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ABSTRACT 

For the purpose of environmental protection and reduction in resource 

consumption, construction & demolition (C&D) wastes have long been recycled 

and treated as a secondary aggregate for production of new construction materials. 

However, due to the intrinsically poor quality caused by the attached old cement 

mortar, recycled aggregates have been reported to weaken not only the mechanical 

properties, but also the durability of the resulting concrete products. Huge research 

effort is continuously required to develop innovative techniques to enhance the 

properties of recycled aggregate and related concrete products. 

Meanwhile, the calcium silicates phases in cement have been reported to react with 

carbon dioxide (CO2) and water, leading to a rapid strength development for 



 
 

III 
 

cement-based materials. At the same time, a certain amount of CO2 can be 

sequestrated into the cement-based materials. Thus, in this research, experimental 

investigations are performed in order to study the beneficial use of CO2 curing for 

producing concrete blocks prepared with recycled aggregates. 

The work conducted in this research program was consisted of three main phases. 

The work in Phase I was to explore the feasibility of using the CO2 curing 

technique for the production of concrete blocks containing recycled aggregates. 

Recycled fine aggregates collected from a local recycling plant was used to replace 

the natural fine aggregate in concrete blocks. The CO2 curing process was 

performed with a duration of 6 h, 12 h and 24 h, under the pressure of +0.1 bar. 

The experimental results proved that CO2 curing process rendered the concrete 

blocks prepared with recycled aggregates with higher compressive strength and 

lower drying shrinkage than the corresponding moist cured blocks. However, 

curing time and amount of recycled aggregate present in the blocks had 

insignificant effects on the strength gain and CO2 curing degree. 

The study in Phase II, mainly focused on evaluating several important factors that 

might influence the CO2 curing process of concrete blocks made with recycled 

aggregates. There were two parts including materials characteristic and curing 

regime. In part 1, the effects of materials characteristics of the concrete block on 

CO2 curing process were investigated, including moisture content, bulk density, 

aggregate to cement ratio, recycled aggregate content and types of binders. The 
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results showed that, the initial moisture content and the aggregate to cement ratio 

in the concrete blocks significantly affected the CO2 curing degree and 

compressive strength of the concrete blocks. The bulk density and the recycled 

aggregate content also influenced the CO2 curing process, but their effects on 

compressive strength were more complex. The work in this part further confirmed 

that the inclusion of recycled aggregates can improve the CO2 curing efficiency. 

In part 2, the influence of several factors associated with the curing conditions on 

the curing degree and compressive strength of the concrete blocks were 

investigated, including curing time, temperature, relative humidity, pressure and 

post water curing after the pressurized CO2 curing (PCC) method was employed. 

An experiment with flow-through CO2 curing (FCC) method was also carried out. 

The results of PCC experiments showed that high percentage of the total 

considerable curing degree and compressive strength were attained during the first 

2 hours of CO2 curing period, and extending the curing time yielded slower gain 

of curing degree and compressive strength; the variation of temperature from 20 

oC to 80 oC and relative humidity from 50% to 80% had limited effects on PCC; 

the effects of CO2 gas pressure on the curing degree and compressive strength were 

the most pronounced between 0.1 bar and 0.5 bar within the first 2 hours of PCC; 

the post water curing allowed the concrete blocks to attain further strength gain. 

The results also indicated that, a lower curing degree and slower strength 

development at the early age were observed for the FCC-cured concrete blocks; 

however, after 24 hours of curing duration, they were comparable to those obtained 
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from the PCC method. 

In Phase III, the intrinsic mechanism for rapid strength development of the CO2-

cured cement-based materials was studied, and the chemical and microstructural 

evolution of cement paste subjected to coupled CO2- water curing was investigated. 

These was achieved through identifying the phase variations, change in porosity 

and morphological evolution of the structure of CSH gel. The results indicated that 

more than 2 hrs of CO2 curing might lead to a lower long term strength 

development after the subsequent hydration period. The results of the solid state 

29Si MAS NMR showed that the CO2 curing process can remove calcium ions from 

the interlayer of CSH, and promote the merging of dimers into polymers; and thus 

the formed CSH had a longer silicate chain length and a higher degree of 

polymerization. This is regarded as the main reason for the rapid strength 

development of the cement paste at the early age when subjected to the CO2 curing 

process. 
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Chapter 1. – INTRODUCTION 

This chapter will firstly give a brief introduction to the motivation of the current 

research topic; then the research objectives will be presented; and finally, the 

layout of the thesis will be outlined. 

1.1 Overview 

1.1.1 Global challenge of climate change 

A significant increase of atmospheric CO2 concentration has been happening over 

the past 150 years due to anthropogenic CO2 emissions. The variation of 

atmospheric CO2 concentrations from 1958 to 2015 have been monitored and 

reported by the Scripps Institution of Oceanography (Scripps Institution of 

Oceanography 2016), as shown in Figure 1-1.  

 

Figure 1-1 Atmospheric CO2 concentrations reported by the Scripps Institution of 

Oceanography (Scripps Institution of Oceanography 2016)  
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Global warming has now been accepted as a global threat and this has promoted 

the promoting of more and more strategic initiatives to control the CO2 emissions 

from human activities. In 2005, there were nearly 8000 large stationary CO2 

sources worldwide with a total CO2 emissions of about 13466 Mt/year (IPCC 

2005), and this figure has been reported to increase to 33,400 Mt in 2011 (Leung 

et al. 2014). In 2007, it has been estimated that the CO2 emissions will increase to 

38,800 Mt/year by 2025 (National Energy Technology Laboratory 2007). 

However, even if we can halt human carbon dioxide emissions today, the risks they 

pose on the climate would persist (Solomon et al. 2009). Therefore, to reduce CO2 

emissions and to develop carbon capture technologies becomes important to 

stabilize the CO2 concentration in the atmosphere. In 1997, a White Paper (Herzog 

et al. 1997) written by MIT Energy Laboratory reviewed the major technologies 

components that can be used for CO2 capture, transport and storage. A number of 

newly developed technologies in the last decade have also been reviewed very 

comprehensively by Olajire (Olajire 2010) and Leung et al.(Leung et al. 2014). 

1.1.2 Present situation of construction & demolition (C&D) waste  

Hong Kong is a densely populated city, with very scarce land resources. But  

huge quantities of wastes are produced every day (Hong Kong Environment 

Bureau 2013). The amount of solid waste disposal of at landfills from 2005 to 2014 

is shown in Figure 1-2. (Hong Kong Environmental Protection Department 2014). 

It should be noted that there is a rising trend of the total amount of solid wastes 
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disposed of at landfills in recent years. However, Hong Kong is running out of 

landfill space and they will be exhausted totally in 2019 if nothing is done to reduce 

the waste generation rate.  

 

Figure 1-2 Variation in amount of solid wastes disposed at landfills from 2005-2014 in 

Hong Kong (Hong Kong Environmental Protection Department 2014)  

Facing such pressure, according to the comprehensive investigation on the 

feasibility of recycling the C&D wastes to produce recycled aggregates and related 

concrete products (Poon et al. 2004; Poon & Chan 2006; Poon & Chan 2007; Poon 

& Lam 2008; Poon et al. 2009), the Hong Kong government issued several 

specifications in order to provide guidance for designers and engineers to use the 

recycled aggregates in concrete production. However, due to their inherent poorer 

quality (Evangelista & de Brito 2010; Kou et al. 2012), large-scale applications of 

recycled aggregates and related concrete products are limited.  
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1.1.3 Carbonation of cement-based materials 

Natural carbonation is known to improve the surface hardness, strength, and 

durability of cement-based products by pore refinement of the mature cement  

matrix (Chi et al. 2002; Sanjuán et al. 2003); and thus to some extent, natural 

carbonation is regarded to be helpful to non-reinforced cement-based products.  

For the recycled concrete aggregates, the major reason for their inferior properties, 

including high water absorption and low mechanical properties, is the old mortar 

attached to the original aggregate, as well as the weak interfacial transition zone 

(ITZ) between them. But their higher porosity can provide more easy access for 

CO2 diffusion and become a favorable condition for the carbonation reactions 

between the cement hydrates in old mortar and CO2.  

It has been known that CO2 gas could also be employed for curing the cement-

based materials. For thousands of years, the natural carbonation process has been 

used to cure the alkaline earth hydroxide cement and mortars in order to obtain the 

desired compressive strength. However, the strength development was slow due to 

the low CO2 concentrations in the atmosphere. In the 60’s of the last century, it 

was reported that CO2 curing could yield rapid strength development for cement 

pastes within several minutes (Klemm & Berger 1972). Then this CO2 curing 

technique was employed to produce cement-bonded particleboards (Hermawan et 

al. 2002).  

Thus, a higher concentration of CO2 could be employed to cure the cement-
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recycled aggregate matrix. The porous recycled aggregate should be able to 

improve the diffusivity of CO2 gas through the matrix to allow higher and faster 

strength gains, to compensate for the strength loss resulted from the inherent 

inferior properties of recycled aggregates.  

1.2 Research objectives 

The CO2 curing process is not a new technique. However, the previous work 

mainly focused on studying the accelerated CO2 curing of new cement-based 

materials and stabilization of hazardous wastes. This study aimed at performance 

improvement of concrete blocks prepared with recycled aggregates by using the 

CO2 curing technique.  

The main objectives of the research study are: 

 To explore the feasibility of using the CO2 curing technique for improving the 

performance of concrete blocks prepared with recycled aggregates; 

 To investigate the effects of the characteristics of the recycled aggregates on 

the CO2 curing process of the concrete blocks prepared with recycled 

aggregates; 

 To investigate the effects of different curing regimes on the CO2 curing 

process of the concrete blocks; 

 To reveal the mechanism for CO2 curing of cement-based materials by 

examining the variations of microstructure and phase assembles in the cement 
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paste after a coupled CO2-water curing process.  

1.3 Thesis outline 

The main content of the research project is described in 3 phases study, and a 

flowchart of the thesis structure is shown in Figure 1-3. 

 

Figure 1-3 Flowchart of the thesis 

The comprehensive literature review in chapter 2 covers several topics potentially 

Chapter 1: Introduction 

Chapter 2: Research context 

Chapter 3: Experimental details 

Phase I 

Chapter 4: Feasibility study 

Chapter 8: Conclusions 

Phase III 

Chapter 7: Feasibility study 

Phase II: Influencing factors 

 

 Chapter 5: Materials Characteristics Chapter 6: Curing regime 
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related to the thesis topic, including the problems of using recycled aggregate for 

concrete production, concrete carbonation and CO2 curing techniques. The specific 

literatures closely related to the topic of each of the chapter are reviewed separately 

in the “introduction” section of each chapter. The thesis structure is briefly 

presented below: 

Chapter 1 provides the reader with an introduction of the proposed research in 

terms of background and objectives.   

Chapter 2 reviews the literatures through the following three perspectives: the 

existing problems of reusing recycled aggregates, carbonation of cement and 

concrete, and the CO2 curing technique. All these topics are related to the study. 

Chapter 3 gives an overall introduction to the common properties of the materials 

used, experimental methodologies including mix design of concrete blocks, 

sample preparation, setup for different curing regimes, testing and assessing 

methods. 

Chapter 4 is the Phase I of the study. It shows the results and implications from 

the feasibility study of using CO2 curing for concrete blocks containing recycled 

aggregates. The influence of the properties of the recycled aggregates on the CO2 

curing process of concrete blocks is emphasized. 

Chapter 5 is the first past of Phase II study. It presents the influences of the 

materials characteristics of the concrete block on the CO2 curing process; the 

material characteristics include moisture content, block density, aggregate to 
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cement ratio, recycled aggregate content and binders. 

Chapter 6 is the second past of Phase II study. It presents the influences of 

different curing regimes on the CO2 curing process of the concrete blocks; several 

curing parameters are adjusted, including curing time, temperature, relative 

humidity, curing pressure and post water curing; a comparison is made between 

the pressurized CO2 gas and flowing-through CO2 gas curing process. 

Chapter 7 is the Phase III study. It shows the investigation on variations in the 

microstructure and phase assembles in the cement paste caused by CO2 curing and 

water curing. This chapter reveals the mechanism of rapid strength development 

caused by the interactions between CO2 and cement. 

Chapter 8 summarizes the general conclusions drawn from Chapters 4, 5, 6 and 

7; and also suggests several technical domains that need further attention in future 

works. 
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Chapter 2. – LITERATURE REVIEW 

2.1 Introduction 

Recycling C&D wastes to produce recycled aggregates has been known as a 

sustainable method for turning waste into resources. Reuse of recycled aggregates 

for concrete production has also been comprehensively studied and widely 

executed in many countries around the world, particularly in Europe and Japan. 

However, owing to the inferior quality of recycled aggregate, the performance of 

resulting concrete products cannot entirely meet the requirement stipulated in the 

relevant codes and specifications. This may be the reason why active research is 

still on going to find practical method to improve the properties of recycled 

aggregate and products made from them.  

The author had two early experiences pertaining to the use of recycled aggregate 

in concrete products, which provided him with profound impressions with the 

effects of recycled aggregates on concrete properties ( Kou et al. 2012 a,b). In these 

two studies, recycled fine and coarse aggregates derived from concrete wastes 

generated by a concrete waste reclaiming system in a local concrete batching plant 

were used to replace natural aggregates for producing concrete blocks and concrete, 

respectively in the laboratory. The results indicated that the performances of the 

concrete products were weakened sharply. No doubt that the poor quality of 

recycled aggregates often limits their applications in high-level civil engineering 
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works. And thus, many researchers around the world have devoted efforts into 

exploring the effective measures to enhance the properties of recycled aggregates 

and to improve the performance of the resulting concrete products. A detailed 

literature review will be summarized in Section 2.2 of this chapter. 

Use of CO2 curing technique for enhancing the properties of recycled concrete 

aggregates has also been attempted by the author previously and the experimental 

results were reported in a published journal paper (Zhan et al. 2014). A moderate 

enhancement of the physical properties of recycled concrete aggregate by CO2 

curing was verified. The results also proved the possibility that recycled concrete 

aggregate may take up CO2 and be carbonated in concrete blocks under an elevated 

CO2 concentration environment. 

It is apparent that at least three topics are involved in using the CO2 curing 

technique to produce concrete blocks prepared with recycled aggregates. First, it 

is anticipated that the incorporation of recycled aggregate with a porous structure 

and reactive components would promote the CO2 curing process for concrete 

blocks; and thus the existing work on the effects of recycled aggregates on the 

properties of concrete products should be reviewed. Second, carbonation may also 

happen to the recycled aggregates in the concrete blocks; and the effects of 

carbonation on the properties of recycled aggregates will also be summarized in 

Section 2.3. Finally, the review of previous work focusing on CO2 curing & 

accelerated carbonation method will be discussed in Section 2.4.    
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2.2 Reuse of recycled aggregates 

2.2.1 Recycled aggregate 

In order to encourage the use of recycled aggregates concrete in infrastructure 

projects and to assist the related research work conducted in local institutions, a 

pilot construction and demolition (C&D) wastes recycling plant was built in Tuen 

Mun in Hong Kong in 2002, as shown in Figure 2-1.  

 

Figure 2-1 C&D Wastes Recycling Plant at Tuen Mun of Hong Kong 

Due to the complex sources of the incoming C&D wastes, a certain amount of 

impurities contained in the recycled aggregates were inevitable. However, by 

adopting a series of rigorous quality control measures, the properties of recycled 

aggregate produced from this plant were acceptable and met the requirements in 

Hong Kong’s specification for recycled aggregates, which is tabulated in Table 2-

1 (Fong et al. 2004). For production of concrete with grades higher than C35, no 

more than 20% of natural coarse aggregates are allowed to be replaced by the 

recycled coarse aggregate according to the specification. However, the recycled 
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fine aggregate is not allowed to be used for the production of new concrete, 

regardless of the concrete grade.  

Table 2-1 Specification requirements for recycled aggregate for concrete production in 

Hong Kong (Fong et al. 2004) 

Requirements Limit Test method 

Min. dry particle density (kg/m3) 2000 BS 812: Part 2 

Max. water absorption 10% BS 812: Part 2 

Max. content of wood and other 

material less dense than water 
0.5% 

Manual sorting in 

accordance with BRE 

Digest 43 

Max. content of other foreign 

materials (e.g. Metals, plastics, 

clay lumps, asphalt, glass, tar) 

1% 

Max. fines 4% BS 812: Section 103.1 

Max. content of sand (< 4 mm) 5% BS 812: Section 103.1 

Max. sulphate content 5% BS 812: Part 118 

Flakiness index 5% BS 812: Section 105.1 

10% fines value 100 kN BS 812: Part 111 

Grading Table 3 of BS 882: 1992  

Max. chloride content 

Table 7 of BS 882 - 0.05% 

by mass of chloride ion of 

combined aggregate 

 

Comparing the recycled aggregate to the original aggregate, the most striking 

difference is that a certain amount of old cement mortar is attached to the former. 

Because of the attached mortar, the recycled aggregates have significant 

differences in physical and mechanical properties, including texture, angularity, 

density, water absorption, porosity, abrasion resistance, crushing values. Even the 

chemical properties of the recycled aggregates would be different from the natural 

aggregates. It was reported that more attached mortar would render the recycled 

aggregates with low apparent density, higher water absorption and increased Los 
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Angeles abrasion value (Sanchez and Gutierrez 2004; Juan and Gutiérrez 2009), 

owing to the higher porosity present in the cement paste (Hansen 1992). Actually, 

the volume fractions of attached mortar in the recycled aggregates varied with 

several factors. Generally, there was more old mortar attached to the recycled 

aggregates with smaller particle size (Allahverdi and Kani 2013; Cardoso et al. 

2015). Around 30% (V/V) of old mortar was observed in recycled aggregate with 

a size of 16-32 mm, while up to 60% for aggregate with a size of 4-8 mm (Hasaba 

et al. 1981).  

Density, porosity and water absorption of the recycled aggregate are associated 

with each other in some ways, since they are largely determined by the amount of 

old cement mortar attached to the original aggregate. The previous works have 

reported that, in general, the bulk density of recycled coarse aggregate was about 

8%-20% lower than that of natural aggregates (Pedro et al. 2014; Kou and Poon 

2012; Etxeberria et al. 2007a; Corinaldesi 2010; Reis et al. 2015); while the density 

decreased for recycled fine aggregates was up to 15%-30% ( Kou and Poon 2009; 

Zega and Maio 2011; Zega and Maio 2011; Evangelista et al. 2015; Khoshkenari 

et al. 2014; Zhu et al. 2012). Compared to the original aggregate with the same 

volume, the attached mortar can be regarded as a lightweight type of aggregate 

(McNeil and Kang 2013), hence causing a decrease in bulk density. 

In general, the water absorption of natural aggregate is rarely higher than 1%, 

which can be ignored in comparison with the old mortar. Even a small amount of 

old mortar attached to the natural aggregate would make major contributions to 



 
 

17 
 

the porosity and water absorption of the recycled aggregate. The general rule is: 

the more attached mortar, the higher is the water absorption and porosity. De Juan 

(De Juan and Gutiérrez 2009) found that there was an inversely proportional 

correlation between the bulk density and water absorption for recycled aggregates, 

as shown in Figure 2-2. According to the plots, a normal water absorption range of 

2% to 10% was found for recycled aggregates. 

 

Figure 2-2 Correlation between bulk density and water absorption of recycled aggregate 

(De Juan and Gutiérrez 2009) 

Use of recycled aggregate with as high water absorption will cause a higher water 

demand for the new concrete in order to obtain the comparable workability; this 

will lead to strength loss and higher drying shrinkage of the new concrete. Sim and 

Park observed a 33% loss of compressive strength when 100% of fine aggregate 

was replaced by recycled fines (Sim and Park 2011). Similar results were also 

reached by other researchers (Etxeberria et al. 2007b; Kou and Poon 2009; Kang 

et al. 2012). In addition, replacement of natural aggregate with recycled aggregate 

can also weaken the durability of the new concrete. Previous studies indicated that 

recycled aggregate could increase the water permeability (Zeid et al. 2005), lower 
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the resistance to chloride ion penetration (Sim and Park 2011) and weaken the 

carbonation resistance of the resulting concrete (Otsuki et al. 2003; Silva et al. 

2015).  

 

Figure 2-3 Relative carbonation depth as a function of replacement ratio of natural 

aggregate with (a) coarse recycled aggregate, and (b) fine recycled aggregate (Silva et al. 

2015). 

Figure 2-3 plots the relative carbonation depth of recycled aggregate concrete as a 

function of replacement ratio of natural aggregate with recycled aggregate. Silva 

et al. reported that the relative carbonation depth of concrete prepared with 100% 

coarse recycled aggregate was about 2.5 times greater than the reference concrete; 

with 100% fine recycled aggregate, the relative carbonation depth was increased 

to 8.7 times greater (Silva et al. 2015). This was ascribed to the relative high water 

absorption of the fine recycled aggregate, resulting in a higher permeability of the 

concrete.  

2.2.2 Use of recycled aggregate in concrete block 

It has been reported that the world’s annual production of bricks & blocks is around 
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1391 billion units, and it is believed that the demand for bricks & blocks worldwide 

will continue to rise (The Freedonia Group 2010; Zhang 2013). Production of the 

conventional fired-clay bricks is known as a high-energy consumption, and 

carbon-intensive process (Venkatarama et al. 2003). Under the pressure to reduce 

carbon dioxide emissions and a clay resources shortage all over the world, the 

production of clay bricks have been restricted in many countries (Lingling et al. 

2005).  

Cement based concrete blocks are generally prepared with OPC and aggregates, 

which can be substituted by a variety of inert materials, including industrial solid 

wastes such as recycled concrete wastes ( Hansen and Narud 1983; Poon and Chan 

2006; Poon et al. 2009; Kaosol 2010; Matar and Dalati 2011), recycled clay brick 

(Khalaf and Venny 2005; Kesegić et al. 2008; Jankovic et al. 2012), tailings (Roy 

et al. 2007; Morchhale et al. 2006; Zhao et al. 2009; Fang et al. 2011), C&D wastes 

(Naik et al. 2003; Cabral et al. 2008), wood sawdust (Turgut et al. 2007), rubber 

wastes (Turgut and Yesilata 2008), glass waste (Chen and Poon 2009; Lee et al. 

2013; Chidiac and Mihaljevic 2011; Turgut 2008), marble wastes (Gencel et al. 

2012), phosphogypsum waste (Zhou et al. 2012), and textile effluent sludge 

(Balasubramanian et al. 2006; Zhan and Poon 2014a). 

