated in this study, based on the changes of 

calcium carbonate amount with the carbonation time, which represents the average 

carbonation rate of the C-S-H powder. This carbonation rate is a constant value for each 

C-S-H gel studied. 

◆ The carbonation rate constant of C-S-H is decreasing with increasing C/S ratio; it has a 

negative linear correlation with the C/S ratio (Figure 6-18). 

◆ C-S-H gel with relatively high C/S ratio has a lower carbonation rate, confirmed by both 

the calculated carbonation rate constant of C-S-H powder and by the test results of FTIR, 

which has a better resistance to carbonation under the same conditions. 

◆ Although the carbonation rate is determined for C-S-H powder in this study, the relative 

carbonation rate of C-S-H with different C/S ration can be introduced in the calculation of 

carbonation depth developed in the concrete, when modelling the depth from the 

chemical reaction point of view. 
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7  
 

Implementation 

 

 

In practice, a well-known square-root empirical equation is used for the prediction of 

carbonation depth developed in Portland cement concrete (see also Ch. 2). However, the 

experimental studies in this thesis revealed that the carbonation of C-S-H phases plays a very 

important role in the carbonation of blended cement paste, which is not considered in the 

empirical equation used in practice for predicting the rate of carbonation in Portland cement 

concrete. Therefore, the improved empirical equation will be developed for the blended 

cement concrete in this chapter.  

 

 
Figure 7-1 Illustration of an arbitrary stage of the carbonation process in concrete.  
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7.1 Modelling strategy 

The desired improved predictive formula focuses on the mass balances of the major phases 

involved in the physico-chemical processes happening in the carbonation front, illustrated in 

Figure 7-1. 

At the carbonation front, hydration, carbonation and CO2 diffusion happen simultaneously. 

For each phase involved, the equation related to mass balance is built. In the end they are 

combined into the mass balance of CO2 as basis for an improved equation for predicting the 

carbonation depth, which is the function of phase concentration, diffusion coefficient of CO2 

and time. The final equation will be validated by the experimental data from Chapter 3 and 4. 

In Chapter 3, a few mixtures of cement paste were designed. For a certain mixture, the 

concentration of phases present prior to carbonation are measured and are used as input. After 

accelerated carbonation tests (Chapter 4), the porosities of totally carbonated samples are 

measured and used to calculate the CO2 diffusion coefficient. In the end, the calculated 

improved equation will be validated by the carbonation depth data measured in Chapter 4. 

The modelling strategy is described in Figure 7-2. 

  
Figure 7-2 Schematic of modelling strategy 
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7.2 Physicochemical processes involved in carbonation 

The physico-chemical processes involved in the carbonation of blended concrete are: 

- The chemical reactions including hydration and pozzolanic reactions from where 

calcium-bearing phases are formed. 

- The diffusion of atmospheric CO2 in the gaseous phases in the concrete pores. 

- The dissolution and diffusion of solid Ca(OH)2 in the pore water. 

- The dissolution of CO2 and its reaction with dissolved Ca(OH)2 in the pore water. 

- The reaction of CO2 with other solid calcium-bearing phases, e.g. unhydrated C3S and 

C2S. 

- The reduction of the pore volume due to the production of solid phases during the 

hydration and carbonation. 

- The condensation of water vapour on the walls of concrete pores, in equilibrium to the 

ambient temperature and relative humidity conditions. 

In the following study, these processes are quantitatively described by a mathematical 

model in details. 

7.3 Chemical reactions in blended cement paste 

7.3.1 Hydration reactions in Portland cement and blended cement pastes 

In blended cement pastes, chemical reactions include the hydration of Portland cement and 

pozzolanic reaction of SCMs. Calcium-bearing phases are produced from both. The major 

calcium-bearing phases involved in the carbonation of concrete are Ca(OH)2 (CH or 

portlandite), calcium silicate hydrate (C-S-H) and still unhydrated silicates, i.e.  tricalcium 

silicate, 23CaO SiO (C3S) and dicalcium silicate, 22CaO SiO (C2S). CH and C-S-H are the 

products of hydration of C3S and C2S [1-3]. The chemical composition of C-S-H is assumed 

to be 1.7 4C SH  [4]: 

3

3 1.7 45.3 1.3
h

C Sr
C S H C SH CH+ ⎯⎯→ +         Eq. 7-1 

2

2 1.7 44.3 0.3
h

C Sr
C S H C SH CH+ ⎯⎯→ +         Eq. 7-2 

For the other two major minerals in cement clinker, i.e. 3C A  and 4C AF , the chemical 

reactions are determined by the actual amounts of gypsum (
2CSH ) and ettringite ( 6 3 32C AS H ) 

in the system [2, 3]. In formula form:  
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1. If gypsum is present in the system: 

,3

3 2 6 3 323 26
h

C A S
r

C A CSH H C AS H+ + ⎯⎯⎯→          Eq. 7-3 

,4

4 2 6 3 32 33 30
h

C AF S
r

C AF CSH H C AS H CH FH+ + ⎯⎯⎯→ + +        Eq. 7-4 

2. If gypsum is totally consumed and ettringite is present in the system: 

,3

3 6 3 32 4 122 4 3
h

C A E
r

C A C AS H H C ASH+ + ⎯⎯⎯→          Eq. 7-5 

,4

4 6 3 32 4 12 32 12 3 2 2
h

C AF E
r

C AF C AS H H C ASH CH FH+ + ⎯⎯⎯→ + +      Eq. 7-6 

3. If both gypsum and ettringite are used up in the system: 

3

3 3 66
h

C Ar
C A H C AH+ ⎯⎯→            Eq. 7-7 

4

4 3 6 3+10
h

C AFr
C AF H C AH CH FH⎯⎯⎯→ + +          Eq. 7-8 

C-S-H with relatively low Ca/Si ratio is produced from the pozzolanic reaction of fly ash 

(FA) and blast furnace slag (BFS), during which CH is consumed. The stoichiometry of 

pozzolanic reaction of FA is described in Eq. 7-9 (Bentz [5]): 

1.1 3.9 2 8(2 1.1 ) 6+2.8 )AS xS yC x y CH x y H xC SH C ASH  + + − + + → +（      Eq. 7-9 

in which AS xS yC   is the chemical formula of FA. x  and y  are stoichiometry coefficients, 

which can be calculated from the chemical composition of FA. For the chemical compositions 

of FA, listed earlier Table 3-1, the values of x  and y  are 1.80 and 0.33, respectively. The 

pozzolanic reaction of FA is rewritten accordingly as follows: 

1.8 0.33

1.8 0.33 1.1 3.9 2 83.65 11.37 1.8
h

AS S C
r

AS S C CH H C SH C ASH   + + ⎯⎯⎯⎯→ +      Eq. 7-10 

where 1.1 3.9C SH  and 2 8C ASH  are the C-S-H gel and strätlingite produced from the pozzolanic 

reaction of FA. According to Richardson [6] the stoichiometry in the pore solution of the 

reaction between BFS and portlandite can be described by Eq. 7-11: 
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7.88 7.39 3

7.88 7.39 3 1.42 2.92 0.046 4.6 19

 (C(-A)-S-H)  (hydrotalcite-li

2.6 31.5 7.39 0.66

                                                                                           

h
C S M Ar

C S M A CH H C SH A M AH+ + ⎯⎯⎯⎯→ +

ke)

   Eq. 7-11 

The above-mentioned chemical reactions occur at molar rates h

ir  (in moles of reactant i , 

[m3/s]), in which the index i  indicates the reacting constituent of Portland cement and SCMs, 

i.e. 3C S , 2C S  etc.. The superscript h  denotes ‘hydration’. 

In the blended system, the molar rates (in moles of product i , [m3/s]) of production of C-S-

H and CH, denoted by h

CSHr  and h

CHr  respectively, are: 

1.7 3 2

h h h

C SH C S C Sr r r= +           Eq. 7-12 

1.1 1.8 0.33

1.8
AS S C

h h

C SHr r
 

=           Eq. 7-13 

1.42 7.88 7.39 3
7.39h h

C SH C S M Ar r=          Eq. 7-14 

3 2 4 1.1 1.42
1.3 0.3 1.0 2.03 0.35h h h h h h

CH C S C S C AF C SH C SHr r r r r r= + + − −      Eq. 7-15 

7.3.2 Carbonation reactions in Portland and blended cement pastes 

The carbonation of portlandite in the cement paste happens, at a rate of c

CHr  (in moles of CH, 

solid, or dissolved [m3/s]): 

c
CHr

CH C CC H+ ⎯⎯→ +          Eq. 7-16 

The carbonation of C-S-H and unhydrated silicates takes place according to the following 

reactions: 

1.7 4

1.7 4 41.7C 1.7 ( )
c

C SHr
C SH CC SH gel+ ⎯⎯⎯→ +          Eq. 7-17 

1.1 3.9

1.1 3.9 3.91.1C 1.1 ( )
c

C SHr
C SH CC SH gel+ ⎯⎯⎯→ +         Eq. 7-18 

1.42 2.92 0.046

1.42 2.92 0.046 2.921.42C 1.42 ( ) 0.046 ( )
c

C SH Ar

v vC SH A CC SH gel AH gel−+ ⎯⎯⎯⎯⎯→ + +    Eq. 7-19 
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3

3 3 + 3
c

C Sr

vC S C vH CC SH+ ⎯⎯→ +           Eq. 7-20 

2

2 2 2
c

C Sr

vC S C vH CC SH+ + ⎯⎯→ +          Eq. 7-21 

The above-mentioned carbonation reactions occur at molar rates c

ir  (in moles of reactant i , 

[m3/s]), in which i  refers to reacting constituent involved in the carbonation process. i.e. CH , 

CSH  etc.. The superscript c  denotes ‘carbonation’. 

7.3.3 Pore structure formation and diffusivity – Introductory comments 

During the chemical reactions solid phases dissolve while forming a porous microstructure. 

The porosity   of concrete changes with time according to: 

0( ) ( ) ( )h ct t t   = −  −            Eq. 7-22 

in which 0  is the ratio of the volume of mixing water to the total volume of fresh concrete, 

and ( )h t , ( )c t  are the changes in porosity due to hydration and carbonation, respectively. 

Diffusion of CO2 takes place in the gas phase of the concrete pores, while the dissolved 

CH and CO2 react in the pore solution. To compute the fraction of the pore volume filled with 

water, it is assumed that the amount of water in the pores is constant in time at constant 

ambient relative humidity and temperature, regardless the amount of water consumed or 

produced by hydration and carbonation. For a given relative humidity (RH), the pores with 

diameter less than the Kelvin diameter kd , corresponding to RH, will be filled with water [7], 

whereas the walls of remaining pore will be covered with a thin film of water. The thickness 

Tw of the water film is determined by the prevailing relative humidity [7]. If the pore size 

distribution is known, the volume fraction Kf  of the pores filled with water can be calculated, 

as well as the volume fraction wf  occupied by the film of water. The sum K wf f f= +  is the 

volume fraction of the pores corresponding to the liquid phase and the rest, 1 f− , is that of 

the gas phase. The magnitudes both wf  and f  are necessary for the mathematical model 

described in the following paragraphs. 

7.4 Mathematical model for predicting the carbonation depth 

7.4.1 Mass balance at the reaction front of phases involved in carbonation 

The mathematical model for predicting the carbonation depth is based on the mass-balances 

of phases involved in chemical and physical reactions happening at the carbonation front. 

Calculation of mass balance will be applied for CO2, CH, C-S-H and unhydrated C3S, C2S. 
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Mass balance of CO2 

In the carbonation front, the CO2 is consumed during the chemical reactions between CO2 

and carbonatable phases. Meanwhile, fresh CO2 is supplied continuously by the CO2 diffusion. 