In all these abovementioned alternative aggregates, the use of recycled concrete 

aggregates derived from C&D wastes may be the most common and studied most 

frequently. A lot of previous works reported that replacement of a small amount of 

both the natural fine and coarse aggregates by recycled fine and coarse aggregates 
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would slightly affect the compressive strength of the resulting concrete blocks 

(Chan and Poon 2006; Poon and Chan 2006; Poon and Chan 2007). Increasing the 

content of recycled fine aggregate also led to a decrease in density and an increase 

of drying shrinkage value for the concrete blocks; the water absorption of concrete 

blocks was found to be directly proportional to the water absorption of recycled 

aggregate used (Poon and Lam 2008). Hollow concrete blocks were prepared by 

Kaosol (Kaosol 2010), with natural aggregate replaced by concrete waste with 

replacement ratios from 0% to 100%. The results revealed that water absorption 

and compressive strength of all the blocks were acceptable and met the 

requirements of non-load and load-bearing units; the economics of the resulting 

concrete blocks were also analyzed by the author. 

Compared to the recycled concrete aggregate, crushed clay has a more porous 

structure, and thus the use of recycled clay significantly reduced the compressive 

strength and density, and increased the water absorption (Khalaf and Venny 2005; 

Poon and Chan 2006) of the concrete blocks. But it was shown that a blended 

aggregate with 50% of recycled concrete aggregate and 50% of crushed clay could 

be used to prepare the paving blocks with acceptable properties. 

Lee et al. (Lee et al. 2013) investigated the effects of recycled fine glass on the 

properties of concrete blocks. The recycled fine glass with different particle sizes 

was used to replace natural sand in the concrete blocks with different replacement 

ratios. Although the water absorption of recycled fine glass is lower than natural 

sand, the increase in glass content still elevated the water absorption of concrete 
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blocks; due to the pozzolanic reactivity, to some extent, the fine glass (< 600 μm) 

seemed to increase the compressive strength of concrete blocks, which is 

consistent with the findings in another work (Chidiac and Mihaljevic 2011).  

The author made an attempt to recycle textile effluent sludge from a bleaching and  

dyeing plant for producing concrete blocks (Zhan and Poon 2014b). The natural 

sand in concrete blocks was replaced by the sludge with a substitution ranging 

from 0%-30%. The results revealed that the compressive strength of concrete 

blocks decreased significantly with increasing sludge content. Similar to another 

work (Balasubramanian et al. 2006), the resulting concrete blocks failed to meet 

the requirements of structural units; but it was still possible to use 10% of sludge 

in concrete blocks that satisfied the requirements of non-structural units. 

2.3 Carbonation of concrete 

Carbonation of concrete has been widely studied and well known as a chemical 

process that the carbon dioxide (CO2) reacts with calcium hydroxide (CH) to form 

calcium carbonates. Once the concrete elements of structures are exposed to the 

atmosphere after casting, the carbonation process will begin since there is 

substantial amounts of carbon dioxide in the atmosphere even though the 

concentration of CO2 is very low. Underground concrete structures also experience 

carbonation process because the CO2 concentration may reach up to 10000-50000 

ppm by volume, which is generated by the decomposition of organics in the soil 

(Merkel et al. 2005). 
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Generally, the CH is regarded as the major target in mature concrete during the 

carbonation reactions. Water is not consumed but plays a very important role that 

dissolves the calcium and CO2 gas before the carbonation reaction proceeds. 

Concrete under too moist or too dry conditions is not favorable to carbonation. If 

the concrete structure is demolished, the surface area will be increased, resulting a 

higher carbonation rate. The smaller the size of concrete rubble is, the faster the 

carbonation rate (Yang et al. 2014). 

2.3.1 Carbonation mechanism of mature concrete 

The occurrence of carbonation reactions in mature concrete is caused by the 

coexistence of carbonate anions and calcium ions in pore solution, where two ions 

form the calcium carbonates with a very low solubility. Under the appropriate 

conditions, the calcium will leach and dissolve continuously, until all the calcium 

converse into calcium carbonates precipitation (Bary and Sellier 2004; Lagerblad 

2005). 

A considerable amount of CO2 is present in the atmosphere. However, the gaseous 

CO2 can hardly react with cement hydration products in mature concrete (Saetta et 

al. 1995; Papadakis et al. 1991). As schematically shown in Figure 2-4, the CO2 

gas need firstly dissolve into water and generate the carbonate ions, which would 

bind the calcium ions in the pore solution and then form the carbonate crystals with 

three known types: aragonite, vaterite and calcite (Groves et al. 1991). It is 

presumed that vaterite is formed initially, and subsequently transforms into calcite; 



 
 

23 
 

while aragonite is regarded as an intermediate form of calcium carbonates 

(Kurdowski 2014), and thus it is not so often observed in carbonated concrete. 

 

Figure 2-4 Schematic sketch of diffusion processes in a pore of carbonating concrete 

(Lagerblad 2005) 

According to the above description, the carbonation reactions can be divided into 

2 steps: the dissolution of CO2 in the pore water and the reactions of carbonate 

ions with cement hydration products in the mature concrete (Dyer 2014), as the 

following chemical reactions (Lagerblad 2005):  

CO2 (g) + H2O = HCO3
- + H+                                      (2-1) 

HCO3
- = CO3

2- + H+                                              (2-2) 

Then the carbonate ions will react with calcium ions to form calcium carbonates: 

Ca2+ + CO3
2- = CaCO3                                            (2-3) 

It was commonly accepted that, according to the findings from several existing 

publications, CH is most prone to react with CO2 (Neville 1996; Thiery et al. 2007; 

Peter et al. 2008). Carbonation of CH leads to precipitations of calcium carbonate 

at the CH surface apparently at random (Galan et al. 2015), and eventually the 
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surface becomes covered, slowing down the carbonation rate of CH (Groves et al. 

1991; Thiery et al. 2007; Cizer et al. 2012). 

Apart from the CH in the mature concrete, the CSH which are the major 

constituents of cement hydration products, can also be carbonated but with a more 

complex way. Since the carbonation reactions decease the Ca2+ ions concentration 

dramatically in the pore solution, the CSH will release calcium trying to maintain 

the pH of the pore solution (Gervais et al. 2004; Borges et al. 2010). Removing 

Ca2+ ions from CSH will leave extra negative charges in the interlayer and a lower 

Ca/Si ratio for the modified CSH gel. Meanwhile, in order to balance the extra 

negative charges the silicate chain of CSH starts to regroup and polymerize, and 

finally resulting in the formation of silica gel (Goto et al. 1995; Castellote et al. 

2008; Chen et al. 2006). However, the formed silica gel is always associated with 

a certain amount of calcium even in a fully carbonated cement paste (Groves et al. 

1991). It is also found that the polymerization process of CSH during carbonation 

increases the mean chain length of silicate chain and pull the silicate tetrahedral 

closer together, leading to the so-called carbonation shrinkage (Kropp and Hilsdorf 

1989; Chen et al. 2006).  

In fact, other calcium bearing phases are also susceptible to carbonation (Neville 

1996). Represented by monosulphate (AFm) and ettringite (AFt), the hydrated 

aluminate phases are highly sensitive to the pH value and Ca2+ ions concentration 

in the pore solution (Grounds et al. 1988; Zhou and Glasser 2000). When the pH 

drops to around 11.6 during the carbonation process, AFm will decompose, 
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transform into AFt and aluminate compounds; at about a pH of 10.5, AFt will 

decompose into sulphate ions and aluminium hydroxide compounds (Nishikawa 

et al. 1992; Daisuke et al. 2012). Lagerblad found that the free sulphate will be 

involved again in the reactions with aluminate ions released from decomposition 

of AFm, leading to the formation of new ettringite (Lagerblad 2001; Lagerblad 

2005). However, ideally and ultimately, most of calcium will be removed from 

aluminates and transformed into carbonates. 

Although CH was commonly assumed to react most readily with CO2, the 

carbonation sequence of cement hydration products is still a controversial issue. 

CH carbonation may be initially more rapid than that of the CSH gel at the early 

stage, but this situation soon reverses because of the formation of a layer of CaCO3 

micro crystals at the surface of CH (Groves et al. 1991; Thiery et al. 2007). In 

studies conducted by Castellote et al. (Castellote et al. 2008) and Morandeau et al. 

(Morandeau et al. 2014), in which the authors claimed that carbonation of CSH 

and CH occurred simultaneously. Furthermore, an experimental-thermodynamic 

model indicated that the carbonation progress of cement hydration products 

preferred the following sequence: AFm, CH, CSH and then AFt (Shi et al. 2016). 

Consequently, it might be inferred that carbonation reactions between each species 

of cement hydration product and CO2 occur to some extent in parallel during the 

carbonation progress, in the light of the heterogeneous components of cement-

based materials.  
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2.3.2 Influencing factors 

Carbonation of concrete always starts with the contact between dissolved CO2 in 

water and concrete surface, followed by the diffusion of CO2 into the pore system 

of concrete. In general, the carbonation rate is mainly governed by the reactivity 

of concrete and diffusion of CO2; the former is associated with the calcium content 

in the mature concrete, and the latter with the pore structure of the concrete and 

environmental conditions, including relative humidity, temperature, partial 

pressure (CO2 concentration) etc. 

Humidity 

Relative humidity is regarded as an important governing factor for concrete 

carbonation, since the ambient relative humidity would directly determine the 

moisture content in the pore system of the concrete. This is crucial for two reasons: 

(1) As mentioned in Section 2.3.1, the carbonation reactions need water to be a 

medium for the transformation of CO2 gas to aqueous carbonic ions, for solid 

calcium to mobile Ca2+ ions. Under very dry conditions, the absence of 

moisture in the pore system inhibits the carbonation reactions (Neville 1996). 

(2) At a high relative humidity, the moisture would condense inside the pores; to 

a certain level, the condensed water will gradually block the pores and thus 

limit the CO2 diffusion. Consequently the carbonation rate is limited too 

(Neville 1996). 
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According to Kurdowski (Kurdowski 2014), the most favorable conditions to 

carbonation is that there is a water layer adhered to the inside of pores, in which 

CO2 quickly migrates in air, dissolves and reacts with Ca2+ ions. Thus, the 

appropriate relative humidity for the maximum carbonation rate was found at 

around 50% (Bin Shafique et al. 1998; Russell et al. 2001). Figure 2-5 (Kurdowski 

2014) shows the relationship between the carbonation rate and relative humidity 

as follows. 

 

Figure 2-5 Carbonation rate vs. humidity of environment with which concrete is in 

equilibrium(Kurdowski 2014) 

Temperature 

The effect of temperature on carbonation rate is quite complex. According to the 

findings of Lagerblad (Lagerblad 2005), the carbonation rate increases with the 

rising temperature, based on that the diffusion coefficient of CO2 increases with 

increasing temperature. This is also supported by an earlier work from Papadakis 

(Papadakis et al. 1991a), but the increase of carbonation depth was quite small 



 
 

28 
 

with temperature varying from 22 ℃ to 42 ℃.Dyer (Dyer 2014) reported that, 

in a general rule, the rate constant of carbonation reaction is governed by the 

Arrhenius equation, in which the rate constant increases with the increasing 

temperature. However, an increase in temperature will lead to a lower solubility of 

CH and carbonate ions (Soroka 1993). On this scale, the carbonation rate will 

decline since the concentrations of both carbonate and calcium ions in the pore 

solution would drop. Besides, a high temperature speeds up the water evaporation 

from the concrete pores, leaving a dried pore system which works against the 

carbonation reactions. The negative impact on carbonation rate from rising 

temperature was also demonstrated by Freedman (Freedman 1969). 

CO2 concentration 

The carbonation rate is closely related to the diffusion of CO2 gas into the liquid 

phase of the pore system of concrete; and thus this rate in turn depends heavily on 

the concentration gradient of CO2 in concrete structure (Steffens et al. 2002). 

Numerous studies and experiments have showed that, the carbonation reactions 

proceed more rapidly under conditions with higher CO2 concentrations (Dheilly et 

al. 2002; Jerga 2004; Anstice et al. 2005; Papadakis et al. 1989). When the CO2 

concentration increases to 50% v/v, the exposure time is shortened approximately 

to one-thousandth of that exposure under normal CO2 concentration (Papadakis et 

al. 1989). Under the circumstance of CO2 concentration lower than 1%, the 

carbonation depth is reported to increase proportional to the square root of CO2 

concentration (Alberto 1997). 
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Concrete porosity 

According to the abovementioned carbonation mechanism, it is apparent that the 

pore system in the mature concrete is an important influencing factor, because the 

pores in the concrete affect both the carbonation reactions and diffusion of ions 

and CO2 gas. The immediate correlation between the porosity of concrete and 

carbonation can be illustrated by Figure 2-6 (Houst and Wittmann 1994).  

 

Figure 2-6 CO2 diffusion coefficient as a function of porosity for cement paste (Houst and 

Wittmann 1994) 

However, the porosity is determined by the water to cement ratio and hydration 

degree of concrete, whereas the hydration degree is strongly affected by the curing 

age. Eventually, it seems that the carbonation is also determined by the water to 

cement ratio and curing period (Soroka 1993). Generally, concrete with a lower 

w/c ratio and a longer curing period yield a lower porosity, and in turn yield a 

lower carbonation rate, just as shown in Figure 2-7. As the carbonation reactions 

progress, the concrete becomes more and more dense resulting in a declining 
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carbonation rate. As such, concrete products, such as masonry blocks will 

generally be carbonated more rapidly than conventional concrete due to their 

higher porosity (Kiran 2010). 

 

Figure 2-7 Effect of W/C ratio and curing age on depth of carbonation (Jaegermann and 

Carmel 1988) 

2.4 CO2 curing technique 

The natural carbonation occurring to normal concrete proceed quite slowly, 

approximately at 1 mm/year (Vasburd et al. 1997); during the course of 

carbonation, an increased compressive strength and densification can be achieved 

(Borges et al. 2010). Hence, accelerated carbonation for producing precast 

concrete products was proposed in the early 1900s (Tarun, et al. 2009). But the 

accelerated carbonation process reduces the pH in pore solution of concrete 

(Monkman and Shao 2010), and thus cause a higher potential risk of steel 

corrosion in reinforced concrete. The risk, however, can be addressed if the CO2 
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curing is applied to unreinforced concrete products such as blocks for non-

structural purposes. 

2.4.1 CO2 curing for cement-based materials 

Using CO2 gas as a curing agent has been suggested to accelerate the hardening 

process of cement-based materials, by promoting the carbonation reactions of 

clinker phases in cement with CO2. In the method of CO2 curing, the cement-based 

materials are cured in a container exposed to CO2 gas at varying pressure level 

(viz, static and pressurized, static and ambient or flow through and ambient). 

However, this technique was first developed as early as in 1960s, with several 

patents granted for producing  rapid-hardening cement-based materials using 

CO2 curing (Bierlich 1969; Stuart and Pittsburgh 1970; Ball 1978). Despite this, 

efforts and developments have been continuously nowadays because of its added 

value of it is gained a new meaning of CO2 sequestration.  

As early as in 1955, Kauer and Freeman (Kauer and Freeman 1955) reported that 

an increase in compressive strength of concrete was observed after CO2 curing was 

adopted to the concrete at the fresh stage. However, the CO2 curing method was 

not recommended by the authors because excessive CO2 exposures resulted in “a 

soft, chalk-like, nonserviceable carbonated surface” on concrete. Since then, 

numerous investigations on CO2 curing of anhydrous cement phases were 

conducted at the University of Illinois. It was found that the calcium silicate phases 

in the OPC clinker, including C2S and C3S, reacted with CO2 and water, forming 
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calcium carbonates and calcium silicate hydrates (CSH) (Berger et al. 1972). 

However, the SEM photomicrographs could not tell the difference in morphologies 

between the carbonation-produced CSH and hydration-produced CSH. The main 

reactions are: 

3CaO·SiO2 + yH2O + (3-x) CO2 → xCaO·SiO2·yH2O + (3-x) CaCO3      (2-4) 

2CaO·SiO2 + yH2O + (2-x) CO2 → xCaO·SiO2·yH2O + (2-x) CaCO3       (2-5) 

The formation of CSH gel by accelerated carbonation was  also supported by the 

results of Berger et al. (Goodbrake et al. 1979), in which β-C2S and C3S powders 

were cured by a moist CO2 gas. The heat released from the carbonation reactions 

was determined to be 347 kJ/mol for C3S and 184 kJ/mol for β-C2S, respectively. 

The results also revealed that the compressive strength of CO2-cured mortars 

increased remarkably, and further strength gains was realized during the 

subsequent water curing process, as shown in Figure 2-8. The similar results were 

also reported in other studies (Klemm and Berger 1972a; Sorochkin et al. 1975). 

Using an optimum water-cement ratio, the compressive strength of cement after 

CO2 curing for 5 minutes was higher than that after water curing for 1 day.  

CO2 curing for non-hydraulic calcium silicates has also been studied (Bukowski 

and Berger 1979). The reactions of γ-Ca2SiO4 and CaSiO3 with CO2 behaved in a 

similar manner to that of β-C2S and C3S (Klemm and Berger 1972b; Goodbrake et 

al. 1979), including the strength development and the reaction products.  
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Figure 2-8 Comparison of compressive strength development in water-cured and CO2-

cured mortar samples (Young, et al. 1974) 

Although the strength developments for β-C2S and C3S were comparable during 

the CO2 curing process, the aluminate phases attained nearly no strength 

development (Klemm and Berger 1972b). It is therefore not hard to see there was 

a big difference between the CO2 curing and water curing process for cement-

based materials. Thus, the interactions between CO2 and cement had been studied 

(Maries 1985) and they are summarized as follows: 

(1) Diffusion of CO2 into solid phase; 

(2) Dissolution of CO2 into the pore water to form H2CO3; 

(3) Ionisation of H2CO3 to H+, HCO3
−, CO3

2−, accompanying the pH falling; 

(4) Hydrolysis of calcium silicates in cement, releasing Ca2+ and SiO4
4− ions; 

(5) Nucleation and precipitation of CaCO3 and CSH; 

(6) Secondary carbonation of previously-formed CSH. 
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Since 1990s, under the impact of global warming, the use of the CO2 curing 

technique in cement based materials started to garner more attention. A work 

supported the US Department of Energy reported an investigation on using the 

CO2 curing method for production of precast concrete (Wagh et al. 1994). A 

shortened setting time was found after 30 minutes of CO2 curing, and the author 

speculated that about 10-24% of CO2 released from cement production might be 

captured again by the precast concrete. Supercritical and near-critical CO2 were 

also used to produce cement mixtures and cement-bond particleboards (Knopf et 

al. 1999; Hermawan et al. 2001), both of them attained excellent mechanical 

properties and densified structures. 

Shao et al. had done a series of work to study the early age carbonation behavior 

of cementitious materials and related concrete products. The CO2 capture capacity 

of six cementitious materials, including two types of cement, two types of slag, a 

fly ash, and hydrated lime were evaluated after subjected to 100% CO2 at a 

constant pressure of 5 bar for 2 h (Monkman and Shao 2006; Shao and Monkman 

2006). It was found that the CO2 capture capacity varied a lot, ranging from 7% - 

40%. Besides, the early-age carbonation behavior of concrete products prepared 

with three types of binders were also assessed. The three binders used were 

calcium silicate cement (Shao et al. 2006), slag-cement (Shao et al. 2006) and 

limestone cement (Shao et al. 2013), the ratios of bind-CO2 to dry binders ranged 

from 9% to 16% for the calcium silicate concrete, 8% to 10% for the slag-cement 

concrete, and reached about 12% for the limestone cement concrete, respectively. 
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Performance comparisons between CO2-cured and steam-cured concrete blocks 

were also made (Rostami et al. 2012). The results indicated that the CO2-cured 

concrete blocks obtained a higher ultimate strength and better long-term durability. 

Also, the microstructure of the CO2-cured cement paste was studied (Rostami et 

al. 2012). It was reported that more strength-contributing solids were observed in 

the CO2-cured cement paste, compared to the hydrated cement paste. 

Adoption of a predrying process prior to CO2 curing was found to significantly 

promote the CO2 curing degree of concrete blocks (Shi et al. 2012). Not only the 

mechanical properties of concrete blocks were improved, but also the weathering 

properties were enhanced. Several factors influencing the CO2 curing degree of 

concrete were investigated, including CO2 pressure, water-solid ratio, pre-drying 

time, subsequent curing regime etc.(Shi and Wu 2008; Shi et al. 2011); It revealed 

that the appropriate predrying time and water-solid ratio were the dominant factors 

affecting the CO2 curing process of concrete blocks. 

2.4.2 CO2 curing for solid waste 

The CO2 curing technique can be used as an innovative tool for recycling or 

stabilizing certain solid wastes (Bertos et al. 2004). The CO2 curing method was  

reported to improve the physical and chemical properties of the waste to make 

them added-value products (Bertos et al. 2004). 

Concrete waste derived from construction & demolition wastes is the typical waste 

that can be processed by the CO2 curing technique. An autoclaved lightweight 
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concrete waste had been treated with the CO2 curing technique (Liu et al. 2001). 

The CO2-treated concrete waste was densified and the bulk materials with higher 

mechanical properties were produced. Through the CO2 curing process, the density 

of recycled aggregates was increased and the water absorption decreased. 

Numerous kinds of industrial solid wastes have been stabilized by the CO2 curing 

method (Valls and Vàzquez 2001; Sanchez et al. 2002; Gerven et al. 2004; 

Gunning 2011). Contaminated soils can also be treated by mixing them with 

cementitious materials, and assisted by the CO2 curing technique whereas the 

contaminants can be fixed in the hardened cementitious matrix (Gunning 2011). 

Bertos et al. (Bertos et al. 2004) attempted to use the CO2 curing to stabilize  

MSW incinerator ashes, and it was found that the stabilized products had lower 

porosity, lower tortuosity and lower pore area, due to the blockage induced by 

calcite precipitation. However, it was found the carbonation increased the sulphate 

leaching, while chloride leaching declined. Another study indicated that the 

accelerated carbonation reactions affected the leaching of MSWI fly ash 

significantly; and it was mainly caused by the decreased pH due to carbonation, 

not associated with transformation of hydroxide to carbonates (Gerven et al. 2004). 

Steel slags, a kind of calcium magnesium silicate rich material, have also been 

subjected to the CO2 curing process with high pressure (Johnson and MacLeod 

2003; Huijgen et al. 2005), aiming to investigate its CO2 capture ability. Both the 

studies indicated that the steel stag could be a potential feedstock for CO2 

sequestration, because experimental results showed that the slag could absorb 
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approximately 18%-21% of their own mass of CO2. Furthermore, waste cement 

and air pollution control (APC) residues had also been reused to sequester CO2 

through accelerated carbonation (Iizuka and Fujii 2004; Baciocchi et al. 2006). 

Experimental results indicated that APC could absorb 12% of CO2, in terms of the 

dry mass of APC. 

2.5 Summary 

This chapter reviewed the literatures pertaining to the CO2 curing of concrete 

blocks prepared with recycled aggregates. This included three topics: reuse of 

recycled aggregate, carbonation of recycled aggregate, and the CO2 curing 

technique. 