The instantaneous change of CO2 amount can be expressed in the following equation. 

 
2

1.7 1.1 3.9 1.42 2.92

3 2

2
2 ,

0

0.046

[ ]
(1 )[ ]

                              1.7 1.1 1.42

                              3 2

e CO

c c c c

w CH C SH C SH C SH

c c

C S C S

d COd d
f CO D

dt dx dx

f r r r r A

r r





 
− =  

 

− − − −

− −

   Eq. 7-23 

in which x indicates the distance from the surface of the concrete and t denotes time. 

Mass balance of CH (solid or dissolved) 

In the carbonation front, CH is consumed during the carbonation. Meanwhile, fresh CH is 

produced from hydration. The instantaneous change of CH amount can be expressed in the 

following equation. 

  0

2( ) h c

CH w CH

d
Ca OH r f r

dt
= −                 Eq. 7-24 

in which, the Ca(OH)2 (aq) diffusion term is not considered, because it is negligibly small for 

relative humidity less than about 90% [8]. 

Mass balance of C-S-H  

In the carbonation front, C-S-H is consumed during the carbonation. Meanwhile, fresh C-

S-H is produced from hydration. The instantaneous change of C-S-H amount can be 

expressed in the following equation. 

 
1.7 1.71.7

h c

C SH C SH

d
C SH r r

dt
= −                  Eq. 7-25 

 
1.1 3.9 1.1 3.91.1 3.9

h c

C SH C SH

d
C SH r r

dt
= −                 Eq. 7-26 

 
1.42 2.92 0.046 1.42 2.92 0.0461.42 2.92 0.046

h c

C SH A C SH A

d
C SH A r r

dt
= −       Eq. 7-27 
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Mass balance of unhydrated silicates 

In the carbonation front, unhydrated silicates are consumed by both carbonation and 

hydration. The instantaneous change of C-S-H amount can be expressed in the following 

equation. 

 
3 33

h c

C S C S

d
C S r r

dt
= − −            Eq. 7-28 

 
2 22

h c

C S C S

d
C S r r

dt
= − −          Eq. 7-29 

Considering Eq. 7-12 to Eq. 7-15, Eq. 7-24 through Eq. 7-29 in Eq. 7-23, mass balance of 

CO2 can be described as follows:  

( )

2

2
,

1.7 1.1 3.9 1.42 2.92 0.046 3 2

[ ]
0

                 

  [ ] 1.7[ ] 1.1[ ] 1.42[ ] 3[ ] 2[ ]

 (1.

 (part 1)

                                                             (part 2)

e CO

d COd
D

dx dx

d
CH C SH C SH C SH A C S C S

dt

 
=  

 

+ + + + + +

+
7.88 7.39 3 41.8 0.33

 

                       

6

 

      (

74 7.91 1.0 )

                          

part 3)

 

AS S C

h h h

C S M A C AFr r r
 

− −

  Eq. 7-30 

Assuming that the carbonation front is sharp and with no transition zone, the following 

conditions can be obtained: 

       

0 0

2 2 1.7 1.7

0 0

1.1 3.9 1.1 3.9 1.42 2.92 0.046 1.42 2.92 0.046

0 0

3 3 2 2

[ 2] 0,[ ( ) ] [ ( ) ] ,[ ] [ ] ,

,

[ ] [ ] ,[ ] [ ] ,

                             

c

CO Ca OH Ca OH C SH C SH

C SH C SH C SH A C SH A

C S C S C S C S x x

= = =

= =

= = 

     Eq. 7-31 

whereas, in the completely carbonated area it holds: 

   2 1.7 1.1 3.9 1.42 2.92 0.046 3 2[ ( ) ] [ ] [ ] [ ] 0,0

                             

cCa OH C SH C SH C SH A C S C S x x= = = = = =  
  Eq. 7-32 

7.4.2 Diffusion coefficient of CO2 –
, 2e CO

cD  

In the later region of totally carbonated zone, the diffusion coefficient of CO2 is constant and 
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equal to the value that related to the completely carbonated area, 
, 2e CO

cD . Therefore, there also 

exists in this region: 

2
02

2 22

[ ]
0, i. e., [ ] [ ] (1 ),0

                             

c

c

d CO x
CO CO x x

dx x
= = −  

      Eq. 7-33 

The diffusion coefficient of CO2 (in m2/sec) can be calculated with [9]: 

, 2

5 2.74 4.21.64 10 ( ) (1 )
e CO

c c

SRD S−  −         Eq. 7-34 

in which SRS  is the degree of saturation of the pore system, c  is the porosity of total 

carbonated cement paste. 

7.4.3 Prediction of carbonation depth of Portland and blended cement paste 

7.4.3.1 General predictive equation 

All terms in Eq. 7-30 are multiplied by cdx  which is illustrated in Figure 7-1. The third part 

of Eq. 7-30, which describes the reaction rate kinetics, i.e. 
4

H

C AFr , is small and assumed zero. 

Moreover, a study of the competition among different carbonation reactions [10] shows that 

the carbonation of 3C S  and 2C S  will consume only 1/50 and 1/20, respectively, of CO2 

consumed by the carbonation of CH for the same carbonation time. Therefore, the carbonation 

of 3C S  and 2C S  can be ignored in this equation. The final equation can then be described as 

follows: 

( )
2

0

, 2

0 0 0 0

1.7 1.1 3.9 1.42 2.92 0.046

[ ]

[ ] 1.7[ ] 1.1[ ] 1.42[ ]

e COc
c

D COdx
x

dt CH C SH C SH C SH A
=

+ + +
   Eq. 7-35 

By integrating and satisfying the initial condition 0cx =  at 0t = , leads to: 

( )
, 2

0

2

0 0 0 0

1.7 1.1 3.9 1.42 2.92 0.046

2[ ]