Recycled aggregates derived from C&D wastes contain a large amount of old 

cement mortar, which makes the RA more porous compared to the original 

aggregate. The attached old cement mortar can increase the overall porosity and 

water absorption, reduce the apparent density and mechanical properties of 

recycled aggregates. The decline of aggregate quality is more serious for the fine 

recycled aggregate. Reuse of recycled aggregates in concrete products is 

acceptable when a small amount of natural aggregate is replaced; when the 

replacement ratio increases gradually, the overall performance of concrete 

products will be degraded sharply.  

Cement hydration products can react with CO2 in the pore system, accompanying 

the transformation of calcium from hydration products into calcium carbonate. 
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This process leads to a densification of concrete structure to some extent. Several 

parameters influence the carbonation process, including concrete porosity. Due to 

the porous nature and the presence of the attached cement mortar, recycled 

aggregate is amenable to the carbonation reactions. 

Use of CO2 curing technique yields a rapid strength development, improve the 

long-term mechanical properties and the overall microstructural properties, 

leading to a better durability for the cement-based materials. Concrete products 

with a low water to cement ratio are preferred for the CO2 curing process, this can 

lead to a higher curing degree and CO2 sequestration by the cement-based 

materials. 

It is anticipated that, the decline in performance of the concrete products caused 

by the inclusion of recycled aggregates would be compensated if the CO2 curing 

process is adopted at the appropriate conditions. This will lead to enormous 

potential for increasing the recycling rate, broadening the application of recycled 

aggregate, especially of the recycled fine aggregate; and finding a possible way 

for CO2 capture and storage. 
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Chapter 3. – EXPERIMENTAL PROGRAM 

3.1 Introduction 

In this chapter, detailed information for all the materials used in this study will be 

shown firstly; and then the experimental programs for Phase I, Phase II and Phase 

III will be introduced separately. 

There are two types of mixtures prepared in this study: concrete block samples for 

Phase I and Phase II study, and cement paste samples for Phase III study. 

In Phase I, the concrete block samples are prepared with cement, fine aggregate 

and coarse natural aggregates; only the fine aggregates are replaced with recycled 

fine aggregates collected from the recycling plant at Tuen Mun Area 38# in Hong 

Kong. 

In Phase II, the concrete block samples are prepared with binders and fine 

aggregate. Binders include ASTM Type I cement, low-calcium fly ash and lime. 

Recycled fine aggregates are derived from the crushed mortar, which is prepared 

previously with a specific mixture ratio in laboratory. 

In Phase III, only the cement paste samples were prepared, without any aggregate 

inclusion. 
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3.2 Materials  

3.2.1 Binders 

An ASTM Type I ordinary Portland cement was used in this study, supplied by 

China Cement (H.K) Co. Ltd. A low-calcium fly ash used in this study was 

collected from China Light & Castle Peak Power Plant in Hong Kong. A locally 

purchased lime powder was also used. Their chemical compositions (determined 

by X-ray fluorescence method) and basic physical properties (obtained from the 

suppliers) are shown in Table 3-1 and 3-2, respectively. 

Table 3-1 Chemical compositions of binders 

 CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI 

Cement 63.15 19.61 7.32 3.32 2.14 0.13 0.32 2.03 2.34 

Fly ash < 3 56.79 28.21 5.31 5.21 0.14 -- 0.68 3.90 

Lime 98.72 0.86 -- -- -- -- -- 0.28 0.13 

 

Table 3-2 Physical properties of binders a 

 Cement Fly ash Lime 

Density (g/cm3) 3.16 2.31 3.30 

Specific surface 

area (cm2/g) 
3519 3960 4850 

         a data obtained from the suppliers. 

3.2.2 Aggregates 

Natural aggregates 

Both coarse and fine aggregate were used in this study. Crushed granite with 
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particle size 5 mm < d <10 mm and d < 5 mm were used as natural coarse aggregate 

and natural fine aggregate, which were hereafter referred to as NCA and NFA, 

respectively. 

   

Figure 3-1 Appearance of fine aggregate used in this study. From left to right: TA, CMA, 

and NFA. 

Recycled aggregates 

There were two types of recycled aggregates used in this study, both of them were 

fine aggregate, with particle size smaller than 5 mm. The sources of the two types 

of recycled aggregate were introduced as follows: 

The first recycled aggregate was collected from a recycling plant at Tuen Mun 

Area 38# in Hong Kong, where the construction & demolition wastes are the main 

recycling target. After three times crushing process, concrete rubbles were broken 

and sorted into 40 mm, 20 mm, 10 mm sizes and fine fractions (< 5 mm). During 

the crushing process, impurities, such as wood, paper, plastics etc, were removed 

already (Poon et al. 2009). The produced fine fractions were collected and used as 

recycled fine aggregate for this study, hereafter referred as TA. 

The second recycled aggregate was derived from the crushed mortar. The original 
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mortar was prepared previously with a proportion of cement: water: crushed fine 

granite = 1: 0.6: 3. After water curing for 28 days, a compressive strength of 52.7 

MPa was measured, and then all the mortar samples were crushed and sieved, only 

the fine fractions (< 5 mm) were collected and used as recycled fine aggregate, 

hereafter referred to as CMA. 

Figure 3-1 shows the appearance of fine aggregates used in this study. The physical 

properties of both the natural and the recycled aggregates were determined, 

including the grading analysis according to BS EN 933-1 and water absorption and 

density according to BS EN 1097-6. The results are presented in Table 3-3. 

Table 3-3 Properties of aggregates 

Properties Sieve 

size, mm 
NCA NFA CMA TA 

P
a
ss

in
g
 p

er
ce

n
ta

g
e,

 %
 

14 100 - - - 

10 95 - - - 

4.75 18 97.0 93.3 99.6 

2.36 2 66.7 67.9 78.6 

1.18 - 44.0 43.3 56.2 

0.6 - 27.0 25.5 36.8 

0.3 - 14.3 13.8 24.3 

0.15 - 6.3 8.1 12.8 

Fineness modulus - 3.4 3.5 2.93 

Apparent density, g/cm3 2.60 2.62 2.24 2.54 

Water absorption, % 1.23 1.24 7.9 3.13 
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3.2.3 CO2 gas 

A commercially supplied CO2 (Hong Kong Oxygen) cylinder with a CO2 

concentration higher than 99% was used for the CO2 curing experiment. 

3.3 CO2 curing setup 

 

Figure 3-2 Schematic of CO2 curing setup 

A pressure chamber was custom-designed with a volume of about 33 L for 

pressurized CO2 curing (PCC), as illustrated by part B in Figure 3-2. Once the 

samples were transferred to the chamber, vacuum pumping was applied in order to 

expel the air inside the blocks and chamber, until the pressure inside the chamber 

was about 0.5 bars below atmospheric. After that, the pure CO2 gas was injected 

into the chamber and the pressure inside was maintained at a desired level by a gas 
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regulator connected with the chamber (as show in Figure 3-3). As the interactions 

between the cement minerals and CO2 are exothermic reactions resulting in 

moisture evaporation, a certain amount of anhydrous silica gel was put inside the 

chamber to absorb the evaporated water. Triplet samples were cured for each batch, 

and the temperature and relative humidity in the chamber were monitored 

continuously through the CO2 curing process. 

 

Figure 3-3 Pressurized CO2 curing setup 

 

Figure 3-4 Flow-through CO2 curing (FCC) apparatus 

The part C shown in Figure 3-2 is a flow-through CO2 curing (FCC) apparatus. 

The main body of the flow-through reactor is a transparent polycarbonate tube with 
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an internal diameter of 150 mm and a length of 400 mm (as shown in Figure 3-4). 

In order to adjust the gas flow rate, the gas inlet of tube is equipped with a flow 

control valve, which is available with flow ranges from 0.2-10 L/min. While the 

gas outlet is connected with a container filled with lime water to absorb the surplus 

CO2. Three samples per batch were cured and tested. The flow-through CO2 curing 

setup was only used for the study in Part 2 of Phase II. 

3.4 Methodology for Phase I 

The purpose of this phase is to explore the feasibility of using CO2 curing process 

for concrete blocks prepared with recycled aggregates. Non-load bearing and load 

bearing masonry unites were prepared with recycled fine aggregate. Pressurized 

CO2 curing process was adopted; the produced masonry units were evaluated in 

terms of strength, drying shrinkage and CO2 curing degree. 

3.4.1 Mix design 

Two series of mixes, corresponding to non-load bearing (NLB) and load bearing 

(LB) masonry units, were designed with the following proportions: cement: fine 

aggregate: coarse aggregate = 1.0:6.5:3.5 and 1.0:2.3:0.7, respectively. In each 

series, the recycled fine aggregate was used as a replacement of 0% (labeled 

‘Control’), 50% (labeled ‘TA50’) and 100% (labeled ‘TA100’) of crushed fine 

granite by mass. The used water amount for each mix was different, as each mix 

was prepared with varying contents of recycled aggregate (TA). Considering the 
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higher water absorption of TA, more water was added into the mix which contained 

more TA, in order to ensure a more homogeneous mixture and a better compaction. 

Details of mix proportion for all the concrete blocks are listed in Table 3-4. 

Table 3-4 Mix proportions of concrete blocks for Phase I study 

3.4.2 Sample preparation 

  

Figure 3-5 Demoulded samples. From left to right: cubical samples for strength testing; 

prismatic samples for drying shrinkage testing. 

The mixtures were cast in steel mould with internal dimensions of 70 mm×70 mm 

×70 mm and 25 mm×25 mm×285 mm. The 70 mm cubic samples were prepared 

for compressive strength testing while the prismatic samples were for drying 

shrinkage measurements. The well-mixed materials were put into the mould in 

three layers of approximately equal depth. After each of the first two layers was 

Notation 
LB-

Control 

LB-

TA50 

LB-

TA100 

NLB-

Control 

NLB-

TA50 

NLB-

TA100 

Cement 1.0 1.0 1.0 1.0 1.0 1.0 

NFA 2.3 1.15 0 6.5 3.25 0 

TA 0 1.15 2.3 0 3.25 6.5 

NCA 0.7 0.7 0.7 3.5 3.5 3.5 
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filled, compaction was applied manually using a hammer and a wooden stem. After 

the third layer was filled, a pressure of approximately 30 MPa was applied and 

held for 30 s on the specimens. Once the block fabrication was finished, all the 

specimens were removed from the mould immediately (Poon & Lam 2008; Poon 

et al. 2009). The produced samples are shown in Figure 3-5. 

3.4.3 Curing process 

Two curing methods, CO2 curing and moist curing were employed in this study. 

The CO2 pressure in the chamber was kept at 0.1 bar for 6, 12 and 24 h curing 

duration. There were three samples cured in CO2 curing chamber each time. 

For moist curing, the specimens were placed over a layer of water in a sealed 

container (to allow water vapor saturation) for the same duration as the CO2 curing 

and the moist curing was used as the reference sample group. Both the CO2 curing 

chamber and the moist curing container were placed in the same room with 

temperature maintained at 23℃. 

3.4.4 Testing method 

Temperature and humidity monitoring 

Both the hydration and carbonation of calcium silicates are exothermic reactions, 

and accompanied by water combination and water vapor generation respectively. 

Therefore, monitoring of the variation of temperature and humidity inside the 

chamber is very necessary. Temperature and humidity sensors were placed inside 
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the chamber and a SK-L200TH II-α data logger was used to record the temperature 

and relative humidity variations once every minute during the curing process. 

CO2 uptake, water loss and CO2 curing degree 

Due to the heat release during the curing process, some free water inside the 

specimens was evaporated, which subsequently condensed on the inner surface of 

the chamber or was absorbed by the silica gel in the chamber, resulting in a mass 

gain of the curing chamber. Also, when CO2 reacts with the cement clinker 

minerals and hydration products and is sequestrated, it results in a net mass gain 

of the specimens. Therefore, before and after the CO2 curing process, the mass-

change of the specimen and the curing chamber with silica gel was measured for 

the determination of amount of captured CO2 (MCO2). 

MCO2 = ΔM specimen + ΔM water                                      (3-1) 

Where ΔM specimen and ΔM water represent the net mass gain of the specimens and 

the moisture loss. 

The CO2 curing degree (α) is defined as the ratio of the actually captured CO2 

amount to the maximum theoretical CO2 amount captured by cement in the 

specimens: 

α = MCO2 / (Mc·CO2%max)                                         (3-2) 

Where Mc represents the cement mass in the specimens, while the maximum 

theoretical CO2 (CO2%max) captured by Portland cement can be calculated based 
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on the metal oxide content by the following formula (Steinour 1959): 

CO2%max = 0.785(CaO − 0.7SO3) + 1.091MgO + 1.420Na2O + 0.935K2O  (3-3)                                    

According to the chemical compositions of the cement used in this study, which is 

shown in Table 3-1, the CO2%max is 51.3%. 

Compressive strength 

After the curing process, the compressive strength of the specimens was 

determined in accordance with BS EN 12390-3:2009, three specimens were used 

for each test, and the results were averaged. 

Drying shrinkage 

After the curing process, all the specimens (25 mm×25 mm×285 mm) were placed 

into a water tank at room temperature for an additional 28 days of water curing; 

and the initial lengths of the specimens were measured. Then all the specimens 

were transferred into an environmental chamber at a temperature of 20ºC and a 

relative humidity of 50% for drying shrinkage measurement. The length 

measurements were repeated at 1, 3, 7, 14 and 28 days after the initial measurement 

according to BS 6073. Three specimens were measured for each test. 

Extent of carbonation by spraying phenolphthalein 

After the compressive strength test, the CO2 cured samples were split, and 

immediately the fractured surface was cleaned and sprayed with a phenolphthalein 

solution of 1% phenolphthalein in 70% ethyl alcohol, aiming to identify the 
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carbonation process in the specimens qualitatively.  

3.5 Methodology for Phase II 

The purpose of this phase is to investigate several factors that might influence the 

CO2 curing process for concrete blocks containing recycled aggregates. Just as 

reviewed in Chapter 2, the influencing factors included two aspects: concrete block 

itself and curing conditions. Thus, the two parts were investigated separately. Part 

one presented in Chapter 5 focused on the factors related to materials 

characteristics of concrete block. Part two presented in Chapter 6 focused on the 

factors related to CO2 curing conditions.  

3.5.1 Mix design 

Part 1: 

For the Part 1, five series of concrete block mixes were designed corresponding to 

the variables that were designed to be studied; the mix proportions are presented 

in Table 3-5. 

In Series I, the moisture content of the concrete blocks before subjecting to CO2 

curing was adjusted by a pretreatment method, which will be described in details 

in the following section. In Series II, Portland cement and fly ash-lime blends were 

used to study the effects of different binders on the properties of CO2 cured 

concrete blocks. Only the recycled aggregates (CMA) were used to prepare the 

concrete blocks with varying density values ranging from 1995-2222 kg/m3 in 
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Series III. In Series IV the aggregate to cement ratios were designed to increase 

from 3 to 12; while the varying replacement ratios at 0, 25, 50, 75 and 100% of 

natural aggregate with CMA were designed in Series V. 

Table 3-5 Mix Proportions of concrete blocks for study in Part 1 of Phase II 

Series Mix Code A/B 

ratio* 

Cement Fly 

ash 

Lime Water CMA NFA Density, 

Kg/m3 

I 
M-NFA 3 1 / / 0.32 / 3 2286 

M-CMA 3 1 / / 0.55 3 / 2086 

II 

FL-CMA 3 / 0.7 0.3 0.55 3 / 2086 

FL-NFA 3 / 0.7 0.3 0.35 / 3 2249 

PC-CMA 3 1 / / 0.55 3 / 2086 

PC-NFA 3 1 / / 0.32 / 3 2286 

III D-CMA 3 1 / / 0.55 3 / 

1995 

2041 

2086 

2131 

2177 

2222 

IV 

AC-3 3 1 / / 0.55 3 / 2086 

AC-4.5 4.5 1 / / 0.74 4.5 / 2068 

AC-6 6 1 / / 0.93 6 / 2050 

AC-9 9 1 / / 1.32 9 / 2023 

AC-12 12 1 / / 1.7 12 / 1995 

V 

CMA00 3 1 / / 0.32 0 3 2286 

CMA25 3 1 / / 0.38 0.75 2.25 2236 

CMA50 3 1 / / 0.44 1.5 1.5 2186 

CMA75 3 1 / / 0.50 2.25 0.75 2136 

CMA100 3 1 / / 0.55 3 0 2086 

*Aggregate to binders ratio. 

Part 2: 

For Part 2, the focus here was the variation of CO2 curing conditions; so there were 

only two mixes used to produce concrete block. RAS concrete blocks were 

prepared with a mass proportion of cement: CMA: water = 1: 3: 0.55; NAS 

concrete blocks were prepared with a mass proportion of cement: NFA: water = 1: 
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3: 0.32. Some trial tests had been conducted and demonstrated that these mix 

proportions were appropriate to produce blended mixtures with zero slump which 

could facilitate the production and CO2 curing processes of concrete blocks. 

3.5.2 Sample preparation 

The procedure of sample preparation is illustrated in Figure 3-6. The well-mixed 

materials were filled into steel cylindrical mould with an internal diameter of 

52±0.5 mm, and then were subjected to a mechanical loading to exert a pressure 

of 30 MPa until the height of compacted sample reached 50 mm. After holding at 

the same pressure for 30 seconds, the loading was removed and the compacted 

blocks were forced out from the mould immediately.   

     

   

Figure 3-6 Sample preparation. From left to right and from top to bottom, mixing, filling, 

compaction, demolding and the prepared sample. 
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3.5.3 Sample pretreatment 

During the preparation of the blocks, a larger amount of water was needed when 

recycled aggregates were used due to the high water absorption characteristics of 

the recycled aggregate. This high moisture content hindered the CO2 penetrating 

into the samples during carbonation (Shi et al. 2012). Consequently, it was 

necessary to pretreat the prepared concrete blocks to reduce the free water content 

inside the samples prior to the CO2 curing process. 

 

Figure 3-7 Drying chamber for pretreatment of samples 

The prepared samples were transferred to an environmental chamber (Figure 3-7) 

at 25 ℃ and 50% RH to drive out part of the water before carbonation. The 

amount of water loss from the samples was monitored and the moisture content (w) 

of the samples were defined as: 

𝑤 =  
M0∙𝑤0−(M0−Mi)

Mi
 ×100%                                  (3-4) 

Where, M0 represents the initial mass of freshly cast sample; Mi represents the 
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mass of sample after pretreatment; and w0 represents the initial moisture content 

of freshly cast sample, and it can be calculated as the mass ratio of water to the 

total mixture in the sample. 

For the samples in Part 1, the pretreatment duration varied from 0-6 hours, until 

the optimum moisture content was found. For the samples in Part 2, the 

pretreatment took about 2 hrs for NAS and 4 hrs for RAS, to render the remaining 

moisture contents in the RAS and NAS at 7.6±0.2% and 3.8±0.2% respectively, 

which had been proved to be the optimal moisture contents for pressurized CO2 

curing of concrete blocks in our previous study (Zhan et al. 2016). 

However, such a pre-drying process was not necessary for the samples designed 

for the flow-through CO2 curing process, because the dry CO2 gas-stream would 

gradually take the free water away from the specimens.   

3.5.4 Curing process 

Part 1: 

For the samples in Part 1, there are three types of curing method: pressurized CO2 

curing, moist curing and steam curing. All the mixes were exposed to the CO2 with 

a pressure of 0.1 bar for 2 hours. 

Moist curing was also adopted (the same as adopted in Phase I study) to all the 

mixes in order to make a comparison. Steam curing was adopted only for the fly 

ash-lime blended samples in Series II in order to simulate the practical production 
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of fly ash blocks in a commercial steam curing environment.  

The steam curing regime was as follows: immediately after demolding, 2 hours of 

temperature elevation from room temperature to 65℃ , 6 hours of constant 

temperature at 65℃, then 3 hours of natural cooling to ambient temperature with 

the lid of the curing chamber opened. 

Part 2: 

For the samples in Part 2, there are three types of curing method used, which are 

pressurized CO2 curing, flow-through CO2 curing and moist curing. As this part is 

related to the investigation on curing conditions on the CO2 curing process, several 

parameters of curing condition were varied for pressurized CO2 curing method. 

The schedule of variables tested including curing time (T-), temperature (TEM-), 

relative humidity (RH-), pressure (P-) and post-water curing (PWC-) are shown in 

Table 3-6. 

Table 3-6 Variables schedule of curing regime for the study in Part 2 of Phase II 

Batch Curing 

method 

Time (hours) Temperature 

(℃) 

RHa 

(%) 

Pressure   

(bar) 

PWCb 

(days) 

T- PCCc 1/2/4/12/24/72 23±1 60±10 0.1 Nil 

TEM- PCC 2 20/35/50/70/80 60±10 0.1 Nil 

RH- PCC 2 23±1 50/80 0.1 Nil 

P- PCC 2 23±1 60±10 0.1/0.3/0.5/1/2/4 Nil 

PWC- PCC 1/2/4/12/24 23±1 60±10 / 7/28 

FCC- FCCd 2/4/8/12/24 23±1 / atmospheric Nil 

Note: a- relative humidity in curing chamber; b- post water curing; c- pressurized CO2 curing; 

d- flow-through CO2 curing. 
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Batch T- was cured with a CO2 gas pressure of 0.1 bars and the curing period varied 

from 1 to 72 hrs. For TEM- batch, a water bath was used to control the chamber 

temperature from 20 oC to 80 oC. The actual temperature profiles in the chamber 

were recorded in advance without the samples and are shown in Figure 3-8. For  

 

Figure 3-8 Temperature profiles in CO2 curing chamber for Batch TEM. 

 

Figure 3-9 Relative humidity profiles in CO2 curing chamber for Batch RH 
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batch RH-, the relative humidity (Figure 3-9) was controlled to investigate the 

effect of RH on CO2 curing, while for the batch P-, the effect of increasing the gas 

pressure from 0.1 bars to 4 bars was assessed. Batch PWC- used the samples from 

batch T- but they were subjected to 7 days and 28 days of further moist curing (100% 

RH and 23±1 oC) to study the effect of further hydration on the properties of the 

blocks. 

3.5.5 Testing methods 

CO2 curing degree 

The CO2 curing degree is determined as the mass ratio of the measured CO2 uptake 

(MCO2) to the theoretical CO2 uptake by cement, according to Equation 3-1, 3-2 

and 3-3 in Section 3.4.4. 

However, for the sample FL-CMA and FL-NFA, which are prepared with the 

blends of fly ash and lime, the carbonation reactions can be described as following: 

CaO + H2O → Ca(OH)2                                                               (3-5)  

Ca(OH)2 + CO2 → CaCO3 + H2O            (3-6)  

According to the above chemical equations, the CO2%max for the blend of fly ash 

and lime can be calculated by Equation (3-7), based on the assumption that the 

basic oxides contained in fly ash did not involve in the carbonation reactions. 

CO2%max = Ml · (44/56)                                         (3-7) 

where Ml is the mass of lime contained in the samples, 44 and 56 represents the 
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molar mass of CO2 and CaO, respectively. 

Combining the above Equations with the actual chemical compositions of cement 

and lime presented in Table 3-1, the values of CO2%max can be calculated and is 

77.6% for lime. 

Besides, the water losses from the samples in Batch TEM- and FCC- could not be 

determined by this weighting method because the water vapor evaporated from 

samples in Batch TEM- and FCC- could not be condensed on the inner wall of 

curing chamber due to the high temperature (Batch TEM-), or the flowing CO2 gas 

has taken them away (Batch FCC-). Given that, the CO2 uptake by the samples in 

the batches TEM- and FCC- was determined by another method. 

The formed CO2 can be liberated by thermal decomposition of the carbonates in 

the specimens. The broken samples after the compressive strength test were oven 

dried at 105 oC for about 24 hours to remove the free water and then ground into 

powder to particle sizes of less than 150 µm. 40 g of the powdered samples were 

then heated in a muffle furnace for 1 hour at 500 and 850 oC, respectively. The 

temperature range of 500 to 850 oC is commonly related to the temperature span 

for the decomposition of carbonates (Morandeau et al. 2014) with the liberation of 

CO2. Therefore, the actual CO2 uptakes (MCO2) in these cases were determined by 

the following Equation (3-8): 

MCO2 = M500 –M850 –Mc@RA                                        (3-8) 

Where, M500 and M850 represent the mass of ignited powder after heating at 500 
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oC and 850 oC, respectively; Mc@RA is the CO2 content in CMA which was also 

determined with the aforementioned heating method in advance of the preparation 

of concrete blocks. For each batch, three measurements were conducted with the 

powder samples obtained from each specimen, and the CO2 contents were 

averaged. 

Although two different ways were used to determine the actual CO2 uptakes, a 

previous study showed the results obtained were comparable to each other 

(Monkman & Shao 2010). 

Compressive strength 

After the curing process, the compressive strength of the specimens was 

determined in accordance with BS EN 12390-3:2009, three specimens were used 

for each test, and the results were averaged. 

Extent of carbonation by spraying phenolphthalein 

After the compressive strength test, the CO2 cured samples were split, and 

immediately the fractured surface was cleaned and sprayed with a phenolphthalein 

solution of 1% phenolphthalein in 70% ethyl alcohol, aiming to identify the 

carbonation process in the specimens qualitatively.  

3.6 Methodology for Phase III 

The purpose of Phase III study is to investigate the chemical and microstructural 

variation of cement paste subjected to CO2 curing and water curing, and then to 
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reveal the mechanism of rapid strength development caused by the interactions 

between CO2 and cement. Thus, the aggregates are excluded in this phase, only 

cement paste with low water/cement ratio was prepared and studied. 

3.6.1 Sample preparation 

In order to keep the cement under the same condition as when it is used in concrete 

blocks production using a dry-mixed method, the cement paste specimens were 

prepared with a water/cement ratio of 0.18. This w/c ratio was chosen to optimize 

the CO2 curing process (Sorochkin et al. 1975) and for easy casting of samples. 

The fresh cement/water mixture after thorough mixing was compacted in a 

custom-designed cylindrical mould with a diameter of 25 mm by a compaction 

force of 14.7 kN to attain a bulk density of 2038 kg/m3. The compaction force was 

applied and hold for 30 seconds, before the compacted specimen with a dimension 

of 25 mm diameter × 25 mm height was removed from the mold.  

3.6.2 Curing regime 

The compacted cement pastes were immediately subjected to CO2 curing with a 

pressure of +0.1 bar for 0.5, 1, 2, 4, 12 and 24 hours at ambient temperature (23±1 

◦C). The CO2-cured samples were accordingly coded as 05C, 1C, 2C, 4C, 12C and 

24C. Once the CO2 curing process was completed, the carbonated samples were 

divided into two groups: half were used for subsequent further water curing and 

half for immediate testing. The code for CO2-cured samples with further 
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subsequent hydration were suffixed by “7W” and “28W”, corresponding to 7 days’ 

and 28 days’ water curing, respectively. For example, 2C7W represents the sample 

experienced 2-hour CO2 curing and then 7-day water curing. 

Controlled reference samples which were subjected only to conventional water 

curing were prepared. The samples were pre-conditioned for 24 hours in a 

humidity chamber (RH ≥ 90%) before immersed in a sealed water tank at a 

constant temperature of 23 ◦C, to avoid the influence of natural carbonation. 

3.6.3 Characterization methods 

Compressive strength 

The compressive strength tests on the samples were carried out at their specific 

curing ages in accordance with EN 196-1. The tests were conducted using a 

loading rate of 0.3 mm/min, and replicated on at least five samples in order to 

produce reliable results.  

The fractured samples derived from the compressive strength tests were collected 

and preserved in absolute alcohol for 2 weeks to terminate the further hydration of 

unreacted cement. In order to make sure all the free water was exchanged out of 

the samples, the alcohol was refreshed every three days. After that, the samples 

were oven-dried at 60 ◦C for 7 days and then stored in a sealed container with a 

vacuum of about 10-1 Pa for subsequent analysis as described below. 

Thermogravimetric analysis 
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Thus, a Berger’s pyrolysis method (Berger et al. 1972) was adopted to measure the 

overall CO2 content (Wc) and non-evaporable water content (Wn) in the target 

samples. Three 25 diameter × 25 mm height samples of each batch were crushed, 

ground and sieved, and about 60 g powders with particles size of < 150 μm were 

collected and placed into three ceramic crucibles, and they were then heated in a 

muffle furnace to 500 ◦C, 850 ◦C and 1050 ◦C with a heating rate of 25 ◦C/min 

(holding for 1 hour when the above temperature was reached). It was indicated by 

the TG/DTG curves that, the mass loss between 500 ◦C to 850 ◦C is attributed to 

the decomposition of carbonates, and the rest to the dehydration of cement 

hydrates. After normalized over the ignited mass at 1050 ◦C, the amount of non-

evaporable water and chemically-bound CO2 could be quantified. Note that the 

CO2 derived from the original anhydrous cement was deducted based on ignited 

mass at 1050 ◦C. This method of quantification is based on two assumptions: (1) 

the temperature interval for decarbonation was visually determined from TG/DTG 

curves, but this might have introduced some errors; (2) release of CO2 was 

regarded as the only cause of mass loss within the temperature range of 500-850 

◦C. 

Crystalline phase analysis 

Crystalline phase identification for the hydrated and carbonated samples was 

conducted by means of X-ray diffraction. The diffraction data were collected using 

a Rigaku Smart-Lab apparatus with CuKα radiation (λ=1.54Å) operating at 40 kV 

and 40 mA. The target samples were scanned over a range of 5-75◦ 2θ, with a step 
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size of 0.02◦ and a scanning speed of 1.2◦ per minute. A 20 wt. % corundum (α-

Al2O3) used as an internal standard was added to the samples to determine the 

amorphous phase content. The phase identification analysis was performed using 

HighScore Plus software from PANalytical. The reference pattern profiles for the 

target phases were selected from PDF-2 database (Release 2012). Semi-

quantitative analysis for the main crystalline phases was carried out using the 

internal standard method with an analytical procedure suggested by a previous 

study (Chung 1974). 

Solid state 29Si MAS NMR analysis 

In order to study the effect of coupled CO2-water curing on silicate structure of 

CSH, the carbonated and hydrated samples were also studied using a solid-state 

MAS-NMR spectrometer (Bruker Avance 400), employing a magnetic field of 

9.39 T and operating a resonance frequency of 79.5 MHz for 29Si. The spectra for 

all samples were acquired using a home-built CP/MAS probe for 4 mm zirconia 

rotor with a spinning speed of 8 kHz. The spectra acquisition was carried out at a 

room temperature of 20 ◦C, using a pulse width of 4 μs and relaxation delay of 8 s. 

Besides, tetramethylsilane (TMS) was used as external standard for all spectra.  

Porosity analysis 

The microstructural characteristics of water- and CO2-cured samples were 

assessed by means of mercury intrusion porosimetry (MIP) using a high-pressure 

porosimeter Micrometrics Auto-Pore IV 9500. 
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Morphology identification 

The morphological forms together with the chemical composition of the main 

mineral components were investigated by means of a scanning electron 

microscope (SEM) JEOL Model JSM-6490 equipped with an energy dispersive X-

ray spectroscopy (EDX) detector. 
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Chapter 4. – Phase I Study 

CO2 Curing for Improving the Properties of Concrete 

Blocks Containing Recycled Aggregates 

Preface 

The study presented in Phase I is an attempt that explores the feasibility of using 

CO2 curing technique for producing concrete blocks prepared with recycled 

aggregates. The adoption of CO2 curing for produce normal concrete products has 

been reported a lot; the author has also tried using CO2 curing to enhance the 

properties of recycled aggregates and the results indicated that it is feasible. So it 

is a logical route to conduct the investigation on revealing the effects of recycled 

aggregates on CO2 curing process for produce concrete blocks. 

The preliminary work will guide the subsequent research program on optimizing 

the experimental conditions to improve the CO2 curing efficiency, and to improve 

the properties of concrete blocks containing recycled aggregates.  

The work presented here, has been published in the Journal of Cement and 

Concrete Composites: Vol 42, 1-8, Sept 2013. 

doi:10.1016/j.cemconcomp.2013.04.013 

 

http://dx.doi.org/10.1016/j.cemconcomp.2013.04.013


 
 

88 
 

4.1 Introduction 

Due to the imminent exhaustion of available landfill capacity, the Hong Kong 

Government has promulgated a series of policies to encourage waste reduction, 

recycling and reuse in the last decade (Hong Kong EPD 2012). As a consequence, 

reuse and recycling of construction waste, most of which is inert and is known as 

public fills in Hong Kong, has drawn the attention of researchers and practising 

engineers. The Hong Kong Polytechnic University (Poon et al. 2009; Poon & Chan 

2006; Kou et al. 2012) has put a lot of effort into finding practical methods to 

recycle construction waste as a secondary aggregate for new concrete and concrete 

blocks production. Also, similar studies (Sadek 2012; Soutsos et al. 2011; Khatib 

2005) have been reported widely in other parts of the world. However, as 

demonstrated in our previous work, using recycled aggregates to replace natural 

aggregate has some negative effect on the performance of the new products, 

especially mechanical properties (Xiao et al. 2011; Poon & Chan 2007), due to the 

presence of adhered-old cement mortar in the recycled concrete aggregate (RCA). 

Only with a lower water to cement ratio and a longer curing time, a comparable 

performance to natural aggregate concrete can be achieved (Poon & Chan 2007; 

Wattanasiriwech et al. 2009).  

Natural carbonation in air, which is a well-known chemical process of combining 

cement hydration products with atmospheric carbon dioxide, has been found to be 

able to improve the mechanical properties (Jerga 2004; Chang & Chen 2005) and 
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reduce the subsequent drying shrinkage (Toennies 1960; Bertos et al. 2004) of 

concrete products. Previous works (Bierlich 1969; Berger et al. 1972) showed that 

concrete products have a more rapid strength development rate when compared to 

the normal hydration process, if the carbonation process is introduced at the early 

stage of cement hydration. The accelerated carbonation behavior and strength 

development of calcium silicates, including γ-Ca2SiO4, β-Ca2SiO4, CaSiO4 and 

Portland cement were investigated in the 1970s (Young et al. 1974; Bukowski & 

Berger 1979; Goodbrake et al. 1979). The compressive strength of a C3S mortar 

after 1 h CO2 curing was comparable to the same mortar after 7 days of moist 

curing. Furthermore, the post-hydration of the carbonated compacted-cement 

system increased the compressive strength by 50% in 3 days (Klemm & Berger 

1972). Shi and Wu studied the influence of factors on the degree of CO2 curing of 

concrete products, including curing time and pressure, and effective water to 

cement ratio (Shi & Wu 2008; Shi et al. 2011) . It was noticed that remained water 

to cement ratio had the most significant effect on the CO2 curing process (Shi et 

al. 2012). Also, several studies on accelerated carbonation reported the 

consolidation of concrete waste (Liu et al. 2001), CO2 capture using concrete 

(Shao et al. 2006) and performance improvement of slag-cement concrete using 

carbonation (Shao et al. 2006; Monkman & Shao 2010).  A recent study indicated 

that CO2 curing of concrete products was also a diffusion-controlled process (Shi 

et al. 2012). 

In this chapter, the results of a preliminary study on the feasibility of applying CO2 
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curing for concrete blocks prepared with recycled aggregate are reported. A 100% 

CO2 atmosphere was introduced to a sealed chamber for curing the concrete blocks 

that were prepared with the incorporation of recycled aggregates. The effect of the 

CO2 curing process on the performance of the concrete blocks was assessed in 

terms of mechanical properties and volume stability. 

All the samples reported in this chapter are reintroduced in Table 4-1. 

Table 4-1 Summary of all samples reported in Chapter 4 

 

 

 

4.2 Results and discussion  

4.2.1 Temperature and humidity variation 

Considering the variation of TA content and CO2 curing time, the typical 

temperature and relative humidity profiles of three mixes during CO2 curing 

process were selected and shown in Figure 4-1. It should be noted that nearly for 

all the cases, the temperature inside the chamber reached the highest about 1 hour 

after CO2 injection, and then declined gradually. The temperature rise could be 

attributed to the reactions between CO2 and cement clinker minerals or hydration 

products, which are exothermic processes (Berger et al. 1972): 

3CaO·SiO2 + yH2O + (3-x) CO2 → xCaO·SiO2·yH2O + (3-x) CaCO3      (4-1) 

Sample ID Cement NFA TA NCA 

LB-Control 1.0 2.3 0 0.7 

LB-TA50 1.0 1.15 1.15 0.7 

LB-TA100 1.0 0 2.3 0.7 

NLB-Control 1.0 6.5 0 3.5 

NLB-TA50 1.0 3.25 3.25 3.5 

NLB-TA100 1.0 0 6.5 3.5 
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2CaO·SiO2 + yH2O + (2-x) CO2 → xCaO·SiO2·yH2O + (2-x) CaCO3       (4-2) 

Generally, the peak value was about 3-6ºC higher than the ambient temperature. 

However, as the curing chamber was not adiabatic, the peak temperature depended 

not only on the heat liberated from the carbonation reactions, but also the heat 

transfer capability of the chamber, ambient temperature, the sensor’s location, etc. 

As a consequence, the actual maximum temperature of the sample occurred ahead 

of time corresponding to the temperature peaks shown in Figure 4-1. However, 

this does not mean that the termination of CO2 curing occurred when the 

descending segment of temperature curve appeared. It only indicates that the 

reactions slowed down.  

 

Figure 4-1 Typical temperature and relative humidity profiles 

The humidity level inside the chamber increased significantly with CO2 injection, 

and it was maintained at close to 100% for around 1-2 hours (Figure 4-1). As 

discussed above, a large amount of heat was released from the carbonation process 

evaporating water inside the specimens very quickly. Although the silica gel tried 

to absorb the water vapor, the absorption rate was slower than the evaporation rate 

resulting in a sharp increase in relative humidity. After then, the relative humidity 

dropped gradually when the carbonation rate slowed down. 
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4.2.2 Water loss and CO2 curing degree 

Figure 4-2 illustrates the water loss profiles during the CO2 curing process. The 

normalized water loss was defined as a mass ratio of water loss during the curing 

process to the initial mass of free water present in the specimens. Apparently the 

water loss of the specimens increased with curing time for both the load-bearing 

blocks and the non-load-bearing blocks. As the relative humidity inside the 

chamber was high (≥95%) throughout the whole curing process leading to a 

delicate specimen-gas moisture difference, it can be inferred that the heat of 

carbonation was the major driving force of water evaporation. The normalized 

water losses of NLB-TA50 and NLB-TA100 after 24h CO2 curing were 31.0% and 

24.0%, which were much higher than those of LB-TA50 and LB-TA100. For both 

series, the specimens prepared with TA lost more water than those without TA. 

  

Figure 4-2 Variation of normalized water loss during the CO2 curing. A: Load-bearing series; 

B: Non load-bearing series. 

The variation of CO2 curing degree with curing time is shown in Figure 4-3. For 

the load-bearing series, the blocks with TA (LB-TA50, LB-TA100) obtained a 

higher curing degree than those without TA, irrespective of the curing time. From 
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6 to 24 h of curing, the curing degree of LB-TA50 varied from 19.3% to 30.0%, 

while the NLB-TA50 varied from 17.1% to 32.7%. As curing time increase, a 

remarkable increase in curing degree also occurred in other blocks with or without 

TA of both series. Combined with Figure 4-2, it might be inferred that when more  

 

Figure 4-3 CO2 curing degree versus curing time. A: Load-bearing series; B: Non load-

bearing series. 

 

Figure 4-4 Relationship between CO2 curing degree and normalized water loss- A: Load 

bearing series; B: Non load-bearing series. 

water was evaporated from the specimens, it resulted in more open pores leading 

to more effective penetration of CO2, which could promote the carbonation 

reactions significantly. This deduction can be confirmed by the approximate linear 

relationships between CO2 curing degree and normalized water loss, as shown in 

Figure 4-4.  
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Furthermore, Figure 4-5 illustrates the correlation between the CO2 curing degree 

and the replacement ratios of fine aggregate with TA after 6, 12 and 24 h of curing. 

The use of TA, in theory, is supposed to be able to capture more CO2 than that of 

the natural aggregates due to the presence of old cement mortar which can also 

react with CO2. However, except for the LB series with 6 and 12 h of CO2 curing, 

the specimens prepared with a 50% replacement ratio achieved the highest CO2 

curing degree. To a certain extent the CO2 curing degree decreased for the 

specimens of NLB series prepared with 100% TA. This could be explained that, 

when more TA was used in the concrete blocks, more water was used to ensure an 

appropriate workability for batch mixing due to the higher water absorption of TA 

compared to the natural aggregate. The water rich specimens rendered the 

penetration of CO2 more difficult. 

 

Figure 4-5 Relationship between CO2 curing degree and recycled aggregate ratio- A: Load 

bearing series; B: Non load-bearing series. 

4.2.3 Compressive strength 

The results in Figures 4-6 and 4-7 reveal the compressive strength development of 

LB and NLB blocks series with different curing processes and curing times. 
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Compared to moist curing, the CO2 curing process improved the compressive 

strength of both LB and NLB blocks. After 6 h of curing, a compressive strength 

of 33.8 MPa was attained by the CO2 cured LB-TA50 blocks, while only 24.6 MPa 

was attained for the moist cured counterpart. The same phenomenon could also be 

observed in NLB-TA50 blocks after 12 h of curing (16.8 MPa for CO2 cured 

samples and 11.6 MPa for moist cured samples) and in NLB-TA100 blocks after 

24 h of curing (22.7 MPa for CO2 cured samples and 15.7 MPa for moist cured 

samples).  

 

Figure 4-6 Comparison of compressive strength between moist curing and CO2 curing 

samples- LB Series 

 

Figure 4-7 Comparison of compressive strength between moist curing and CO2 curing 

samples- NLB Series 

For the LB Series, it was apparent that the use of different recycled aggregate 

amounts had little effect on compressive strength of the CO2 cured samples as after 
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24 h of CO2 curing, the compressive strength of LB-Control, -TA50 and -TA100 

were very similar (49.1 MPa, 49.9 MPa and 50.4 MPa, respectively). However, 

the variation of strength gain is summarized in Table 4-2, which was determined 

as a ratio of the compressive strength of the blocks after CO2 curing to that of the 

moist cured samples, indicates that both LB and NLB series blocks with TA 

obtained higher strength gains than the reference group (except 6-h CO2 cured 

NLB-TA50 blocks). Moreover, even though 100% TA was used (LB-TA100 and 

NLB-TA100), the compressive strength of 24h CO2 cured blocks were still higher 

than that of 24h CO2/moist cured reference blocks (LB-Control and NLB-Control) 

which used natural aggregates. The increase in compressive strength could be 

attributed to the rapid formation of CaCO3 and modified calcium silicate hydrates, 

which accelerated the hardening (Klemm & Berger 1972; Berger et al. 1972; 

Bukowski & Berger 1979). These results confirmed the potential of using the CO2 

curing process for improving the mechanical properties of concrete products made 

with recycled aggregates. 

Table 4-2 Ratio of strength with curing time (compressive strength ratio of CO2 cured 

sample to that of corresponding moist cured samples) 

Samples 
LB-

Control 

LB-

TA50 

LB-

TA100 

NLB-

Control 

NLB-

TA50 

NLB-

TA100 

6 hours 1.15 1.37 1.30 1.43 1.41 1.44 

12 hours 1.19 1.23 1.27 1.38 1.45 1.51 

24 hours 1.29 1.42 1.38 1.08 1.49 1.45 
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4.2.4 Drying shrinkage 

Table 4-3 shows the 14-day drying shrinkage value of the samples. Compared to 

the moist curing method, the CO2 curing process reduced the shrinkage, and all the 

values were less than the stipulated limit (0.06%) of BS 6073 for concrete partition 

blocks. This might be due to the carbonation of concrete products producing 

irreversible shrinkage rapidly (Berger et al. 1972). Furthermore, the carbonation 

products, which had a higher molar volume than the original phases (Fernández et 

al. 2004), could decrease the pore volume and permeability of the concrete 

products, thereby being able to decrease the reversible volume changes with 

subsequent variation of relative humidity (Jerga 2004). However, it should be 

noted that the CO2 curing time, from 6 to 24 h, had relatively insignificant effects 

on the 14-day drying shrinkage value of blocks prepared with or without TA.  

Table 4-3 Comparison of 14-day drying shrinkage value of CO2 curing samples and moist 

curing samples 

Samples 
CO2 curing Moist curing 

(28 days) 6 hours 12 hours 24 hours 

LB-Control 0.036% 0.042% 0.036% 0.060% 

LB-TA50 0.054% 0.052% 0.058% 0.072% 

LB-TA100 0.060% 0.055% -- 0.079% 

NLB-Control 0.036% 0.030% 0.025% 0.047% 

NLB-TA50 0.041% -- 0.026% 0.053% 

NLB-TA100 0.050% 0.044% 0.040% 0.060% 

As shown typically in Figure 4-8, there is no obvious pattern in the impact of CO2 

curing time on drying shrinkage value of LB-TA50 blocks from 1 day to 28 days. 
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Further research on this matter is needed. 

 

Figure 4-8 Drying shrinkage value versus drying time for LB-TA50 blocks after moist and 

CO2 curing 

4.3 Implications 

4.3.1 Enhancement effect 

Although the reuse of RA can reduce the demand for limited natural recourses and 

thereby conserve natural raw materials, the negative effects of RA on concrete 

products should not be ignored. Due to the lower density and higher water 

absorption, the compressive strength of concrete blocks made with RA is normally 

lower than that of the corresponding reference concrete blocks.  