[ ] 1.7[ ] 1.1[ ] 1.42[ ]

e CO

c

c

CO D
x t

CH C SH C SH C SH A
=

+ + +
   Eq. 7-36 

7.4.3.2 Carbonation depth of Portland cement and blended pastes  

When applying Eq. 7-36 for different mixtures, the rate of the carbonation front (depth) in 

Portland cement paste ( PC

cx ) and FA ( FA

cx ) or BFS ( BFS

cx ) blended cement paste can be  
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obtained with the following formulae (note: for comparison Papadakis’ equation, i.e. Eq. 7-38, 

for carbonation of Portland cement paste is shown as well; see also section 7.4.5): 

( )
, 2

0

2

0 0

1.7

2[ ]

[ ] 1.7[ ]

e CO

c

PC

c

CO D
x t

CH C SH
=

+
        Eq. 7-37 

( )
, 2

0

2

0 0

3 2 3

2[ ]

[ ] 3.0[ ]

e CO

c

PC

c

CO D
x t

CH C S H
=

+
      (Papadakis’ equation)     Eq. 7-38 

( )
, 2

0

2

0 0 0

1.7 1.1 3.9

2[ ]

[ ] 1.7[ ] 1.1[ ]

e CO

c

FA

c

CO D
x t

CH C SH C SH
=

+ +
      Eq. 7-39 

( )
, 2

0

2

0 0 0

1.7 1.42 2.92 0.046

2[ ]

[ ] 1.7[ ] 1.42[ ]

e CO

c

BFS

c

CO D
x t

CH C SH C SH A
=

+ +
     Eq. 7-40 

7.4.4 Determination of model parameters of prediction formula 

The formulas presented in section 7.4.3 contain several components, c.q. parameters, of which 

the values still need to be determined. The unknowns are the diffusion coefficient of CO2 and 

initial concentrations (at the start of the carbonation process) of different constituents 

involved in the carbonation process, viz.: 

− Diffusion coefficient of CO2 

− Concentration of CH 

− Concentration of (different types of) C-S-H  

The values of these unknowns are determined by the composition of the binders and stage 

of the hydration process. The concentration of CH and C-S-H are calculated based on the 

TGA data tested in Chapter 3. The diffusion coefficient of CO2 is calculated based on the 

porosity of fully carbonated paste by using Eq. 7-34. Apart from the above-mentioned 

quantities, the CO2 concentration has to be known. This concentration is determined by the 

ambient conditions at the concrete surface.  

In the following sub-sections the Eq. 7-37 to Eq. 7-40 will be used for predicting the 

carbonation depth in three cement pastes, i.e. Portland cement paste P100 and blended cement 

pastes F30 and B70. The mixture compositions were presented already in Table 3-8. The 

samples were hydrated for 1 year (365 days) before the accelerated carbonation test started. 

The CO2 concentration ( 0

2[ ]CO ) and relative humidity (RH) are 3% (V/V) and 75%, 

respectively, as specified in section 4.1.2 of Chapter 4. The samples of different mixtures,  
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chosen for the determination of porosity, were carbonated for 84 days. Predicted carbonation 

depths will be compared with measured carbonation depths shown in Figure 4-6.  

Table 7.1 summarizes the results and calculations, as well as other parameter values for 

determination of the carbonation depth. The details of the calculations of these parameters for 

the mixtures P100, F30 and B70 will be described in the following sections.  

 

Table 7-1 Parameters used in Eq. 7-37, Eq. 7-39 and Eq. 7-40 

  Mixture   

Component Symbol Unit P100 F30 B70 

Porosity c  % 13.24 19.54 17.90 

Saturation degree SRS  % 38.0 38.0 38.0 

Diffusion coefficient  
, 2e CO

cD   × 10 -8, m2/s 0.8647 2.5120 1.9756 

*CO2 concentration 
0

2[ ]CO  × 10 -3, mol/L 1.25 1.25 1.25 

Water released from CH 
CH

hw   % 4.19 1.8 0.42 

Bulk density  bulk g/L 1606.5 1482.3 1456.8 

CH-concentration 
0[ ]CH   mol/L 3.74 1.48 0.34 

Released water from C-S-H 
C S H

hw − −
  % 9.87 9.21 11.31 

H2O concentration [ ]o

C S HH − −
  mol/L 8.81 7.58 9.15 

C-S-H concentration 

0

1.7[ ]C SH  mol/L 2.20 1.07 0.58 

0

1.1 3.9[ ]C SH  mol/L - 0.84 - 

0

1.42 2.92 0.046[ ]C SH A  mol/L - - 2.33 

*  The temperature and CO2 concentration in the carbonation chamber are 20˚C and 3%(V/V) respectively. 

Under 20˚C, the molar volume of gas is 24 L/mol. Therefore, the calculated 
0

2[ ]CO  is 0.00125 mol/L. 

 

7.4.4.1  Determination of diffusion coefficient of CO2 

The saturation degree SRS  of the pore system is determined by the ambient relative humidity 

RH, the relation of which was built by Papadakis and verified by experimental data [7]. From 

his studies, the relation of S and RH (%) is independent of the presence of aggregates, but 

obviously affected by the w/c ratio and carbonation. From Figure 6-a in his study [7], the 

Saturation degree SRS  is confirmed as 0.38 in this figure, when the ambient RH equals to 75%. 

The total porosity c of completely carbonated (blended) cement pastes are taken from the 

same MIP test data shown in Figure 4-14. These data are re-listed in Table 7-1. The diffusion 

coefficients 
, 2e CO

cD  of different mixtures are calculated with Eq. 7-34 and also listed in Table 

7-1. 
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7.4.4.2  Determination of initial concentration of CH  

The initial concentration of CH ( 0[ ]CH , mol/L) in the (blended) cement paste can be 

calculated with the modified equation based on Eq. 3-5 in Chapter 3: 

2

0[ ] ( / )
100

CH

h bulk

H O

w
CH mol L

M


=          Eq. 7-41  

where CH

hw is the relative mass percentage of water due to the dehydration of CH, calculated 

by the tangential method (see Figure 3-6); ( / )bulk g L  is the bulk density of cement paste 

before carbonation, calculated from the MIP test result discussed in section 3.3.3; 

2
( / )H OM g mol  = 18 is the molar weight of H2O. Based on the TG test results shown in 

Figure 3-5, the values of CH

hw for different mixtures are calculated and listed in Table 7-1.  