Table 4-4 shows the 28-day compressive strength loss of concrete blocks versus 

replacement ratio of RA (Poon et al. 2009; Poon & Chan 2006b). The strength loss 

varied from the minimum of 5.2% to the maximum of 60.7%, with the replacement 

ratio of RA ranged from 20% to 100%. But according to the results shown in Table 

4-2, a 24h CO2 curing period would result in strength gains for 0%, 50% TA and 
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100% TA of 29%, 42%, 38% for the load-bearing blocks, and 8%, 49%, 45% for 

non-load-bearing blocks respectively.  

Table 4-4 Summary of 28-day compressive strength loss versus replacement ratio of RA 

in concrete blocks from previous work 

Previous 

work 

Replacement ratio of 

RA 

28-day compressive 

strength loss 

Kaosol T. 

(2010) 

20% 5.20% 

50% 10.20% 

100% 24.50% 

Poon et al. 

(2009) 

75% 17.30% 

100% 30.70% 

Poon & Chan 

(2006) 

25% 36.70% 

50% 48.90% 

75% 60.70% 

Actually, in order to obtain comparable strength as that of the reference blocks, 

there are two common adopted methods: (1) addition of extra cement or pozzolanic 

materials; (2) use of steam or autoclave curing processes. Apparently, the former 

method increases the material costs while the latter consumes massive amounts of 

energy to generate steam (1396 MJ/m3 masonry (Reddy & Lokras 1998)). With 

the surge in energy prices, both methods seem not very economical.  

For comparison, the CO2 curing process can enhance the strength of concrete 

blocks incorporating RA in a very short period (≤ 24 h). It requires little energy 

input as the CO2 gas can be recovered continuously from industrial CO2 emission 

sources (e.g. power plants, cement plants and landfill gas treatment systems). If 

the CO2 curing degree can be improved through optimizing the curing conditions, 

a more significant enhancement of strength can be achieved which would reduce 
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the curing time required before the blocks are ready for use. 

4.3.2 CO2 capture capability 

With the coming of the low carbon age, there are keen interests to explore high-

efficiency and low-cost approaches for CO2 capture and storage. Based on this 

initial investigation, an innovative CO2 capture and storage method might have 

been found. As shown in Figure 4-3, the curing degree of the blocks ranged from 

13.41% (6h CO2 cured NBL-TA100 blocks) to 32.65% (24h CO2 cured NBL-

TA50 blocks). In conjunction with the definition of CO2 curing degree, the CO2 

capture capacities of each series of blocks were calculated and are shown in Table 

4-5, where the values were determined as the volume of CO2 (101.325KPa, 293K) 

captured by a unit volume of the blocks.  

Table 4-5 CO2 capture capacity of concrete blocks, m3/m3 

Samples 
LB-

Control 

LB-

TA50 

LB-

TA100 

NLB-

Control 

NLB-

TA50 

NLB-

TA100 

6 hours 28.02 28.34 30.08 24.00 22.19 27.00 

12 hours 30.11 33.88 36.07 35.03 30.82 30.35 

24 hours 36.03 43.96 40.88 33.74 35.76 34.52 

As an illustration of the potential application of the above CO2 capturing process, 

it is assumed that the CO2 curing process is adopted by a typical medium-scale 

concrete blocks manufacturing plant, with an annual output of about 2×107 (or 

2×104 m3) pieces of blocks (nominal size of 200 mm×100 mm×50 mm). 

Considering that both non-load- (NLB) and load-bearing blocks (LB) are produced, 
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the CO2 capture capacities for NLB and LB blocks are assigned 35 and 40 

separately, on the basis of the results in Table 4-4. Calculated from the conversion 

of volume and mass, the annual CO2 uptake can reach 1.57×106
 Kg (1,570 t) and 

1.38×106 Kg (1,380 t) for LB and NLB blocks production, as shown in Table 4-6. 

Table 4-6 Profiles of annual CO2 uptake by a medium-scale block manufacturing plant 

Samples Load-bearing unit Non-load bearing unit 

Size, mm 200×100×50 

Unit volume, m3 1.0×10-3 

Annual production 

Units/Volume, m3 
2×107/2.0×104 

CO2 capture capacity 40 35 

Annual uptake, Kg 1.57×106 1.38×106 

The results and discussion of this paper confirmed that the CO2 curing process is 

an innovative method for producing concrete blocks incorporating recycled 

aggregate. In the course of 24-h CO2 curing, the water loss and CO2 curing degree 

of the blocks increased with curing time. However, the replacement ratio of 

recycled aggregate had inconspicuous influence on CO2 curing degree, possibly 

resulting from the interference of the high water content of blocks with high 

percentage of recycled aggregate. Compared to conventional moist curing, CO2 

curing improved the compressive strength of both the non-load- and load-bearing 

blocks dramatically and rapidly with strength gains ranging from 108% to 151%. 

Additionally, the drying shrinkage values of the blocks were significantly reduced 

by CO2 curing. 
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The production of recycled aggregate concrete blocks with CO2 curing shows great 

potential to capture CO2. Additional work is required to optimize the curing 

conditions and conditions of the specimen to promote the CO2 curing degree and 

CO2 capture capacity. 

4.4 Summary 

The results and discussion of this paper confirmed that the CO2 curing process is 

an innovative method for producing concrete blocks incorporating recycled 

aggregate. In the course of 24-h CO2 curing, the water loss and CO2 curing degree 

of the blocks increased with curing time. However, the replacement ratio of 

recycled aggregate had inconspicuous influence on CO2 curing degree, possibly 

resulting from the interference of the high water content of blocks with high 

percentage of recycled aggregate. Compared to conventional moist curing, CO2 

curing improved the compressive strength of both the non-load- and load-bearing 

blocks dramatically and rapidly with strength gains ranging from 108% to 151%. 

Additionally, the drying shrinkage values of the blocks were significantly reduced 

by CO2 curing. 

The production of recycled aggregate concrete blocks with CO2 curing shows great 

potential to capture CO2. Additional work is required to optimize the curing 

conditions and conditions of the specimen to promote the CO2 curing degree and 

CO2 capture capacity. 
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Chapter 5. – Phase II Study 

Materials Characteristics Affecting CO2 Curing of 

Concrete Blocks Containing Recycled Aggregates 

Preface 

The previous chapter has proved that it is feasible to use the CO2 curing process 

for production of concrete blocks incorporating recycled aggregates. However, this 

curing degree only ranged from 10% to 30%, which seemed to rely on the curing 

time, not on the recycled aggregate content. Actually, the effects of recycled 

aggregate content on CO2 curing degree was a little vague, this might be associated 

with the higher water content in concrete blocks caused by the inclusion of 

recycled aggregates. Considering this, the recycled mortar aggregates were 

adopted, as they were more favorable to carbonation reactions than the normal 

recycled concrete aggregate due to higher content of cement hydration products. 

Besides, the quality control of recycled mortar could be more easy and better in 

laboratory than that derived from demolition buildings. This will lead us to find 

the basic rules of recycled aggregate governing CO2 curing process.  

The work of this phase presented here, has been published in the Journal of Cement 

and Concrete Composites: Vol 67, 50-59, Mar 2016. 

doi:10.1016/j.cemconcomp.2015.12.003 

http://dx.doi.org/10.1016/j.cemconcomp.2015.12.003
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5.1 Introduction 

It is well known that the carbon dioxide (CO2) concentration in the atmosphere 

had risen from pre-industrial level of 280 ppm (Herzog et al. 2000) to about 398 

ppm in 2013 (Dlugokencky & Tans 2014). More than 40% of the increase can be 

attributed to human activities occurred during the last half century. This is followed 

by a gradual rise in mean global temperature as more solar radiation is trapped by 

the greenhouse effect (IPCC 2005). An United Nations Framework Convention on 

Climate Change was signed jointly by 154 countries, agreeing in principle to 

reduce the emission of greenhouse gases with the goal of "preventing dangerous 

anthropogenic interference with Earth's climate system" (United Nations 1992). 

Since then, more and more attention has been paid to CO2 sequestration by 

scientists and politicians, even the environmental groups. 

Utilization of waste CO2 is an important and effective component of CO2 

sequestration. It includes fixation of CO2 in solid materials, which is termed as 

carbon sequestration by mineralization, or mineral carbonation (Seifritz 1990; 

Dunsmore 1992).The principle behind is the acceleration of the natural weathering 

process, in which CO2 is reacted with metal oxide bearing materials to form 

carbonates, with calcium and magnesium being the most active metals (IPCC 

2005). It has been reported that calcium silicates also have potential for 

sequestrating CO2 and this process is well known as concrete carbonation. The 

Danish Technological Institute investigated the CO2 binding ability of concrete 
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during its service life and secondary use (Lagerblad 2005), and the study results 

varied a lot with the concrete type used. It also showed that 60-90% of the total 

CaO was carbonated by 0.35% CO2 gas for the concrete samples with high water 

to cement ratios. Demolition after the service life and subsequent crushing of 

concrete was also proved to be critical for affecting the CO2 binding ability (Pade 

& Guimaraes 2007). In fact, during the concrete carbonation process, almost all of 

the cement hydration products including portlandite, hydrated calcium silicate and 

aluminate phases, participated in the carbonation reactions (Ho & Lewis 1987; 

Taylor 1997), and thus contributed to the CO2 uptake. The extent and rate of these 

chemical reactions between CO2 and the hydration products is affected by several 

parameters, including materials characteristics and environmental conditions. 

When the water to cement ratio is high, there is higher pore volume in the concrete, 

resulting in an easier CO2 diffusion path into concrete, and thus the rate of 

carbonation is high (Safiuddin & Hearn 2005; Song & Kwon 2007). The degree of 

hydration also has a significant impact on concrete carbonation due to the strong 

correlation between the hydration degree and pore volume variation of cement 

pastes. Generally, a higher hydration degree would produce a denser paste 

microstructure with less connected porosity which can reduce the carbonation rate 

(Lagerblad 2005). Meanwhile, for normal concretes prepared with a given water 

to cement ratio, the rate of carbonation front penetration increases as the cement 

content reduces (Papadakis et al. 1991). The effect of using pozzolanic additives 

(fly ash, blast granulated furnace slag and silica fume) on concrete carbonation are 
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more complex, as it varies a lot with many parameters, such as the mass and 

volume percentage and reactivity of pozzolans in the concrete, the strength grade 

and the curing conditions of the concrete (Matthews 1984; Shigeyoshi et al. 1986; 

Hakkinen 1993; Sulapha et al. 2003; Chindaprasirt et al. 2007). 

Compared with the normal weathering carbonation discussed above, CO2 curing 

of cement-based products, either immediately after casting or after a short period 

of normal curing, can result in rapid strength gain. Klemm et al. (Klemm & Berger 

1972) studied the effects of water to cement ratio, sand to cement ratio and casting 

procedure on the compressive strength of compacted cement mortars. The results 

indicated that the water to cement ratio is the critical parameter affecting the rate 

of carbonation during the accelerated CO2 curing of cement mortar as excess water 

would block the micro channel and hinder the penetration of CO2 into the cement 

mortar. The strength development of pure cement minerals including C3S, β-C2S, 

C3A and C12A7 after CO2 curing had also been investigated (Berger et al. 1972). 

Accelerated CO2 curing resulted in high strength development of both the calcium 

silicates, but essentially no strength development was found in the calcium 

aluminates. Considering the variation in compositions of different cementitious 

materials, the effects of CO2 curing on CSA Type 10 cement, CSA Type 30 cement, 

fly ash and lime were studied by Shao (Shao & Monkman 2006). The compacted 

cement after 2 hours of CO2 curing attained over 25% of carbonation degree and 

a compressive strength of over 55 MPa. Furthermore, after 2 hours of CO2 curing, 

a concrete prepared with a 50/50 cement/GGBS blended binder could take up 8-
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10% CO2 by mass of binder and obtained a comparable strength to the concrete 

subjected to 24 hours of normal hydration (Monkman & Shao 2010). Besides the 

cementitious materials, several other parameters affecting CO2 curing of concrete 

had also been investigated experimentally (Zou et al. 2008; Shi et al. 2011). 

Inspired by the potential of rapid strength development of cement products caused 

by CO2 curing and the CO2 binding ability of crushed concrete, the CO2 curing 

process was adopted to improve the mechanical properties of concrete blocks 

prepared with recycled aggregates in a preliminary study (Zhan et al. 2013). After 

24 hours of CO2 curing, the compressive strength of concrete blocks made with 

100% recycled aggregates was even higher than that of the 24 hours moist cured 

concrete blocks made with natural aggregates. This study presents a more 

comprehensive investigation, which focus on studying the effects of materials 

characteristics on the CO2 curing process of concrete blocks prepared with 

recycled aggregates. 

5.2 Results and discussion  

5.2.1 Effects of moisture content 

Figure 5-1 illustrates the effect of moisture content of the samples on the CO2 

curing degree of the concrete blocks. The un-pretreated concrete block samples 

with the highest moisture content of 7.41% (M-NFA1) and 12.09% (M-CMA2)

 

NOTE: 1 Samples M-NFA were prepared with cement: water: NFA=1: 0.32: 3; 

      2 Samples M-CMA were prepared with cement: water: CMA=1: 0.55: 3.      
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attained the lowest curing degree of 8.3% and 16.9%, respectively. Once the 

moisture content in blocks was reduced after pretreatment, the curing degree 

increased and reached a maximum value of 31.4% for M-NFA and 55.6% for M-

CMA. But further reduction in moisture content resulted in a lower curing degree 

again.  

 

Figure 5-1 Effect of moisture content on curing degree 

Figure 5-1 can also represent the relationship between moisture content and curing 

degree. Pretreatment of the specimens before the CO2 curing process can reduce 

the free water in the concrete blocks to facilitate carbonation. Above the optimal 

moisture content value, saturation of pores with water hindered the diffusion of 

carbon dioxide. But below the optimal value, the matrix was too dry for the 

carbonation reaction to occur. It should also be noted that the maximum curing 

degree attained by the M-CMA samples was about 25% higher than that of the M-

NFA samples, indicating that the concrete blocks prepared with recycled 

aggregates can capture more CO2 than the corresponding blocks made with natural 
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aggregates. This may be attributed to: (1) the adhered old cement mortars in the 

recycled aggregates were also carbonated; (2) compared to the natural aggregates, 

the high porosity and micro-cracks of recycled aggregates provide easier access 

for CO2 penetrating into blocks to promote the carbonation rate. 

 

 

Figure 5-2 Correlation of moisture content with compressive strength of CO2 cured (A) 

M-NFA blocks, and (B) M-CMA blocks 

The compressive strength of the concrete blocks after CO2 curing is plotted against 

moisture content in Figure 5-2 (A) (M-NFA) and Figure 5-2 (B) (M-CMA). The 
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maximum strength values are comparable to that after 6 hours of steam curing. 

After 2 hours of CO2 curing the compressive strength of the M-NFA and the M-

CMA samples varied from 9.9 to 26.1 MPa and from 8.4 to 18.8 MPa respectively. 

Besides, it is worthy to note that the trend of compressive strength variation with 

moisture content is quite similar to that of curing degree. The correlation between 

compressive strength and curing degree is plotted in Figure 5-3.  

 

Figure 5-3 Correlation between the compressive strength and curing degree after CO2 

curing 

Apparently, the strength development after CO2 curing is almost linearly 

proportional to the curing degree, as expected. The difference in the gradients of 

the regression lines of the M-NFA and M-CMA samples might be attributed to the 

presence of recycled aggregates in the M-CMA, which can promote CO2 curing. 

5.2.2 Effects of block density 

Figure 5-4 reveals the relationship between the density of concrete blocks and CO2 

curing degree. The moisture contents of all the samples were kept at 6.3±0.2%  
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Figure 5-4 Variation of curing degree of concrete blocks with different density 

 

Figure 5-5 Compressive strength of concrete blocks with different density 

before the CO2 curing process. The results indicate that the CO2 curing degree 

slightly declined from 52.1% to 46.6% when the density of the concrete blocks3 

increased from 1995 to 2222 kg/m3. Generally speaking, a lower density of the 

concrete blocks means larger void space is available and thus CO2 can penetrate  
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more easily into the inner parts. 

Figure 5-5 also shows the compressive strength of the concrete blocks increased 

with the increase of density after both 2 hours of CO2 curing and 7 days of moist 

curing. However, the strength of the CO2 cured samples are about 12%-30% lower 

than that of the 7 days moist cured samples. The increase in compressive strength 

of the concrete blocks could result from the increase in density, which can reduce 

the porosity inside of concrete blocks. As mentioned above, the increase in density 

reduced the CO2 curing degree, which should have an adverse impact on strength. 

This contradicting phenomenon seems to be attributable to the positive effect on 

strength from density increase is greater than the adverse impact on strength from 

decreased CO2 curing. 

Figure 5-5 also shows the compressive strength of the concrete blocks increased 

with the increase of density after both 2 hours of CO2 curing and 7 days of moist 

curing. However, the strength of the CO2 cured samples are about 12%-30% lower 

than that of the 7 days moist cured samples. The increase in compressive strength 

of the concrete blocks could result from the increase in density, which can reduce 

the porosity inside of concrete blocks. As mentioned above, the increase in density 

reduced the CO2 curing degree, which should have an adverse impact on strength. 

This contradicting phenomenon seems to be attributable to the positive effect on 

strength from density increase is greater than the adverse impact on strength from 

decreased CO2 curing.  
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5.2.3 Effects of aggregate to cement ratio 

The results presented in Figure 5-6 illustrate the effects of aggregates to cement 

(A/C) ratio on compressive strength and curing degree of concrete blocks4 

prepared with the crushed mortar aggregate. Apparently, with an increase in A/C 

ratio of the concrete blocks, the curing degree increased, and the compressive 

strength decreased After 2 hours of CO2 curing, the blocks with an A/C ratio of 3 

gave the highest strength of 16.8 MPa and the lowest curing degree of 52.6%.  

 

Figure 5-6 Effect of Aggregate/cement ratio on compressive strength and CO2 curing 

degree 

An interesting observation is that the curing degree reached implausible values of 

101% and 106.7% with A/C ratios of 9 and 12 respectively. According to Equation 

3-2, it is assumed that all the CO2 captured by the concrete blocks reacted only  
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with cement minerals and thus the curing degree (α) cannot exceed 100%. 

However, the experimental results indicate that the assumption was not valid when 

the concrete blocks contained high percentage of recycled mortar aggregates. This 

is because CO2 can also react with the old cement hydration products in the 

recycled cement-crushed stone mortar, although there may also be uncertainties 

related to the calculated theoretical CO2 uptake. 

The pore networks inside the old cement mortar were saturated with calcium 

hydroxide (CH) solution. During the carbonation process, CH in the pore solutions 

was transformed to calcium carbonates (CC) which precipitate in the pore space. 

As the reaction continued, more solid CH would be dissolved for maintaining the 

equilibrium and pH value of the pore solution (Borges et al. 2010; Lagerblad 2005). 

Once all the CH was depleted, the calcium silicate hydrates (CSH) started to 

dissolve and liberated Ca2+ ions, which was followed by the decomposition of 

AFm, AFt phases (Gervais et al. 2004; Chen et al. 2006). Apparently, the volume 

fraction of old cement mortar in the concrete blocks increased with the increase in 

A/C ratio, and thus the CO2 uptake caused by carbonation of the old cement mortar 

was enhanced. In fact, the results from the spraying phenolphthalein test also 

confirmed it.  

Figure 5-7 presents the color distributions of the split concrete blocks prepared 

with different A/C ratios after CO2 curing. Nearly all the samples show similar 

distributions of grey (carbonated) and pink (un-carbonated) colors. This 

demonstrates the carbonation reactions had intruded partially into the concrete 
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blocks. But even with the sharp increase in curing degree from 52.6% to 106.7%, 

there is little difference between the color distributions of the different samples. 

 

 

 

Figure 5-7 Color distribution of concrete blocks with different A/C ratio after spraying 

phenolphthalein test 

The concrete blocks prepared with a high A/C ratio attained a high curing degree, 

which also influenced the compressive strength of the concrete blocks. Figure 5-6 

indicates that, because of the reduction in cement content, the compressive strength 
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of the concrete blocks reduced with the increase in A/C ratio regardless of the 

curing conditions. However, the increasing A/C ratio reduced the strength 

difference gradually between the moist cured and CO2 cured blocks. When using 

A/C ratio of 3, the strength of blocks after 2 hrs CO2 curing was 29% lower than 

that of blocks after 7 days moist curing; while the strength loss was about 16% 

when using A/C ratio 12. Thus, it is possible that the strength loss due to high A/Cs 

ratio can be compensated by the positive effect on strength gain due to a higher 

degree of CO2 curing. 

5.2.4 Effects of recycled aggregate content 

The CO2 curing degree of concrete blocks5 prepared with different recycled mortar 

contents are presented in Figure 5-8. Generally, regardless of the recycled mortar 

content, the curing degree of all the concrete blocks reached the maximum value 

with an increase in moisture content and then decreased. The range of water 

content enabling the maximum curing degree was 4-6.5%. This variation is due to 

the penetration of CO2 gas, as well as the carbonation rate, is related to the water 

contents in the blocks (Gomes & Brito 2009). It is worth noting that the maximum 

curing degree increased from 32.4% to 51.9% gradually when the recycled mortar 

content in the concrete blocks increased from 0% to 100%. This is consistent with  

 

NOTE: 5 The concrete blocks reported in this section were prepared using an A/C ratio    

       of 3; the replacement ratio of NFA by CMA increased from 0% to 100%, with  

       a rate of 25%.        
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the previous findings (Geng & Sun 2013; Evangelista & de Brito 2010), which 

reported that the inclusion of recycled aggregate in concrete may cause an increase 

in porosity and easier entry of CO2, thus facilitate the carbonation progress. 

  

  

 

Figure 5-8 Variation in curing degree with moisture content for concrete blocks with 

different recycled aggregate content. 
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Figure 5-9 Results of spraying phenolphthalein test on CO2-cured concrete blocks 

(CMA00 and CMA100) with different curing degree (α) 

The results of phenolphthalein spraying tests shown in Figure 5-9 indicate that, the 

intensity of the pink color (indicating alkaline constitutes) on the fracture surface 

of CMA100 samples prepared with 100% crushed mortar (Figure 5-9-c and 5-9-d) 

as aggregates is stronger than that of CMA00 samples prepared with only natural 

aggregates (Figure 5-9-a and 5-9-b), despite the curing degrees of the CMA100 

samples were higher. This may be attributed to the presence of old cement mortar 

in the CMA100 samples. Compared to the fresh compacted cement matrix, the old 

cement mortar was denser after a long period of hydration making CO2 diffusion 

more difficult. After a short period of CO2 curing, only a portion of the old cement 

mortar was carbonated, and the un-carbonated residues still maintained the 

alkalinity. 

CMA00, α=8.3% CMA00, α=32.4% 

CMA100, α=16.1% CMA100, α=51.9% 
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Figure 5-10 Effects of recycled aggregates content on compressive strength of concrete 

blocks 

The effect of recycled aggregate content on the compressive strength of concrete 

blocks is presented in Figure 5-10. After 7 days of moist curing, the strength 

declined from 35 MPa to 23.6 MPa gradually with the increase in recycled 

aggregate content. For the samples subjected to 2 hours of CO2 curing, the strength 

dropped from 26.1 MPa to 16.9 MPa when the recycled aggregate content 

increased from 0% to 25%. But the strength of the blocks barely changed when the 

recycled aggregate content from further increased from 25% to 100%. This can be 

attributed to the increase in CO2 curing degree resulted from the higher content of 

recycled aggregate. The results demonstrated an interesting point: using recycled 

aggregate in concrete blocks can promote the CO2 curing degree, which can also 

compensate for the strength loss due to the poorer quality of recycled aggregates. 

5.2.5 Types of binder materials 

Considering that fly ash-lime mixtures produced bricks have been utilized widely 
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(Venkatarama Reddy & Gourav 2011), it would be of interest to study the effect of 

CO2 curing on these mixtures. However, unlike cement, only lime (CaO) in the fly 

ash-lime blends was considered as the major component interacting with CO2 due 

to the low CaO content in fly ash (< 3%, Table 3-1).  

  

Figure 5-11 Effects of different binders on curing degree of concrete blocks prepared 

with: (a) natural aggregate; (b) recycled aggregate 

The curing degree of the concrete blocks6 after 2 hours of CO2 curing is shown in 

Figure 5-11. Regardless of which types of aggregate were used, the curing degree 

of the fly ash-lime based specimen was higher than that of the cement based 

specimen. This may be due to lime having a larger specific surface area (4850 

cm2/g) than cement (3519 cm2/g).  

Besides, once the cement particle was exposed to the carbonic liquid phase, it 

rapidly released Ca2+ ions, which was transformed to calcium carbonate quickly. 

With the progression of the carbonation reaction, the calcium carbonate 
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precipitated on the surface of the cement particle, eventually built up a thick 

coating preventing further CO2/water diffusion, and thus further reaction was 

limited (Berger et al. 1972). For the carbonation of the lime particles, less 

carbonate particles were deposited directly on the lime surface, and they tended to 

form in clusters which were less efficient in covering the surface. Thus, further 

carbonation of lime was possible (Shih et al. 1999). The existence of pozzolanic 

reactions between lime and fly ash has been demonstrated (Cultrone et al. 2005), 

however the quantity of CSH gel developed was so small that it could hardly be 

identified. If a full carbonation process can be achieved, the newly formed CSH 

gel can also be carbonated, which need a further research to investigate with 

specific analytical tools (Cizer et al. 2008).  

 

Figure 5-12 Comparison between compressive strength of concrete blocks prepared with 

different binders 

The maximum strength attained by the cement based and fly ash-lime based 

concrete blocks after 2 hours of CO2 curing are presented in Figure 5-12. The 

compressive strength of the fly ash-lime based blocks was lower regardless of the 
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aggregates types used; while a small further decrease in strength occurred for the 

concrete blocks prepared with recycled aggregates (FL-CMA and PC-CMA). 

Moreover, a comparison of compressive strength is made between fly ash-lime 

based samples after 2 hours of CO2 curing and 6 hours of steam curing. In general, 

the compressive strength of CO2 cured specimen was higher than the steam cured 

specimens demonstrating the effectiveness of CO2 curing. 

5.3 Summary 

This study investigated the effects of material characteristics, including moisture 

content and bulk density, aggregate to cement ratio, recycled aggregate contents   

and binder selection, on CO2 curing of concrete blocks. In reviewing and analyzing 

the experimental results presented above, the following conclusions can be drawn: 

(1) The moisture content in the prepared concrete blocks influenced the CO2 

curing degree and strength gain significantly, especially when recycled 

aggregates were used in the blocks. Too wet or too dry conditions were not 

conducive to CO2 curing. Pretreating processes which reduced the moisture 

content of the concrete blocks to an optimum condition can maximize the CO2 

curing degree and produced block strengths after 2 hours of CO2-curing 

comparable to that of 6 hours of steam-cured. 

(2) The increase in bulk density of the concrete blocks from 1,995 kg/m3 to 2,222 

kg/m3 had a slight adverse impact on CO2 curing degree caused by 

permeability reduction. 
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(3) The CO2 curing degree increased with an increase in A/C ratio. It was 

confirmed that old cement mortars contained in the recycled aggregates can 

also react with CO2. 

(4) When the recycled aggregate content was increased from 0% to 100%, the 

maximum CO2 curing degree increased significantly. Using recycled aggregate 

in concrete blocks can promote the CO2 curing degree, which can also 

compensate for the strength loss due to the inferior quality of recycled 

aggregates. 

(5) Regardless of types of aggregate used in the concrete blocks, the fly ash-lime 

based specimens attained a higher CO2 curing degree than that of the cement 

based specimens. 
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Chapter 6. – Phase II Study 

Effect of Curing Regime on CO2 Curing of Concrete 

Blocks Containing Recycled Aggregates 

Preface 

The study in Part 1 of this Phase investigated effects of several parameters related 

to the materials characteristic of concrete block itself on the CO2 curing process of 

concrete blocks containing recycled aggregate. These parameters included 

moisture content, bulk density, aggregate to cement ratio, recycled aggregate 

content and binder type. Variation of these parameters had obvious effects on CO2 

curing process. It was revealed that the inclusion of recycled aggregate clearly 

increased the curing degree of concrete blocks. This is a meaningful finding, which 

promoted us to do more on optimizing the curing conditions, in order to further 

improve the curing degree of concrete blocks containing recycled aggregates. And 

thus the results of the subsequent work in Phase II is presented in this chapter. 

The work in this chapter presented here, has been submitted to the Journal of 

Cement and Concrete Composites, waiting for possible publication. 
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6.1 Introduction 

Accelerated carbonation based on the reactions between carbon dioxide (CO2) and 

metal oxide is becoming more and more attractive for capture and storage of CO2 

in the coming decades, due to the resulting environmental-friendly carbonates. The 

CO2 curing technique originating from the accelerated carbonation reactions 

between CO2 and calcium-bearing components in cement clinker has also been 

investigated in several studies in 1960s and 1970s of last century (Toennies 1960; 

Berger et al. 1972; Klemm & Berger 1972; Goodbrake et al. 1979). It was found 

that the CO2 curing technique was able to accelerate the strength gain and to reduce 

the early drying shrinkage of cement products. With the world-wide clamour for 

carbon reduction recently, the potential of CO2 sequestration in cement and 

concrete related products is becoming a hot topic and focus for many researchers. 

Besides, the positive effects on the mechanical properties of cement and concrete 

products also make the CO2 curing technique more and more popular. 

An ordinary Portland cement blended with blast furnace slag and pulverized fuel 

ash was introduced to the CO2 curing under room temperature and pressure (Lange 

et al. 1996a). It was found that the CO2 curing accelerated the C3S hydration in 

samples and also modified the morphology of residual cement grains through the 

calcite coating over the decalcified hydration rims, which was considered as a 

contribution to the improvement of strength and immobilization of specific metals. 

Hermawan et al. studied the mechanical and dimensional properties of cement 
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bonded particleboard cured both with gaseous and supercritical CO2 (Hermawan 

et al. 2001). Several kinds of industrial wastes were treated with accelerated 

carbonation in order to tap reusing potential and to solidify heavy metal. Slag as a 

calcium-magnesium silicate material has always been a favorite of CO2 curing 

technique. It was reported that the cement-slag blends were more vulnerable to 

carbonation reactions than pure cement (Lange et al. 1996b); the carbonation 

extent varied a lot with the particle size of carbonated slag and water content 

(Johnson & MacLeod 2003). A similar conclusion was also drawn by Fernandez 

study, in which the combustion waste from incineration of MSW disposal was 

introduced to pure CO2 under a pressure of 3 bars and RH of 65% (Fernandez et 

al. 2004). The kinetic data of the accelerated carbonation reaction of air pollution 

control residues at different CO2 concentrations, water-to-solid ratios and 

temperatures were presented based on the consumption of CO2 with reaction time 

in Sun’s study (Sun et al. 2008), even an adverse effect of CO2 concentration on 

CO2 consumption was observed. Monkman et al. have assessed the accelerated 

carbonation behaviors of several kinds of cementitious materials (Monkman & 

Shao 2006) and concrete prepared with cement-slag blends (Monkman & Shao 

2010). The experimental results suggested that the cements and fly ash could each 

show CO2 uptake on the order of 12% while the lime achieved nearly 24%. Besides, 

2-hour CO2 cured concrete attained as much as 82% of 24-hour hydration strength. 

The CO2 curing technique were also utilized to produce recycled aggregates with 

various industrial wastes (Chang et al. 2007; Antemir et al. 2011; Gunning et al. 
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2012). However, the CO2 uptake by the aggregates was paid more attention rather 

than physical & mechanical properties in these studies. In fact, the accelerated 

carbonation can densify the recycled aggregate derived from crushed mortar based 

on the results of experimental investigation (Zhan et al. 2014; Kou et al. 2014). 

There was a reduction in water absorption and an increase in apparent density 

happened in recycled aggregate due to the accelerated carbonation reactions which 

mainly occurred in calcium hydroxide and calcium silicate hydrates in cement 

mortar (Johannesson & Utgenannt 2001; Castellote et al. 2008). 

Considering the potential of CO2 sequestration by recycled aggregates, the 

feasibility of CO2 curing for the concrete blocks prepared with recycled aggregates 

were studied with the purpose of enhancing CO2 uptake and properties of concrete 

blocks (Zhan et al. 2013a). The results showed that a short period of CO2 curing 

process allowed the concrete blocks prepared with recycled aggregate to attain a 

higher compressive strength than that of blocks with natural aggregate; yet the 

increase in recycled aggregate content had inconspicuous influence on CO2 uptake 

on account of the interference from high water content. Besides the water content 

in the concrete blocks, there are several factors influencing the CO2 curing 

progress, including the CO2 pressure, curing time and water to cement ratio, which 

were investigated with lightweight load-bearing concrete blocks (Shi & Wu 2008). 

The previous research has shown that the content of free water and recycled 

aggregates affect significantly the CO2 curing process of concrete blocks (Zhan et 

al. 2013b). This study is aimed at investigating the effects of curing conditions on 
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CO2 curing progress of concrete blocks prepared with recycled aggregates. 

Variations in environmental conditions of CO2 curing are employed. The CO2 

cured concrete blocks7 are assessed in terms of strength and CO2 curing degree.    

6.2 Results and discussion  

6.2.1 Effect of curing time 

The variation of CO2 curing degree and compressive strength for the concrete 

blocks (Batch T-) are summarized in Table 6-1. It is noteworthy that the curing 

degree of RAS was always about 23%-25% higher than that of NAS within 24 

hours of curing period; the difference in the curing degree between NAS and RAS 

became even more evident at 72 hours curing age (Figure 6-1). This is because, as 

previously concluded (Zhan et al. 2013b), the inclusion of recycled aggregate can 

facilitate the CO2 curing progress of concrete blocks.  

Table 6-1 Variation of curing degree and strength with curing time 

Curing time, hours 1 2 4 12 24 72 

Curing 

degree, % 

NAS 22.1 32.8 34.3 37.7 40.7 44.8 

RAS 47.5 55.6 59.5 63.9 64.1 84.7 

Compressive 

strength, MPa 

NAS 12.8±0.5 24.1±0.5 26.2±0.4 28.3±0.5 29.7±0.4 34.5±0.7 

RAS 17.7±0.7 24.0±0.3 24.6±0.3 26.8±0.4 28.6±0.6 33.1±0.6 

NOTE: 7 The concrete blocks reported in this Chapter were only related to 2 mixes: 

NAS and RAS. NAS were prepared with a proportion of cement: NFA: water= 1: 3: 

0.32; and cement: CMA: water= 1: 3: 0.55 for RAS.       



 
 

138 
 

The curing degree achieved within the first hour were 22.1% for NAS and 47.5% 

for RAS, accounting for nearly half of 72 hours curing degree which were 44.8% 

 

Figure 6-1 Variation of curing degree for concrete blocks (Batch T-) with CO2 curing time 

for NAS and 84.7% for RAS (Table 6-1), respectively. Then a moderate increase 

in the curing degree happed to both NAS and RAS from 1 hour to 2 hours. 

Thereafter, the curing degree began to flatten. As shown in Figure 6-1, a 

logarithmic curve fitted well with the variation of curing degree vs curing time. 

This behavior is in tune with a diffusion-controlled kinetic model based on the 

reaction of β-C2S and C3S with CO2 (Goodbrake et al. 1979). 

The compressive strength development of the CO2-cured concrete blocks is plotted 

with curing time in Figure 6-2, and is also compared to that of water-cured concrete 

blocks. With the CO2 curing method, the rapid strength development of concrete 

blocks is quite remarkable, particularly during the first 2 hours of curing period. 

For RAS, the strength (17.7 MPa) after 1-hour CO2 curing is even higher than that 

(15.7 MPa) after 3-day normal hydration; the strengths of NAS and RAS after 2-
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hour CO2 curing were quite close, which were 24.1 MPa for NAS and 24.0 MPa 

for RAS, accounting for about 70% and 73% of that after 72-hour CO2 curing. The 

rapid carbonation reactions in the first 2 hours resulted in a large amount of free 

water loss and a barrier layer of carbonation products that obstruct the subsequent 

CO2 curing progress (Shi et al. 2012). As a consequence, slower strength 

development for both NAS and RAS can be observed after 2-hour CO2 curing. 

 

Figure 6-2 Comparison of strength development of water/CO2 cured blocks (Batch T-) 

with curing time (Note: CC-: CO2-cured; WC-: water-cured) 

6.2.2 Effect of temperature 

The effects of curing temperature on the CO2 curing degree and compressive 
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strengths of concrete blocks after CO2 curing also fluctuated in narrow ranges, 

which were from 24.7 MPa to 29.9 MPa for NAS and from 19.3 MPa to 24.0 MPa 

for RAS (Figure 6-4). It should be noticed that a slight decline in compressive 

strength of RAS was recorded when the curing temperature increased from 20 oC 

to 80 oC, while a slight increase occurred to NAS.  

 

Figure 6-3 Effect of curing temperature on CO2 curing degree (Batch TEM-) 

 

Figure 6-4 Effect of curing temperature on compressive strength (Batch TEM-) 
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It seems that, the effects of curing temperature on CO2 curing process are relative 

obscure. This might be attributed to the complexity of carbonation reactions 

between CO2 and calcium silicate. On the one hand, the leaching of calcium ions 

(Ca2+) from silicates increased with the elevated temperature (Lekakh et al. 2008; 

Tai et al. 2006); on the other hand, a high temperature reduced the solubility of 

CO2 (Vorholz et al. 2000), resulting in a higher pH in pore water which also led to 

a lower dissolution rate of calcium ions. More than that, the released heat from 

carbonation reactions drove away huge amount of free water and thus caused water 

starvation in specimen that hindered the following carbonation reactions. These 

positive and negative effects of temperature competed with each other and resulted 

in such an uncertain result. 

6.2.3 Effect of relative humidity 

 

Figure 6-5 Effect of relative humidity on CO2 curing (Batch RH-) 
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months or years, the relative humidity (RH) of ambient air plays an important role 

by strongly governing the diffusion of CO2 in the fine network of capillaries in 

concrete. Experimental investigation and modeling (Papadakis et al. 1989) have 

proven that an external RH of 50%-65% is the optimum condition for carbonation 

reactions; any higher and lower RH could sharply slow the carbonation rate. The 

results presented by the columns in Figure 6-5 indicated that the RH in curing 

chamber also affected the CO2 curing process of concrete blocks (Batch RH-), but 

less dramatically. Regardless of aggregate types, the compressive strength of 

concrete blocks decreased mildly as the RH of curing chamber increased from 50% 

to 80%. Considering the test errors, the resultant change in the compressive 

strength of NAS samples was negligible. Moreover, the curing degree also 

decreased from 55.6% to 49.8% for RAS and from 34.9% to 29.2% for NAS. 

Compared to the weathering carbonation progress, the CO2 curing process adopted 

in this study involved accelerated carbonation reactions between carbonic acid and 

cement clinker minerals or cement hydration products, which were proved to be 

exothermic and resulted in fast evaporation of free water from the concrete blocks 

(Zhan et al. 2013a; Shi et al. 2012). This seriously interfered the moisture 

equilibrium between the solid phase (concrete blocks) and gas phase (CO2 gas) 

during the 2 hours of curing period, and thus the effects of RH on CO2 curing 

process were limited to a certain extent. 
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6.2.4 Effect of curing pressure 

The effects of CO2 pressure on the CO2 curing of concrete blocks (Batch P-) are 

shown in Figure 6-6. Due to the presence of recycled mortar in the RAS samples, 

the curing degree of RAS was about 15%-19% higher than that of NAS. Overall,  

 

Figure 6-6 Effects of curing pressure on (a) curing degree and (b) compressive strength 

(Batch P-) 
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with the curing pressure increasing from 0.1 bar to 0.5 bar, there was a steep rise 

in curing degree from 23.8% to 28.2% for NAS and from 39.9% to 45.9% for RAS, 

respectively (Figure 6-6 (a)); meanwhile the compressive strength increased from 

18.9 MPa to 20.9 MPa for NAS and from 14.3 MPa to 17.4 MPa for RAS, 

respectively (Figure 6-6 (b)). A further increase of CO2 pressure from 0.5 bar to 4 

bar only elevated the curing degree to 34.3% for NAS and to 50.1% for RAS. The 

compressive strength eventually increased to 25.5 MPa for NAS and to 19.6 MPa 

for RAS. Generally the higher the CO2 pressure, the more CO2 is dissolved in the 

pore solution (Carroll et al. 1991) resulting in a higher rate of carbonation reactions 

(Moorehead 1986). However, as shown in Figure 6-6 (b), the relationships between 

the compressive strength of concrete blocks and CO2 pressure were not linear, but 

logarithmic. Previous findings indicated that a highly pressurized CO2 gas made 

the carbonation reactions too fast, which was not in favor of dissipation of reaction 

heat and increased the risk of microcracking from the formation of steam gradient 

within the samples (Bukowski & Berger 1979). A slightly positive pressure of CO2 

is more beneficial for promoting the strength development of concrete blocks.  

6.2.5 Effect of post water curing 

Figure 6-7 shows the influence of post water curing on the development of 

compressive strength of the CO2-cured RAS in Batch PWC-. It was quite clear that 

the post water curing yielded a further strength gain for the CO2-cured RAS; the 

longer the CO2 curing time was, the lower incremental strength the RAS gained 
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from post water curing. After 1 hour of CO2 curing, the compressive strength of 

RAS was about 17.7 MPa, and then increased 31.6% to 23.3 MPa after 7 days of 

post water curing, eventually increased 60% to 28.3 MPa after 28 days. For the 

RAS with CO2 cured for 24 hours, the compressive strength only increased 6.7% 

 

Figure 6-7 Strength development of CO2-cured RAS (Batch PWC-) followed by water 

curing 

 

Figure 6-8 Strength gain ratio of concrete blocks(RAS) after 28 days post water curing as 

a function of CO2 curing degree 
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(from 28.6 MPa to 30.5 MPa) after 28 days of post water curing. The results 

suggested that, as shown in Figure 6-8, the strength gain ratios of concrete blocks 

resulted from 28 days of post water curing were inversely proportional to the 

curing degree of CO2 cured concrete blocks. 

It should be noticed that, however, the final compressive strength of RAS after 28 

days of post water curing varied in a narrow range only from 28.3 MPa to 30.5 

MPa, regardless of the CO2 curing time of RAS that increased from 1 hour to 24 

hours. It still was about 25% higher than that after 28 days of conventional water 

curing method. The results suggested that the buildup of carbonate products did 

not impede the subsequent hydration of un-carbonated cement; CO2 curing at early 

age did not impact the long term strength development of concrete blocks. 

6.2.6 Flow-through CO2 curing 

Table 6-2 Comparison of curing degree and compressive strength of RAS cured by PCC- 

and FCC- methods 

Curing time, hours 1 2 4 8 12 24 

Curing 

degree, % 

PCC- 47.5 55.6 59.5 61.3 63.9 64.1 

FCC- 13.2±0.5 28.8±0.6 40.4±0.5 41.1±0.9 46.4±0.6 53.1±0.7 

Compressive 

strength, MPa 

PCC- 17.7±0.7 24.0±0.5 24.6±0.3 25.3±0.6 26.8±0.4 28.6±0.6 

FCC- -- 13.8±1.7 19.3±0.3 22.3±0.5 24.2±1.4 28.1±1.1 

The flow-through CO2 curing (FCC) method was employed under ambient 

pressure in order to make a comparative analysis of curing effects of pressurized 
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and atmospheric CO2 on concrete blocks. The results of curing degree and 

compressive strength of concrete blocks cured by FCC and PCC methods are 

summarized in Table 6-2.  

It was found that the RAS cured by FCC method had gained a lower curing degree 

than that cured by PCC method within 24 hours of curing period. The ratios of the 

curing degree of the RAS cured by FCC method compared to that cured by PCC 

method were 28%, 52%, 68%, 67%, 73% and 80% when the curing period was set 

to 1, 2, 4, 8, 12 and 24 hours, respectively. The rising ratios suggested that the FCC 

method yielded slower carbonation reactions in the RAS than PCC method at the 

beginning, the prolonged curing time made the curing degree of RAS cured by 

FCC methods comparable to that of RAS cured by PCC method.  

More strikingly, the RAS after 1 hour of FCC showed no resistance to compression; 

while an average strength of 17.7±0.7 MPa was achieved for the counterpart after 1 

hour of PCC. After 24 hours of CO2 curing, there was no difference in compressive 

strength of RAS cured by FCC and PCC methods (28.1±1.1 MPa compared to 

28.6±0.6 MPa). Moreover, the testing results of spraying phenolphthalein, as 

shown in Figure 6-9, indicated that the RAS cured by FCC method had much 

greater potential to increase the CO2 uptake and compressive strength.  

Regardless of curing methods, significant linear relationships between 

compressive strength and curing degree of RAS can be observed in Figure 6-10. 

The fitted straight lines also indicated that, with the same CO2 uptakes by concrete 



 
 

148 
 

 

 

 

Figure 6-9 Results of phenolphthalein spraying test upon the fractured RAS subjected to 

24 h of FCC and PCC. 

 

Figure 6-10 Relationship between compressive strength and curing degree of RAS cured 

by PCC and FCC methods 
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PCC method. In other words, it is not the amount of cement reacted with CO2 that 

is controlling the strength development of concrete blocks. 

6.3 Summary  

The work outlined here investigated the effects of several parameters pertaining to 

curing conditions on CO2 curing process of concrete blocks incorporating recycled 

aggregates. Based on the analysis of experimental results abovementioned, the 

principle conclusions of this study can be summarized as follows: 

1.  The compressive strength and curing degree of concrete blocks increased 

remarkably in the first 2 hours of CO2 curing, and then the growth rate slowed 

down within a further curing period of 70 hours. 2 hours of pressurized CO2 

curing produced the compressive strength of concrete blocks comparable to that 

of their counterparts hydrated for 28 days. 