The bulk density ( / )bulk g L  of the cement pastes before carbonation are taken from the 

same MIP test data shown in Chapter 3, listed in Table 7-1. 

By inserting the data for the amount of released water CH

hw and the bulk density bulk to Eq. 

7-41, the initial concentration of 0[ ]CH [mol/L] of different (blended) cement pastes are 

calculated and listed in Table 7-1. 

7.4.4.3  Determination of initial concentration of C-S-H  

As mentioned before, the chemical formula of C-S-H produced from the hydration of Portland 

cement and the pozzolanic reactions of FA or BFS are expressed as 1.7 4C SH , 1.1 3.9C SH  and 

1.42 2.92 0.0064C SH A , respectively. The amounts of different types of C-S-H can be obtained from 

dehydration data.  The dehydration of different types of C-S-H can be described as follows: 

1.7 4 2 21.7 4C SH CaO SiO H O⎯⎯→ + +           Eq. 7-42  

3 2 3 2 23 2 3C S H CaO SiO H O⎯⎯→ + +  (C-S-H phase in Papadakis’ equation)  Eq. 7-43  

1.1 3.9 2 21.1 3.9C SH CaO SiO H O⎯⎯→ + +           Eq. 7-44  

1.42 2.92 0.0064 2 2 2 31.42 2.92 0.0032C SH A CaO SiO H O Al O⎯⎯→ + + +     Eq. 7-45  

Based on the above equations, the amount of C-S-H can be calculated from the amount of 

water released in the dehydration of C-S-H during the heating process in TG tests: 
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In Portland cement paste: 

2

0 0

1.7 4

1 1
[ ] ( / ) [ ]

4 4 100

CSH

h bulk
CSH

H O

w
C SH mol L H

M


=  =         Eq. 7-46  

In FA blended cement paste: 

1.7 4

1.7 4

2

0 0

1.7 4

1 1
[ ] ( / ) [ ]

4 4 100

C SH

h bulk
C SH

H O

w
C SH mol L H

M


=  =        Eq. 7-47  

1.1 3.9

1.1

2

0 0

1.1 3.9 3.9

1 1
[ ] ( / ) [ ]

3.9 3.9 100

C SH

h bulk
C SH

H O

w
C SH mol L H

M


=  =       Eq. 7-48  

1.7 4 1.1 3.9

2

0 0 0[ ] ( / ) [ ] [ ]
100

C S H

h bulk
C S H C SH C SH

H O

w
H mol L H H

M

− −

− − =  = +      Eq. 7-49  

in BFS blended cement paste: 

1.42 2.92 0.0064

1.42 2.92 0.0064

2

0 0

1.42 2.92 0.0064

1 1
[ ] ( / ) [ ]

2.92 2.92 100

C SH A

h bulk
C SH A

H O

w
C SH A mol L H

M


=  =     Eq. 7-50  

1.7 4 1.42 2.92 0.0064

2

0 0 0[ ] ( / ) [ ] [ ]
100

C S H

h bulk
C S H C SH C SH A

H O

w
H mol L H H

M

− −

− − =  = +     Eq. 7-51  

where CSH

hw is the relative mass percentage of water due to the dehydration of certain C-S-H, 

which can be calculated from the same TG test data used for the determination of CH

hw . 

In the TG curve of cement pastes prior to carbonation (see Figure 3-5), the weight loss in 

the range of 40-400°C is normally related to the dehydration of C-S-H [11, 12], part of the 

carboaluminate hydrates [13], AFm and AFt [14] [15] phases, monocarbonate [16], as well as 

to the emission of physically-bound water [12]. Further considering the TGA-MS results 

shown in Figure 3-5, the weight loss in the range of 105 – 350°C is considered as the water 

released from the C-S-H during the heating. The C S H

hw − − for different mixtures are calculated 

and listed in Table 7-1. 

The concentration of water [ ]o

C S HH − −
 [mol/L] released from the dehydration of C-S-H in 

different cement pastes, are calculated with Eq. 7-46, Eq. 7-49 and Eq. 7-51. The results are 

listed in Table 7-1. 
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7.4.4.3a  Determination of initial concentration of C1.7SH4  

The initial concentration of C1.7SH4 in Portland cement paste is determined by Eq. 7-46. The 

calculation result of 0

1.7 4[ ]C SH  is listed in Table 7-1. 

7.4.4.3b  Determination of initial concentration of C1.1SH3.9 and C1.42SH2.92A0.0064 

It should be emphasized that [ ]o

CSHH , calculated for blended cement pastes F30 and B70, 

indicates the total amount of water. It includes both the water released from 1.7 4C SH  and the 

water released from 1.1 3.9C SH  (in F30) or 1.42 2.92 0.0064C SH A  (in B70), as described in Eq. 7-49 

or Eq. 7-51. The initial concentration of different C-S-H phases in the blended paste will be 

calculated separately. 

The ratio of the initial concentrations of different C-S-H gels formed in blended cement 

paste can be calculated with: 

1.7 4 1.1 3.9

1.1 3.9 1.7 4

0

1.7 4

0

1.1 3.9

V[ ]

[ ] V

C SH C SH

C SH C SH

vC SH

C SH v
=          Eq. 7-52  

1.7 4 1.42 2.92 0.0064

1.42 2.92 0.0064 1.7 4

0

1.7 4

0

1.42 2.92 0.0064

V[ ]

[ ] V

C SH C SH A

C SH A C SH

vC SH

C SH A v
=        Eq. 7-53  

where C S Hv − − (L) is the volume of C-S-H and VC S H− − (L/mol) the molar volume of C-S-H. The 

molar volumes of different C-S-H gels are listed in Table 7-2. 

 

Table 7-2 Molar volume of C-S-H (VC-S-H, 10-3 L/mol) 

Minerals VC S H− − (10-3 L/mol) ref. 

1.7 4C SH  112.9 [17, 18] 

1.1 3.9C SH  60.4 [19] 

1.42 2.92 0.0064C SH A  68.2 [19] 

 

Table 7-3 Volume ratio of different types of C-S-H formed in specific mixtures 

Mixture 
1.7 4

1.1 3.9

C SH

C SH

v

v
 1.7 4

1.42 2.92 0.0064

C SH

C SH A

v

v
 

F30 2.38 - 

B70 - 0.41 
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The volume ratio of different C-S-H gels formed in the blended cement paste is taken from 

the modeling results described in Figure 3-22 (for FA blended) and Figure 3-28 (for BFS 

blended). For specific mixture F30 and B70, these values are listed in Table 7-3. 

By applying the data in Table 7-2 and Table 7-3 in Eq. 7-52 and Eq. 7-53, the ratio of 

initial concentration of different C-S-H formed in the specific blended cement paste can be 

calculated and listed in Table 7-4. 

Applying the data given  in Table 7-1 ([ ]o

C S HH − −
) and Table 7-4 to the equations Eq. 7-46 

to Eq. 7-51, the initial concentration of different types of C-S-H are calculated and listed in 

Table 7-1.  

 

Table 7-4 Ratio of initial concentration of different types of C-S-H formed in the specific mixtures 

Mixture 

0

1.7 4

0

1.1 3.9

[ ]

[ ]

C SH

C SH
 

0

1.7 4

0

1.42 2.92 0.0064

[ ]

[ ]

C SH

C SH A
 

F30 1.27 - 

B70 - 0.25 

 

7.4.4.4 Final prediction model for cement paste P100, F30 and B70 

After inputting these data listed in Table 7-1, the equations Eq. 7-37, Eq. 7-39 and Eq. 7-40 

are further expressed respectively as follows:  

For Portland cement paste (Eq. 7-54): 

1

20.4997 ( )   ( / )PC

cx t day mm day=         Eq. 7-54 

For FA blended cement paste (Eq. 7-55): 

1

21.1335 ( )   ( / )FA

cx t day mm day=         Eq. 7-55 

For BFS blended cement paste (Eq. 7-56): 

1

20.9596 ( )   ( / )BFS

cx t day mm day=         Eq. 7-56 

The equations for predicting carbonation depth developed for different blended pastes will 

be plotted in the figures and compared with the carbonation depth shown in Figure 4-6.  

The carbonation depth in mixture P100 predicted with Eq. 7-54 is plotted in Figure 7-3, 

and compared with the experimental data shown earlier in Figure 4-6.  
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Figure 7-3 Carbonation depth predicted with Eq. 7-54 and measured carbonation depth -- Portland 

cement paste P100 (Hydrated for 365 days, carbonated for 84 days) 
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Figure 7-4 Carbonation depth predicted with Eq. 7-55 and measured carbonation depth -- Blended 

cement paste F30 (Hydrated for 365 days, carbonated for 84 days) 
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Figure 7-5 Carbonation depth predicted with Eq. 7-56 and measured carbonation depth -- Blended 

cement paste B70 (Hydrated for 365 days, carbonated for 84 days) 

 

Apparently, the model developed in this study gives a good prediction for Portland cement 

paste P100, certainly applicable for the practice. 

Prediction models for fly ash blended cement paste (Eq. 7-55) is plotted in Figure 7-4. For 

F30, the model developed in this study is over-estimating the carbonation depth, but it is still 

applicable for the practice. More experimental data is needed for the improvement of the 

model for fly ash blended cement paste.  

Prediction models for blast furnace slag blended cement paste (Eq. 7-56) is plotted in 

Figure 7-5. It is clear that the predictions with the model developed in this study is in good 

agreement with the measured carbonation depth for the slag-blended cement paste B70. 

7.4.5 Case study by application of Papadakis’ equation 

The original equation for prediction of the carbonation depth proposed by Papadakis is Eq. 

7-38. This equation, however, has been developed for the prediction of carbonation depth in 

Portland cement concrete. In this study, this original equation is ‘extended’ for the prediction 

of the carbonation depth developed in blended cement concrete. The Papadakis’ equation is 

applied for the three mixtures considered in this study, i.e. P100, F30 and B70. Note that this 

exercise is only done with the aim of seeing how the Papadakis equation performs if the input 

is adjusted to allow for the actual values of model parameters.  

The parameters used in the calculation by Papadakis’ equation are listed in Table 7-5. Most 

of the values of the parameters are the same as those used for the equations developed in this 

study (Table 7-1). The only difference is the initial concentration of C-S-H, which will be 

calculated separately. 
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Table 7-5 Parameters used in Eq. 7-38 (Papadakis’ equation) 

  Mixture   

Component Symbol Unit 

P100 - 

Papadakis’ 

equation 

F30 - 

Papadakis’ 

equation 

B70 - 

Papadakis’ 

equation 

Porosity c  % 13.24 19.54 17.90 

Saturation degree SRS  % 38.0 38.0 38.0 

Diffusion coefficient  
, 2e CO

cD   × 10 -8, m2/s 0.8647 2.5120 1.9756 

*CO2 concentration 
0

2[ ]CO  × 10 -3, mol/L 1.25 1.25 1.25 

Water released from CH 
CH

hw   % 4.19 1.8 0.42 

Bulk density  bulk g/L 1606.5 1482.3 1456.8 

CH-concentration 
0[ ]CH   mol/L 3.74 1.48 0.34 

Released water from C-S-H 
C S H

hw − −
  % 9.87 9.21 11.31 

H2O concentration [ ]o

C S HH − −
  mol/L 8.81 7.58 9.15 

C-S-H concentration 
0

3 2 3[ ]C S H  mol/L 2.20 2.53 3.05 

*  The temperature and CO2 concentration in the carbonation chamber are 20˚C and 3%(V/V) respectively. 