2. Due to the complexity of carbonation reactions between CO2 and cement 

minerals, the increase of curing temperature from 20 oC to 80 oC only caused 

minor fluctuations in curing degree less than 5% and in compressive strength 

less than 5 MPa. A change of relative humidity from 50% to 80% slightly 

reduced the curing degree and compressive strength of concrete blocks within 

2 hours of curing period. 

3. Increasing in gas pressure enhanced the CO2 diffusion, dissolution and 

carbonation reactions in pore system of concrete blocks, and thereby curing 

degree and compressive strength of concrete blocks increased remarkably with 
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the curing pressure from 0.1 bar to 0.5 bar, and then the increasing rate slowed 

down.  

4. Post water curing caused a further strength development of concrete blocks 

after CO2 curing, the further strength gain was inversely proportional to CO2 

curing degree. The carbonates buildup resulted from CO2 curing did not impede 

the subsequent hydration of un-reacted cement and did not affect the ultimate 

strength. 

5. When compared to the PCC-cured concrete blocks, FCC-cured concrete blocks 

exhibited lower curing degree and slower strength development; however, the 

gaps were narrowing with prolonged curing time. After 24 hours of curing, the 

curing degree and compressive strength of FCC-cured concrete blocks were 

comparable to that of PCC-cured concrete blocks. 
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Chapter 7. – Phase III Study 

Chemical and microstructural characterization of 

Portland cement paste after coupled CO2- water curing 

Preface 

The preceding study in Phase I and Phase II has proven that it is possible to use 

the CO2 curing process for producing concrete blocks containing recycled 

aggregate with a rapid strength development. The inclusion of recycled aggregate 

could significantly enhance the CO2 curing degree of concrete blocks 

supplemented by optimizing the curing conditions. It was also found the enhanced 

curing degree could compensate for the strength loss of the concrete blocks 

induced by the inclusion of recycled aggregates. However, very few detailed 

information can be found to link the carbonation reactions at early age of cement 

hydration to the rapid strength development of cement. 

The research presented in this chapter will study the chemical and microstructural 

variation in cement paste subjected to coupled CO2-water curing process, trying to 

understand the differences in strength development caused by CO2 curing and 

water curing. 

The work in this chapter presented here, is in preparation to submit to the Journal 

of Cement and Concrete Research. 
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7.1 Introduction 

The increasing concerns over greenhouse gas emissions from Portland cement 

manufacturing have promoted a great deal of research activities in recent decades 

in pursuit of new binders with low-carbon emissions and low-energy consumption, 

such as belite cements (Guerrero et al. 2005), calcium sulfoaluminate based 

cements (Glasser & Zhang 2001; Arjunan & Silsbee 1999), alkali-activated 

binders (Palomo et al. 1999; Bernal & Provis 2014) and hybrid alkaline cements 

(Portland cement-alkali activated aluminosilicate systems) (Alonso & Palomo 

2001; Palomo et al. 2007). Those researches mainly focused on achieving a 

cementitious system through modifying the mineral compositions.  

In recent years, there has been an increasing interest in capturing carbon dioxide 

by curing cement-based mixtures with a CO2 curing technique (Klemm & Berger 

1972; Klemm & Berger 1972b; Shao & Monkman 2006; Zhan et al. 2014), which 

is an alternative option to the conventional water curing process. However, the 

CO2 curing of cement has in fact been reported by several studies in the last century 

(Klemm & Berger 1972b; Klemm & Berger 1972a; Young et al. 1974), with the 

intent of inducing rapid early strength development and improving volumetric 

stability of the cement-based materials. Anhydrous cement can undergo 

carbonation reactions, this is mostly due to clinker is rich in calcium mostly in the 

form of tricalcium silicate (C3S) and dicalcium silicate (C2S). The carbonation 

reactions of calcium silicates (C3S and C2S) with CO2 and water lead to the 
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formation of calcite and CSH during the initial phase, and it has been postulated 

that the latter would be finally transformed to silica gel upon prolonged 

carbonation reaction at appropriate conditions (Goodbrake et al. 1979). However, 

this postulation about silica gel-formation has not been proven by credible 

evidences.  

It was believed that the formation of CSH is accompanied the participation of 

CaCO3 in the CO2-treated Ca3SiO5-H2O system (Berger et al. 1972); but few SEM 

examinations could evidently show their conjoint presence in the carbonated 

mixtures (Rostami et al. 2012). Previous studies have also indicated that the 

morphology of the formed CSH in the CO2-cured sample was similar to that in a 

normal hydration sample, the only difference is the former type of CSH was with 

a lower content of calcium than the latter (Young et al. 1974). This kind of hybrid 

mixture with decalcified CSH and carbonates could not form an altogether 

impermeable layer, as the unreacted calcium silicates/cement particles could  

undergo subsequent hydration provided that external water was available, which 

resulted in a further strength development for the CO2-cured samples (Young et al. 

1974). In another study (Shtepenko et al. 2006), β-C2S and Portland cement were 

repeatedly carbonated until the original compounds were completely undetectable 

by using X-ray diffraction method, and then the carbonated samples were 

characterized by multiple-techniques including solid state 29Si NMR spectroscopy. 

Both cross-linked calcium silicate frameworks and fully polymerized silica were 

detected; the former was dominant in the carbonated Portland cement, while the 
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latter was dominant in the carbonated β-C2S.  

However, full carbonation is realistically unachievable when the CO2 curing 

process is adopted for curing concrete products, in which the curing degree can  

never exceed 50% even under laboratory conditions (Shao et al. 2006; Shi & Wu 

2008). Little information has been published on dissecting the structure of the 

carbonation products, in particular, the modified CSH produced from coupled 

water-CO2 curing of anhydrous cement prepared with a low water/cement ratio. 

Moreover, the joint effects of normal hydration and accelerated carbonation of 

calcium silicates on the polymerization of CSH gel, which may be related to the 

rapid increase of early strength of the carbonated/hydrated cement, has been 

scantly explored. 

The aim of the present study is to investigate in more details the chemical and 

microstructural evolution of the cement paste prepared with a low water/cement 

ratio (w/c=0.18) under the coupled water-CO2 curing conditions. In order to assess 

the joint effects of accelerated carbonation and hydration on the microstructure of 

CSH, the polymerization of the formed CSH are characterized by solid state 29Si 

NMR spectroscopy coupled with X-ray diffraction (XRD), thermogravimetry 

(TG), mercury intrusion porosimetry (MIP), and Scanning Electron Microscopy 

(SEM). 
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7.2 Results and discussion  

7.2.1 Chemically-bound CO2 and non-evaporable water 

 

Figure 7-1 TG (a) and DTG (b) profiles of 24-hour carbonated/hydrated cement 

Figure 7-1-a) and 7-1-b plot the typical TG and DTG curves for the cement 

samples after subjected to 24h water curing (sample ID: 1W8) and 24-hour CO2 

curing (sample ID: 24C). On the basis of precedent works (Castellote et al. 2008; 

Villain et al. 2007), it is known that the mass loss of a mature hydrated cement 
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paste below 500 ◦C is commonly associated with the dehydration of calcium 

alumina hydrates (AFt, AFm, et al.), portlandite and poorly-crystallized calcium 

silicate hydrates (CSH). Above 500 ◦C, CO2 is regarded as the most dominant gas 

released from the solid phase due to the decomposition of carbonates mainly 

calcite, but sometimes with vaterite and aragonite (Stepkowska 2006). According 

to the DTG traces of the dehydration and decarbonation for samples 1W and 24C 

shown in Figure 7-1-b, the dehydroxylation of CH terminated nearly at 485 ◦C and 

the main peaks for the decarbonation was within a broader temperature range from 

490 ◦C to 840◦C. 

Table 7-1 Chemically-bound CO2 and non-evaporable water content in coupled CO2-

water cured cement 

CO2 curing 

period, hours 
0.5 1 2 4 12 24 Ref a 

Wc, % 7.7(0.7) 9.1(0.6) 11.6(0.1) 11.7(0.2) 12.1(0.2) 13.0(0.3) / 

Wn, % 

- 4.0(0.3) 4.3(0.4) 5.3(0.1) 5.6(0.2) 5.7(0.2) 5.9(0.2) 6.2(0.2) b 

+7W c 8.8(0.2) 8.7(0.2) 6.7(0.1) 6.7(0.2) 6.9(0.3) 6.9(0.2) 10.5(0.2) 

+28W 12.7(0.3) 12.2(0.2) 9.9(0.5) 9.1(0.3) 8.7(0.4) 8.8(0.1) 13.6(0.3) 

Note: a- “Ref” represents the reference samples only experienced conventional water curing; 

b- The value was acquired on sample 1W, which only experienced 1-day hydration; 

c- +7W represents the CO2-cured sample was subsequently cured in water for 7 days. 

According to measurement results using Berger’s pyrolysis method, the 

chemically-bound CO2 content (Wc) and non-evaporable water content (Wn) in the 

samples are tabulated in Table 7-1, all the values are the average of three 

measurements, and the standard deviations are presented in bracket. Meanwhile, 
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as shown in Figure 7-2, the chemically-bound CO2 content is plotted as a function 

of CO2 curing time. It can be noted that the Wc increased sharply, up to 7.7% at 30  

 

Figure 7-2 Content of chemically-bound CO2 in CO2-cured cement samples 

mins, then to 11.6% at 2 hours and to 13.0% at 24 hours. It seems the reaction rate 

was rather high at the initial stage (< 2 h) and then slowed down with the prolonged 

curing period (2~24 h). The results revealed that the formation of calcium 

carbonate occurred very quickly on the surface of the cement particles at the initial 

stage. As the carbonation reaction progressed, these carbonate crystals were 

formed around the cement particles, preventing the direct contact between the CO2 

and calcium (Sun et al. 2008; Huijgen et al. 2006). As a result, the further reaction 

rate slowed down quickly.  

Figure 7-3 illustrates the variation of non-evaporable water content (Wn) in the 

cement pastes subjected to different curing regime. In the course of CO2 curing, 

there was no doubt that Wn in the CO2-cured cement paste increased with the CO2 

curing time, as the cement underwent hydration and carbonation simultaneously 
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due to the presence of both CO2 and water. However, compared to sample 1W 

which experienced 24-hour hydration only, a slightly lower Wn content was 

observed in the 24-hour CO2 cured cement sample. Besides, as the CO2 curing 

duration increased, the Wn increment in the subsequent hydration period became 

smaller. 2 hours later, the prolonged CO2 curing time hardly influenced the Wn 

content of the cement paste regardless of the further curing age to 7 days or 28 

days.  

 

Figure 7-3 Variation of Wn in coupled CO2-water cured cement paste (1-Wn in CO2-cured 

samples; 2&3- increment of Wn from 7 & 28 days subsequent hydration in CO2-cured 

samples; 4&5- Wn in 7W, 28W) 

As shown in Figure 7-4, even though there was only a small increase in Wn content 

of the CO2-cured cement paste due to the subsequent water curing, the final Wn 

content seemed to be inversely proportional to the Wc in coupled CO2-water cured 

cement paste. Especially, a decrease in Wn content was noticed when comparing 

the reference sample 28W (13.6%) with sample 24C28W (8.8%), and this may 

also be due to the precipitated carbonates layer on the surface of unreacted cement 
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particles, which acted as a barrier retarding the mass transfer of CO2 and water. 

The total amounts of Wn and Wc in the coupled CO2-water cured samples were not  

 

Figure 7-4 Correlation of Wn and (Wn + Wc) versus Wc determined after CO2 curing 

significantly affected by the Wc content, but they were still about 8% higher than 

Wn in the reference samples. All the formed carbonates and hydrates (respectively 

involving Wn and Wc), were originated from the cement clinker phases, and thus it 

can be inferred that the coupled CO2-water curing enhanced the reaction degree of 

cement. This is also supported by the results of the crystalline phase analysis 

discussed in the following section.   

7.2.2 Compressive strength development 

The test results of compressive strength of the prepared samples subjected to 

varying CO2 curing periods and subsequent 7 days (+7W) and 28 days (+28W) 

water curing process are given in Table 7-2. All the presented values are the 

average of five measurements, and the standard deviations are presented in 
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brackets. 

Table 7-2 Compressive strength for cement paste subjected to coupled CO2-water curing 

CO2 curing 

period, hours 
0.5 1 2 4 12 24 

-- 16.2(2.6) 19.9(1.4) 32.0(2.2) 40(2.4) 40.9(0.7) 48.4(2.6) 

+7W 50.6(1.8) 46.5(3.0) 48.4(2.3) 46.4(2.3) 47.3(1.9) 52.2(1.5) 

+28W 68.8(1.7) 61.1(3.2) 60.1(2.8) 55.1(3.1) 52.4(2.7) 56.4(1.9) 

 

 

Figure 7-5 Strength development of cement paste subjected to coupled CO2-water 

curing and water curing 

The increase in compressive strength caused by the subsequent hydration is also 

graphically shown in Figure 7-5. As expected, the CO2 curing process had a 

significant advantage for attaining rapid strength gains. Within 24 hours, the 

strength of the CO2-cured sample was up to 48.4 MPa, which was 2 times higher 

than that of 1-day water-cured sample, and even very close to that of the 28-day 

water-cured sample (52.4 MPa). A similar finding was also reported by Bukowski 
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and Berger (Bukowski & Berger 1979), who showed that 5-minute carbonation of 

the OPC sample yielded a compressive strength equivalent to the 1 day water cured 

sample. Within 24 hours, it was evident that, the compressive strength of the CO2-

cured cement paste increased with the curing time, and the increment was 

especially striking in the first 2 hours. This trend was quite similar to the variation 

of Wc over the CO2 curing time. As shown in Figure 7-6, a strong linear correlation 

was found between the compressive strength and Wc content for the cement paste 

subjected to CO2 curing, which was also quite close to the relationship between 

compressive strength and Wn of cement-based materials reported previously (Pinto 

et al. 2000).  

 

Figure 7-6 Correlations between compressive strength and Wc (in this study) and Wn 

(reproduced from (Pinto et al. 2000)) 

Furthermore, it is worth mentioning that, a more pronounced increase in 

compressive strength during the subsequent hydration process could be achieved 

when a shorter CO2 curing period used initially. However, regardless of the 
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variation of CO2 curing time, the ultimate compressive strength determined after 

the subsequent water curing were almost at the same level, which was ranged from 

52.4 MPa for 12C28W to 61.1 MPa for 1C28W. This might be caused by the 

barrier effect of the carbonates formed during CO2 curing. When more carbonates 

were formed there would be less passageway for water diffusion and Ca ions 

dissolving. On the contrary, less formed carbonates means further hydration 

relatively easier. 

7.2.3 Porosity characterization 

 

Figure 7-7 Comparison of total porosity for cement pastes subjected to different curing 

regime 

The apparent porosity of the cement pastes subjected to different curing regimes 

are shown in Figure 7-7, each value was the average of two measurements. The 

porosity decreased with curing time for all the CO2-cured samples due to the 

formation of hydration products and carbonates. However, there was only slight 

reduction in porosity of the cement pastes after the 2 hours CO2 curing. The 
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subsequent water curing further decreased the porosity of the 05C and 1C samples, 

but has limited effects for the samples 4C, 12C and 24C. After 28 days subsequent 

hydration, nearly all the samples including the reference samples, had a total 

porosity at roughly the same level (16.7%~20.5%). 

 

 

Figure 7-8 Differential curves of pore size distribution for cement pastes  

The pore size distributions for several typical samples are analyzed and are given 

as differential curves in Figure 7-8. Three distinguishable peaks (1-3) were 
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observed from these differential curves as shown in Figure 7-8-a and 7-8-b, while 

it had been reported that there was an unimodal distribution or a bimodal 

distribution of pore sizes for a well hydrated cement paste with a normal range of 

water to cement ratio (0.3~0.6) (Ye 2005; Cook & Hover 1999). As the CO2 curing 

time was increased from 0.5 h to 24 h, both the fractions of macropores (d > 2 μm) 

and mesopores (d < 2 μm, peak 2 and peak 3) were greatly reduced, whereas the 

24-h water curing could result in less macropores but more mesopores (Figure 7-

8-a). The formation of the subsequent hydration products for the CO2 cured cement 

pastes occupied the limited spaces in the matrix, as shown in Figure 7-8-b, and 

thus further decreased the macropores and medium mesopores (peak 2), but 

increased the fraction of small mesopores (d < 0.2 μm, peak 3). After 28-day of 

water curing, the macropores were nearly completely eliminated, and the fraction 

of mesopores (peak 2 and 3 in Figure 7-8-b) was distinctly larger than that in the 

coupled CO2-water cured samples.       

Figure 7-9 illustrates the evolution of pore structure, mainly focusing on 

macropores with diameter from 2.5 μm to 25 μm, in the cement pastes caused by 

subsequent water curing. With extending the CO2 curing period from 0.5 h to 24 

h, the reduction in percentage of macropores became less. It was found that the 

macropores still accounted for a large proportion of total porosity in sample 

24C28W, whereas they virtually disappeared in the sample 05C28W, which can be 

attributed to the subsequent hydration. When a shorter period (less than 2 h) of 

CO2 curing was adopted, there was less precipitation of carbonates and less  



 
 

170 
 

 

Figure 7-9 Evolution of pore structure (2.5 μm < d <25 μm) in the CO2-cured cement 

pastes caused by subsequent hydration. All the curves are plotted by [dV/d(logD), mL/g] 

on the horizontal axis and [pore diameter, μm] on the vertical. 
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subsequent hydration and hence reduction in the macropores in the later period. 

7.2.4 Crystalline phase analysis 

In order to identify the change of hydration products in the cement pastes due to 

the employment of these two different curing methods (CO2 curing and water 

curing), XRD patterns were acquired for several samples and presented in Figure 

7-10.  

 

Figure 7-10 Comparison of XRD patterns for the CO2-cured and water-cured cement 

pastes. Marked peaks are: 1, tricalcium silicate; 2, dicalcium silicate; 3, portlandite; 4, 

calcite; 5, corundum (used as internal standard phase); 6, ettringite; 7, tobermorite. 

Several strong diffraction peaks for the main cement components, including 

tricalcium silicate (C3S), dicalcium silicate (C2S), portlandite (CH), calcite, 

ettringite (AFt) and tobermorite were marked and analyzed according to the 

detailed powder diffraction files shown in a previous study (Aranda et al. 2012). 

By comparing the CO2-cured and water-cured samples, the most striking 

differences between them, were the disappearance of CH (2θ=18.1°, RI=76.1%, 
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the strongest line at 34.1° was not chosen as it overlapped with the main reflections 

of C3S and C2S for sample 2C and 24C; meanwhile the calcite peak was at 2θ=29.4° 

appeared due to the carbonation reactions of calcium silicates during the CO2 

curing process. However, as a small amount of limestone powder was added into 

the clinker to produce the as-received OPC in this study, several calcite peaks were 

also observed in the water-cured samples (1W and 28W). Aragonite and vaterite, 

observed in other studies (Goodbrake et al. 1979; Shtepenko et al. 2006), were not 

present. But these results were still consistent with the findings of Berger (Berger 

et al. 1972) and Rostami (Rostami et al. 2012). According to the reaction 

conditions and products described in those investigations, it seemed like the 

aragonite and vaterite were more likely to be formed in a fully carbonated cement 

matrix, rather than in a partially carbonated cement sample. 

 

Figure 7-11 DTG curves of cement pastes subjected to different curing regime 

The DTG curves, as shown in Figure 7-11, could also confirm the absence of CH 

in the CO2-cured cement paste. It was interesting to see a distinct peak occurring 
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at 400-500 ◦C, representing the mass loss due to the decomposition of CH in 

sample 1W, but this peak was not observed for the cement pastes subjected to even 

a very short (0.5h) period of CO2 curing. Furthermore, low and broad maxima on 

all the DTG curves were observed around 130 to 400 ◦C, which were induced by 

the decomposition of hydration products including gypsum, ettringite, poorly 

crystalline CSH gel and hydrated alumina phases (Sha et al. 1999; Stepkowska et 

al. 2003).  

These data indicated that the CO2 curing might have inhibited the formation of CH, 

but it was not an obstacle for the production of other hydration products. By 

comparing the diffraction intensity of ettringite at the location of 2θ=15.7°, the 

ettringite peak in the 24h CO2-cured cement paste (24C) was even stronger than 

that in 24h water-cured cement paste (1W). Besides, tobermorite, which is a typical 

CSH, was also detected in the CO2-cured samples (2C and 24 C).    

It should be noticed that, in the XRD patterns shown in Figure 7-10, the diffraction 

peaks of CH in 24C28W could hardly be observed, even after a long period (28 

days) of water curing. It seemed the subsequent hydration progress of the cement 

paste was terminated by the initial CO2 curing process, and this was barely in 

accord with the strength gain and development of pore structure of the cement 

paste discussed above. In order to clarify this issue, the identification of CH phase 

from the cement pastes subjecting to different curing regime was focused, and the 

comparative analysis was performed in terms of XRD peaks and DTG curves. 
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Figure 7-12 Comparison of CH diffraction peaks at 2θ=18.1° for the cement pastes 

subjected to curing regime 

Figure 7-12 indicates the variation of CH diffraction peaks at 2θ=18.1° of the CO2- 

and water-cured samples. Indeed, the CH diffraction peaks was not found in the 

sample 24C, even after further water curing of 28 days (Figure 7-12-b). However, 

the CH peak was found in sample 2C28W (Figure 7-12-a), although the intensity 

was much lower than that in the samples 7W and 28W (Figure 7-12-c). This meant 

that the further hydration in a CO2-cured sample was delayed, probably due to the 

buildup of carbonates limiting the direct exposure of the unreacted cement to the 

free water. 

The DTG curves of 05C28W, 2C28W and 24C28W are shown in Figure 7-13. 

Along with the extended CO2 curing time, the weight loss due to CH 

decomposition was found to be reduced in the CO2-cured samples after water 

curing of 28 days. A summary and comparison of CH content, determined by 

multiplying the molecular weight ratio of CH to water by the weight loss in the  
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Figure 7-13 Comparison of DTG curves of CO2-cured cement pastes subjected to 

subsequent water curing 

 

Figure 7-14 Comparison of CH contents in cement paste subjected to different curing 

regimes 

range of 400-500 ◦C based on the TG data, are presented in Figure 7-14. The 

thermal analysis revealed that the CH in the CO2-cured cement paste was not 

completely decomposed, but the content was very low, which might be the major 

cause of being undetectable by XRD. It was also noted that the increase in CH 

content in sample 05C caused by the subsequent hydration was clearly higher than 

that in sample 2C and 24C. This was evident that when less carbonation occurred 
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during the CO2 curing process, more hydration would follow during the 

subsequent water curing process. 