Under 20˚C, the molar volume of gas is 24 L/mol. Therefore, the calculated 
0

2[ ]CO  is 0.00125 mol/L. 

 

Especially, for the blended cement paste (F30, B70), only one type of C-S-H, produced 

from the hydration of cement, is considered in the calculation. The total amount of water 

(listed in Table 7-5) are all considered as the water released from the dehydration of 3 2 3C S H . 

The initial concentration of C-S-H in Papadakis’ equation is calculated for three same 

mixtures by using the following equation. 

2

0 0

3 2 3

1 1
[ ] ( / ) [ ]

3 3 100

CSH

h bulk
CSH

H O

w
C S H mol L H

M


=  =    (Papadakis’ equation)   Eq. 7-57  

The initial concentrations of C-S-H of three cases are calculated listed in Table 7-5. 

After inputting the data listed in Table 7-5, Eq. 7-38 can be further worked out for different 

cement pastes as follows: 

For Portland cement paste (Eq. 7-58): 

1

20.4250 ( )   ( / )PC

cx t day mm day=  (P100-Papadakis' equation)    Eq. 7-58 
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For FA blended cement paste (Eq. 7-59): 

1

20.7738 ( )   ( / )FA

cx t day mm day=  (F30-Papadakis' equation)    Eq. 7-59 

For BFS blended cement paste (Eq. 7-60): 

1

20.6706 ( )   ( / )BFS

cx t day mm day= (B70-Papadakis' equation)    Eq. 7-60 

The equations for predicting carbonation depth developed for different blended pastes have 

been inserted in Figure 7-3 to Figure 7-5 and are presented below as Figure 7-6 to Figure 7-8.  

Figure 7-6 presents the results for mixture P100. The curves obtained with Eq. 7-54 and 

Eq. 7-58 are both plotted and compared with the experimental data of Figure 4-6. Apparently, 

the model developed in this study gives a better prediction for Portland cement paste, 

compared with the prediction with the extended Papadakis’s equation.  With his extended 

equation the measured carbonation depth is a bit underestimated. 

Predicted carbonation curves for fly ash blended cement paste F30 are presented in Figure 7-7 

(Eq. 7-55, Eq. 7-59). Also for F30 the extended Papadakis’ equation underestimates the 

carbonation depth when applying for blended cement paste directly, whereas the model 

developed in this study tends to overestimate the measured carbonation depth. 
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Figure 7-6 Predicted and measured carbonation depth in Portland cement paste -- P100 (Hydrated 

for 365 days, carbonated for 84 days) 
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Figure 7-7 Predicted and measured carbonation depth in blended cement paste -- F30 (Hydrated for 

365 days, carbonated for 84 days) 
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Figure 7-8 Predicted and measured carbonation depth in blended cement paste -- B70 (Hydrated for 

365 days, carbonated for 84 days) 

 

Predicted carbonation depths for blast furnace slag blended cement paste are plotted in 

Figure 7-8. (Eq. 7-56, Eq. 7-60). It is clear to see that values predicted with the model 

developed in this study is in good agreement with the measurement data of B70, whereas the 

extended Papadakis equation underestimates the measured carbonation depth. 
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7.5 Conclusion 

In summary: the model developed in this study for predicting the evolution of the carbonation 

depth in Portland cement paste and blended cement pastes (fly ash-based pastes and blast 

furnace slag paste) performs satisfactorily. Although the value is over-estimating the 

carbonation depth of fly ash blended paste, the model is still applicable for the practice. With 

more experimental data, the model can be improved further in future study. 

A comparison of predictions with the model developed in this study with predictions with 

an ‘extended’ Papadakis equation shows that the former model really is an improvement.  
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8  
 

 

Retrospection, Conclusions and Recommendations 
 

 

 

8.1 Retrospection 

In the introduction of this thesis, the environmental benefits of using supplementary 

cementitious materials (SCMs) were mentioned. Partial replacement of clinker with SCMs in 

cement production, so called clinker substitution, is a mature technique that contributes 

greatly to the reduction of CO2 emissions. However, the addition of SCMs affects the 

hydration process of cement on the one hand and leads pozzolanic reactions on the other. This 

ultimately changes the hydration products and microstructure of concrete. This brings new 

challenges for the durability of concrete, especially the resistance to carbonation, which is the 

focus of this thesis. 

Carbonation of concrete is a complex process involving CO2 diffusion, dissolution and 

reactions with different carbonatable phases produced from the hydration and pozzolanic 

reactions. In the literature review (Chapter 2), the mechanism of carbonation of concrete is 

described, as well as the variations involved in the addition of SCMs. The study shows that 

the carbonation of C-S-H plays the key role in the carbonation of concrete with mixed-in 

SCMs, which is not considered in the current empirical prediction models. The aim of this 

research is to study the carbonation mechanism of different types of C-S-H and its effects on 

the chemistry of the reaction products and the development of the microstructure of cement 

paste blended with SCMs, such as fly ash (FA) and ground granulated blast-furnace slag 

(GGBS). 



161 

In Chapter 3, several mixtures were designed to study the effects of SCMs on the 

formation of major calcium-containing phases (CH and C-S-H) and the microstructure of 

blended cement paste. In Chapter 4, accelerated carbonation experiments were performed on 

the same pastes prepared and studied in Chapter 3. The effects of SCMs on the development 

of carbonation depth were investigated, as well as the carbonation profiles of portlandite / 

calcium carbonate, which represent the real carbonation front. The microstructures of above-

mentioned blended cement pastes were analyzed after carbonation. The porosity of 

carbonated paste, which determines CO2 diffusion, was compared with that of the same paste 

before carbonation. The changes in porosity were related to the amounts of carbonated C-S-H 

phases, to investigate the effects of C-S-H carbonation on the development of the 

microstructure of blended cement paste during carbonation. The experimental data collected 

in chapters 3 and 4 were used to develop an improved empirical prediction tool for the 

carbonation depth. 

In Chapter 5, C-S-H phases with different Ca/Si ratios (designed based on the results found 

in Chapter 3) were synthesized from solution reactions. These C-S-H phases were identified 

by different test methods. In Chapter 6, accelerated carbonation experiments were performed 

on the synthesized C-S-H phases identified in Chapter 5. Based on the collected data, the 

carbonation rates of different C-S-H phases were studied both qualitatively and half-

quantitatively. The results found in Chapter 6 were considered in the development of an 

improved empirical prediction tool for estimating the carbonation depth in real concrete 

structures. The development of such a prediction tool was described in Chapter 7.  

8.2 Conclusions 

The general conclusions of this thesis are summarized below. 

• Effects of SCMs on the formation of calcium-bearing phases and microstructure of 

blended cement paste 

The use of FA and BFS leads to a reduction in the amount of portlandite in blended 

cement paste. The amount of portlandite has a negative linear relationship with the 

replacement level of FA or BFS. Partial replacement of OPC by FA and BFS leads to the 

production of C-S-H gels with lower C/S ratio than hydration of OPC. With increasing 

replacement of FA or BFS, the amount of C-S-H gels with lower C/S ratio increases. The 

average C/S ratio of C-S-H gels produced by the pozzolanic reaction of FA ranges from 

1.0 to 1.30. Meanwhile, the average C/S ratio of C-S-H gels produced by the pozzolanic 

reaction of BFS is slightly higher, ranging from 1.1 to 1.30 in paste hydrated for 1 year. 

The use of FA increases the total and effective porosity of FA-blended cement paste. This 

effect is greatest in pastes hydrated for 105 days. BFS causes a reduction of the total and 

effective porosity of BFS-blended cement paste. BFS and FA affect the concrete porosity 

in opposite ways. The diffusion rate of hazardous components, such as CO2 in the 

concrete, is normally determined by the porosity. From a porosity point of view, concrete 
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mixtures with ternary system (combining both FA and BFS with OPC) is a better option 

when facing durability problems.  

• Effects of carbonation of C-S-H on microstructure of blended cement paste  

The carbonation of C-S-H increases the pore volume of pores with a radius close to the 

small gel pores, but causes the reduction in the volume of gel pores. Both total porosity 

and effective capillary porosity increase in cement paste B70 and F10B54 as a result of 

carbonation. The effective capillary porosity of mixture F30B30 increases, whereas the 

total porosity decreases. Carbonation of blended cement paste with a large amount of 

SCMs leads to a coarser capillary pore structure. Calculation results based on the TGA 

data show that in these three pastes the dominant amount of CaCO3 comes from the 

carbonation of C-S-H. This indicates that the carbonation of C-S-H will increase the 

porosity of blended cement paste after carbonation. 

• Mechanism of carbonation of C-S-H 

Carbonation products of C-S-H are calcium carbonate (CaCO3) and silica gel. Three 

polymorphs of CaCO3 are found in the carbonation products of C-S-H with different C/S 

ratio, i.e. Calcite, Aragonite and Vaterite (μ-CaCO3). Vaterite is the major carbonate in 

carbonation products of C-S-H. A limited amount of aragonite and calcite was observed 

in the carbonation products of C-S-H with a relatively low C/S ratio (0.66 or 0.86). A 

dramatic increase of the amount of aragonite and calcite is only found in carbonation 

product of C-S-H with a relatively high C/S ratio, i.e., C/S > 0.86.  The rate of 

carbonation of C-S-H decreases with increasing C/S ratio. An almost linear correlation 

was found between the rate of carbonation and the C/S ratio. C-S-H gels with a relatively 

high C/S ratio have a better resistance to carbonation.  

• Modelling carbonation depth 

Improved empirical models are developed for estimating the carbonation depth in 

concrete made with different blended cements. Modelling data are plotted and validated 

by experimental data. The improved empirical model has a good prediction for the 

carbonation depth development in Portland cement paste and BFS blended cement paste 

(with 70% of BFS) in this study. When applied to FA-blended cement paste (with 30% of 

FA), the predicted carbonation depth is over-estimated, but still close to the measurement 

depth. Overall, the improved empirical model is applicable for practical and engineering 

applications. 

8.3 Recommendations 

Based on the experimental and modelling results, some recommendations about 

carbonation modelling for blended cement concrete are given below: 
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• Assumption for carbonation front 

The carbonation front in the model is assumed to be a perfect and clear reaction front 

with no “transition zone”. This means that there are only two zones in the concrete under 

carbonation: a completely carbonated zone and a zone which is undergoing carbonation. 

However, in the experimental study of Chapter 4, a “transition zone”, or partially 

carbonated zone, was observed in both Portland cement paste and blended paste. In future 

research, the carbonation front will be considered as a partially carbonated area, for 

example assuming that 50% or even 75% of the carbonatable phases are consumed. 

Furthermore, the modelling and prediction will take into account concentration gradients 

of each phase involved in the carbonation process.  

• Input of the concentration of calcium-bearing phases 

In the improved empirical model, the concentration of each phase involved in the 

carbonation should be confirmed, along with the porosity of concrete prior to carbonation. 

These data are functions of the degree of hydration. Thermodynamic modelling of the 

reactions at the carbonation front can provide a comprehensive source of related data as 

well. It is necessary to combine the modelling with thermodynamic or improved 

hydration modelling in the future prediction of carbonation depth.  

• Carbonation rate of C-S-H phases 

The improved empirical model for blended cement concrete deals with different types of 

C-S-H phase. However, a mass balance-based model does not take into account the rate 

kinetics of C-S-H carbonation. This varies in different C-S-H phases, as is confirmed in 

the experimental study in Chapter 6. For some blended mixtures, the carbonation process 

may no longer be controlled by CO2-diffusion, but determined by the reaction rates of the 

phases involved in the chemical reactions in the carbonation front. This should be 

considered and studied in the future. 
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