Table 7-3 Mass fractions of main crystalline phases in cement, CO2-cured and water-

cured cement pastes determined by semi-quantitative XRD analysis 

Phases (PDF codes) Cementa 1W 28W 2C 2C28W 24C 24C28W 

C3S (01-085-1378) 53.4% 38.1% 23.8% 30.5% 22.9% 23.1% 21.5% 

C2S (01-083-0461) 19.4% 16.4% 13.7% 10.4% 8.4% 9.7% 8.8% 

C3A (01-070-0839 

/01-083-1359) b 
7.3% 4.7% 1.1% 5.8% 1.2% 3.2% 1.5% 

C4AF (00-030-0226) 6.7% 5.8% 1.4% 5.3% 2.7% 3.5% 2.4% 

Gypsum(00-033-0311) 2.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Calcite (01-083-0577) 3.2% 3.5% 3.4% 11.2% 10.8% 10.1% 10.7% 

CH (01-072-0156) 0.0% 5.1% 14.1% 0.0% 1.2% 0.0% 0.0% 

AFt (01-072-0646) 0.0% 5.9% 9.8% 0.0% 3.6% 6.8% 7.3% 

Tobermorite 

(01-083-1520) 
0% 5.5% 5.2% 1.7% 2.4% 3.2% 3.3% 

Amorphous 7.8% 15.0% 27.5% 35.1% 46.8% 40.4% 44.5% 

Note: a- the minor phases such as lime, alkalis and glass are included in the amorphous content; b- 

both the cubic and orthorhombic C3A phases are detected, the mass fractions of C3A are the sum 

of both polymorphs.  

Table 7-3 summarizes the semi-quantitative XRD results for cement, CO2-cured 

and water-cured cement pastes. Compared to the water curing process, a faster 

reaction rates were observed for all the main phases during the CO2 curing course. 

After a curing period of 24 hours, the mass fraction of retained C3S in carbonated 
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paste (23.1% for sample 24C) was about 30% lower than that in hydrated paste 

(38.1% for sample 1W). Even for C2S, which is well known as its much lower 

reactivity than C3S (Barnes 2002), the retained percentage dropped by nearly half 

in 2-h CO2 curing, but only 15% for that after water curing for 1 day. The retained 

mass fractions of C3A and C4AF were found to be slightly lower in the carbonated 

samples than that in hydrated ones; but their concentrations in the cement paste 

were so small that it could lead to relative large errors in handling semi-

quantitative analysis, making little sense to interpret these results (Soin et al. 2013). 

The study conducted by Klemm and Berger (Klemm & Berger 1972b) employed 

CO2 with a pressure of 3.86 bar to accelerate the carbonation of calcium aluminate, 

but the compressive strength reached as low as 1.3 MPa; the carbonation of 

calcium aluminoferrite has been barely studied. Thus, a further investigation is 

required to illuminate their contributions during the CO2 curing course.   

Both the ettringite and tobermorite exhibited lower mass fractions in CO2-cured 

samples, even after a subsequent water curing for 28 days, than that in water-cured 

ones. Whereas, more amorphous contents were determined in the CO2-cured 

samples, as well as in those after subsequent water curing. It was believed that the 

poor crystallized CSH was the major component of amorphous phases (Taylor 

1997). As previously noticed that the amorphous AFm phase might also 

accompany CSH gel due to its low crystallinity and compositional complexity 

(Matschei et al. 2007; Le Saout et al. 2006). Besides, considering the coexistence 

of AFt and carbonates during the subsequent hydration process, there was a 
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possibility of conversion from Aft-carbonates to amorphous hydrated 

carboaluminate phases (Pajares et al. 2003; Ipavec et al. 2011). The variation of 

amorphous content in cement paste versus different curing regime were quite 

reasonable as there were larger proportions of calcium silicates depleted during the 

CO2 curing process. Comparison to the immediate CO2 curing process after sample 

casting, the subsequent water curing after that induced much slower increase of 

amorphous content. The mass fraction of amorphous phases reached 35.1% in 

sample by 2-h CO2 curing and 40.4% by 24-h CO2 curing, and then increased to 

46.8% and 44.5%, respectively, by subsequent 28-d water curing. 

Considering the CO2 curing process was involved, the traditional definition of 

“hydration degree” determined by chemically-bound water or CH content, was 

inappropriate and unscientific to describe the course of coupled CO2-water curing. 

And thus reaction degree of cement (ε) was determined from the Equation 7-1: 

ε = (Wi- Wr)/Wi                                                  (7-1) 

where Wi and Wr represents initial and retained mass fractions of cement, including 

the four main phases only: C3S, C2S, C3A and C4AF. The calculated reaction 

degree of cement pastes is presented in Figure 7-15. The reaction degree reached 

up to 0.54 after CO2 curing of 24 hours, which was as high as after water curing 

for 28 days. The subsequent water curing caused a further increase of reaction 

degree. It appeared that the adoption of CO2 curing process could facilitate 

reactions of Portland cement, especially at the early age of cement paste; 
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supplemented by subsequent water curing, the overall reaction degree of cement 

paste could also be improved. 

 

Figure 7-15 Reaction degree of cement pastes versus different curing regime 

7.2.5 Morphological identification 

The SEM photomicrographs presented in Figure 7-16 and Figure 7-17 are 

representative of the images taken from more than 10 locations on each of the 

prepared specimen. With the purpose of signal enhancement, all the specimens 

were coated with aurum prior to scanning. But the element aurum was excluded 

when the elemental analysis by EDX, as shown in Figure 7-16 (b) and Figure 7-

17 (b). 

The different morphologies of the cement pastes after 24-hours of CO2 curing and 

water curing are shown in Figures 7-16 and 7-17 respectively. In the case of the 

CO2-cured cement paste, a considerable amount of grainy calcite crystals was 

observed, with dimensions in the order of 0.5-1 μm. The calcite crystals were also 
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identified by the EDX spectrum and the elemental data presented in Figure 7-16(b), 

in which a carbon peak almost overlapped with the calcium peak. These calcite 

crystals clustered together, filled the originally water-filled space irregularly, 

which would have been filled with the hydration products in the hydrated cement 

pastes. Figure 7-17 (a) and (b) (for sample 1W) show the common phases 

including platy CH, fibrillary CSH and needle-like AFt were quite distinguishable, 

but these phases were rarely observed in sample 24C (Fig 7-16 (a)). 

  

Figure 7-16 (a) Typical SEM photomicrographs and (b) EDX spectrum of the cement paste 

after CO2 curing of 24 hours (↑ calcite; ←unreacted cement) 

  

Figure 7-17 (a) Typical SEM photomicrographs and (b) EDX spectrum of the cement paste 

after water curing of 24 hours (↑ CH; →CSH gel; ← AFt) 

Figure 7-18 and Figure 7-19 show the morphologies of the cement paste after CO2 

curing of 2 hours and 24 hours, respectively. In sample 2C, the calcite crystals  

a b Element    Atomic% 

C K        27.96 

O K        59.67 

Si K        1.58 

Ca K       10.79 

a b Element    Atomic% 

O K        73.76 

Al K        1.03 

Si K        7.36 

Ca K       17.86 
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Figure 7-18 SEM photomicrograph of the cement paste 2C (2-h CO2 curing) 

  

Figure 7-19 SEM photomicrograph of the cement paste 24C (24-h CO2 curing) 

were easily recognizable with a clear rhombohedral shape (Figure 7-18(a)); also a 

small number of crinkled foils-like CSH gel was observed (Figure 7-18(b)). After 

24-hour of CO2 curing (24C), the calcite crystals still exhibited its granule shape 

(Figure 7-19(a)); but CSH gel seems to have deposited on their surfaces, rendering 

the calcite particle more closely packed than that in Figure 7-18(a). It was also 

found that massive foil-like CSH gel appeared in 24C (Figure 7-19(b)). Compared 

to the fibril CSH formed in the hydrated cement paste (Figure 7-17(a)), obvious 

difference in CSH morphologies were observed. 

The structure and morphologies of CSH was believed to vary depending on its 

chemical composition, age and forming conditions (Richardson 2000; Richardson 

a b 

a b 
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2008). In the case of a normal hydration process of a cement paste, the Ca2+ 

concentration in the pore solution was maintained at a normal range ([CaO] >22 

mmol L-1) at the early age of hydration, the CSH as a mixture of foils and fibrils 

would be identified in the middle stage of hydration (3-24 hour) (Viehland et al. 

1996; Tajuelo Rodriguez et al. 2015); the foil-like CSH type would be dominant 

under the condition of [CaO] < 22 mmol L-1. But in this study, although the lime 

concentration in the pore solution was not measured during the CO2 curing process, 

the absence of portlandite could prove indirectly that a low concentration of lime 

in the pore solution in the CO2-cured samples. Furthermore, due to the exothermic 

carbonation reactions (Klemm & Berger 1972a; Young et al. 1974), the elevated 

temperature and declining relative humidity in the CO2-cured samples (Goodbrake 

et al. 1979), which had also been previously confirmed by our experimental data 

(Zhan et al. 2013; Zhan et al. 2016), might suppress the formation of fibrillar CSH 

at the early age (Famy et al. 2002; Fonseca & Jennings 2010). Under such 

circumstances, the resulting foil-like CSH was reported to have a larger surface 

area (Fonseca & Jennings 2010), a higher degree of polymerization (Cong & 

Kirkpatrick 1995), an increase in apparent density, and a loss of chemically-bound 

water (Gallucci et al. 2013), and these are supported by the experimental results 

presented in Section 7.2.1. These modified characteristics for the CSH caused by 

the carbonation reactions might be the major cause of the varied microstructural 

morphologies, as well as the rapid development of strength of the CO2-cured 

cement paste. 
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Figure 7-20 SEM photomicrograph of the cement paste 2C28W (2-h CO2 curing + 28-d 

water curing) 

 

Figure 7-21 SEM photomicrograph of the cement paste 24C28W (24-h CO2 curing + 28-d 

water curing) 

 

Figure 7-22 SEM photomicrograph of the cement paste 28W (28-d water curing) 

Figures 7-20 to 7-22 present the SEM photomicrographs of the cement paste 

2C28W, 24C28W and the reference sample 28W successively. Apparently, as 
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shown in Figures 7-20 and 7-21, the microstructural morphologies of the CO2-

cured cement paste varied a lot after experiencing the subsequent water curing 

process, in comparison with those observed immediately after CO2 curing process 

(Figures 7-18 and 7-19). The well-defined calcite particles, which was easily 

observed in CO2-cured samples, were hardly identified after the subsequent water 

curing. Instead, a considerable amount of fibrils and honeycomb-shaped CSH gel 

were observed, generally accumulating along the rim of the foil-like gel, as shown 

in Figures 7-20 and 7-21. Except the unobserved CH crystals, the newly-formed 

morphologies of the coupled CO2-water cured cement paste were quite similar to 

that of the reference sample 28W in Figure 7-22. It was speculated that, once the 

carbonation reactions had been completed, the subsequent water curing started the 

hydration of the unreacted cement particles, and thus the newly formed CSH gel 

started to grow and to fill the remaining space. The calcite particles therefore were 

intermixed with CSH and then were covered gradually by CSH gel. This explained 

exactly the phenomena of the reduction in porosity and the increase in chemically-

bound water of the CO2-cured cement paste during the subsequent water curing 

process.  

7.2.6 Investigation on CSH by solid state 29Si MAS NMR 

Several typical experimental 29Si NMR spectra, acquired from the as-received 

cement and the cement pastes after subjecting to different curing regimes, are 

shown in Figure 7-23. Further treatment of the data using a deconvolution  
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Figure 7-23 Experimental 29Si MAS NMR spectra (9.39T, vr=8 kHz, 8 s relaxation delay) for 

cement and cement pastes  

technique, can present additional valuable information pertaining to the tetrahedral 

(SiO4 group) coordination, as well as the degree of SiO4 polymerization (Korb 

2009). However, the accuracy of analyzing 29Si NMR data was highly sensitive to 

the line broadening of the 29Si resonance from mono silicates (Q0- Alite and Belite 

phases of the clinker) and dimer silicates (Q1-endchain and Q2-chainmiddle groups 

of the CSH gel phases) (Glasser et al. 1988; Skibsted et al. 1995). The uncertainties 

have been reported to increase with the increasing content of ferrite phase in the 

clinker (Poulsen et al. 2009).  
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Type I OPC used in this study, with a Fe2O3 content of 3.32% (Table 3-1), was 

found to yield a broad lineshape with a relative low resolution (Skibsted et al. 

1995), as shown in Figure 7-23. Nevertheless, it was still possible to identify a Q0 

anhydrous species resonating around -71 ppm, a Q1 species around -79 ppm and a 

Q2 species around -85 ppm attributable to the formed CSH gel, which was in good 

agreement with earlier 29Si NMR studies on cement-based materials (Lippmaa & 

Mägi 1980; Lippmaa et al. 1982; Barnes & Clague 1985; Grutzeck et al. 1989). 

However, Q3 and Q4 species corresponding to a higher polymerization degree of 

CSH gel, which are generally located at -94 to -110 ppm (Sevelsted & Skibsted 

2015), were not observed in this study. This results seemed to contradict the 

findings from an earlier work (Groves et al. 1991), in which silicon in coordination 

Q3 and Q4 were identified, implying the formation of Ca-modified silica gel after 

the carbonation of C3S paste at a curing age of 42 days. This discrepancy might 

possibly be attributed to the carbonation reactions occurring at different curing age 

of the cement paste. In other words, chemical compositions of the formed CSH gel 

may varied significantly, depending on the reactants for the carbonation reaction: 

CO2 with anhydrous or with hydrated phases. 

To further utilize the data gathered by the experiment, a computed deconvolution 

approach was employed in order to have a more in-depth understanding of the 

NMR data. 
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Figure 7-24 Deconvolution of a typical 29Si MAS NMR spectra for cement paste 

As shown in Figure 7-24, deconvolution was performed based on a linear 

combination of Gaussian and Lorentzian functions using a Peakfit software of  

Seasolve Software Inc., according to the procedure suggested by an earlier work 

(Skibsted et al. 1995); and the relative fractions of Q0, Q1, Q2 and Q2(1Al) are 

listed in Table 7-4 for each individual cement paste. While the deconvolution 

method was accepted to be error prone (Engelhardt & Michel 1987), the trends of 

the derived results are still useful for comparison purpose for the present study. 

The Q0 peak at a chemical shift around -71 ppm is known as mono silicate 

tetrahedral in anhydrous cement, especially the Alite and Belite phases; Q1 and Q2 
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Table 7-4 Relative intensities for the deconvoluted components of 29Si MAS NMR spectra 

Sample ID 05C 1C 2C 4C 24C 1W 

Q0 93.30% 83.24% 68.40% 64.23% 60.08% 78.53% 

Q1 4.61% 6.86% 13.01% 13.46% 9.79% 16.23% 

Q2 2.05% 9.87% 18.52% 17.66% 20.06% 3.84% 

Q2(1Al) 0.00% 0.00% 0.00% 4.59% 10.06% 1.23% 

Sample ID 05C28W 1C28W 2C28W 4C28W 24C28W 28W 

Q0 63.27% 62.47% 60.17% 60.13% 56.49% 65.12% 

Q1 21.85% 17.63% 15.13% 15.15% 11.57% 25.08% 

Q2 9.07% 12.55% 18.41% 17.51% 19.89% 7.48% 

Q2(1Al) 5.79% 7.25% 6.24% 7.18% 12.03% 2.29% 

peaks around -79 ppm and -85 ppm correspond to the silicate tetrahedral in the 

chain end and chain middle locations, respectively; while the Q2(1Al) peak around 

-82 ppm is generally regarded as a 29Si atom bonded via bridging oxygen atoms to 

an aluminum atom (Richardson 2000; Rawal et al. 2010). According to a previous 

study (Maeshima et al. 2003), the observed resonance spectra in this study 

conformed to the silicate chain structure of 14-Å tobermorite. The tabulated data 

in Table 7-4 reveals that the content of formed CSH gel (the sum of Q1, Q2 and 

Q2(1Al)) in the cement paste increased with increase in CO2 curing time. Unlike 

the hydration progress, in which the dimeric structural CSH is the dominant 

products at the early age (Hirljac et al. 1983), the CO2 curing process appeared to 

yield a large fractions of polymers, because the amount of (Q2 + Q2(1Al)) was 

increased and exceeded the Q2 content in sample 1W. 

To aid this discussion, the evolution of polymerization degree of silicate 
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tetrahedral, which was determined as a ratio of (Q2 + Q2(1Al)) to Q1 suggested by 

Cappelletto et al. (Cappelletto et al. 2013), is plotted as a function of CO2 curing 

time in Figure 7-25. With increasing CO2 curing time, the degree of polymerization 

increased; however, it was affected slightly by the subsequent water curing.  

 

Figure 7-25 Degree of silicate polymerization as a function of CO2 curing time 

Apart from the polymerization degree, the deconvoluted components also allowed 

the determination of the average chain lengths (MCL) for the formed CSH 

according to the equation proposed by Richardson (Richardson 2000), and it is 

calculated using the following equation (7-2): 

MCL = 2[Q1 + Q2 + 3 Q2(1Al)/2] / Q1                                 (7-2) 

Figure 7-26 illustrates the variation of MCL as a function of CO2 curing time. It 

was quite easy to observe an increase in MCL with the curing time, reaching a 

length of 9.2 at the curing age of 24 hours; whereas the MCL of silicate chain in a 

cement paste at the curing age of 1 year was found to be less than 4 (Richardson 
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1999). Indeed, according to the calculation in this study, the MCL for the reference 

sample 1W and 28W was 2.70 and 2.87, respectively.  

 

Figure 7-26 Average silicate chain lengths (MCL) as a function of CO2 curing time 

Furthermore, it was also noteworthy that, the Q1 species appeared to decrease after 

the first 4 hours of CO2 curing, implying that the dimeric SiO4 tetrahedral in CSH 

was involved the carbonation reactions. The continued CO2 curing exerted a 

significant association with merging the dimeric SiO4 tetrahedral into trimer, 

tetramer or pentamer. According to the model proposed by Taylor (Taylor 1986), 

the polymerization process of SiO4 tetrahedral in CSH was always accompanied 

by the decrease of Ca/Si ratio. During the progress of the coupled carbonation-

hydration, the central Ca-O part of the layer in CSH was prone to be removed to 

form carbonates, making the SiO4 tetrahedral in the chain-end of dimer became 

bridging part (chain-middle) of trimer, tetramer or pentamer. Besides, the 

evaporation of free water caused by the exothermal carbonation reactions could 
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reduce the internal humidity. Under such a circumstance, it is believed that 

polymerization of SiO4 tetrahedral in CSH gel was promoted due in part to the 

dehydroxylation effect caused by CO2 curing. For such a CSH gel with a higher 

polymerization degree and a lower Ca/Si ratio compared to that formed in the  

conventional water curing process, several previous studies had reported that the 

elastic modulus and hardness of the CSH increased when the Ca/Si molar ratio 

decreased (Pelisser et al. 2012; Manzano et al. 2007). A better durability and 

mechanical performance of hydrated cement was also reported to be associated 

with a longer silicate chain and a higher polymerization degree in CSH gel (Ayuela 

et al. 2007). This might also offer an alternative explanation for the rapid strength 

development at the early age and relative high strength in the long term. 

7.3 Summary  

The effects of coupled CO2-water curing on the characteristics of cement pastes 

prepared with a low water-cement ratio was investigated. The study focused on the 

chemically-bound CO2 and non-evaporable water content, development of 

compressive strength and pore structures, crystalline phase assembles and 

morphologies of the microstructure, and the silicate structure of the formed CSH 

gel. The experimental results indicated that, when compared to the conventional 

water cuing process: 

1. The coupled CO2-water curing approach yielded a rapid strength development 

for the cement pastes; CO2 curing of longer than 2 hours might lead to a lower 
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long term strength development after the subsequent hydration period.  

2. The reaction degree of the anhydrous cement was promoted by the CO2 curing 

process, the amorphous as well as the calcite phases increased significantly at 

the early age; while the ultimate reaction degree only varied a little after the 

subsequent water curing of 28 days. 

3. The CO2-cured cement paste attained a slightly lower porosity, but with a 

smaller fraction of mesopores (d< 2 μm), larger proportions of macropores (d > 

2 μm). 

4. The SEM photomicrograph indicated that rhombohedral calcite crystals and 

foil-like CSH gel were predominate after the CO2 curing process. During the 

subsequent water curing, the CSH gel became a hybrid form with fibrillar and 

foil-like gel intermixed; while the calcite crystals were encased by the newly-

formed CSH gel gradually; platy CH crystals were not found even after the 

subsequent water curing. 

5. The accelerated carbonation reactions could remove the calcium ions from 

interlayer of CSH, and promote the merging of dimers into polymers; and thus 

the CSH gel formed during the CO2 curing process was found to attain a longer 

silicate chain length and a higher degree of polymerization of SiO4 tetrahedral, 

which was regarded as the main cause for the rapid strength development of 

the cement paste at the early age.   
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Chapter 8.  

- Conclusions and Recommendations 

 

The use of CO2 the curing technique for the production of concrete blocks is not 

new, but it attracts research and practical interests not only because CO2 curing 

can accelerate the hardening process of cement-based materials, more importantly, 

it can also offer an alternative approach for CO2 capture and storage. However, 

there of is a lack of information concerning the use of the CO2 curing process for 

producing concrete blocks containing recycled aggregates.  

In this thesis, the main objective was to investigate the possibility of using the CO2 

curing technique for the production of concrete products prepared with recycled 

aggregates. A series of experimental investigations were carried out. The 

feasibility study was conducted first (Phase I); then parameters pertaining to 

materials characteristics and curing regime were varied in order to reveal their 

effects on the CO2 curing process (Phase II); the mechanism of rapid strength 

development of cement caused by CO2 curing was also investigated (Phase III). 

Based on the experimental results and findings, conclusions are drawn and 

recommendations for future work are suggested as follows. 
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8.1 Conclusions 

Based on the study in Phase I, the following conclusions can be drawn: 

1. Within the first 24 hours, the CO2 curing degree of concrete blocks increased 

with increasing curing time; however, the effect of recycled aggregate content 

on CO2 curing degree was not obvious, possibly due to the higher water 

content in the concrete blocks prepared with recycled aggregates. 

2. Compared to conventional moist curing, the CO2 curing method improved the 

compressive strength of both the non-load- and load-bearing blocks 

dramatically and rapidly with strength gains ranging from 108% to 151%; 

drying shrinkage of concrete blocks was dramatically reduced by the CO2 

curing. 

3. The CO2 curing process presented a great potential to improve the 

performance of concrete blocks containing recycled aggregate, as well as to 

capture CO2. 

Based on the study in Phase II, the following conclusions can be drawn: 

4. A pretreating process was found to be necessary and effective for improve the 

CO2 curing degree of concrete blocks with/without recycled aggregate. 

Pretreating processes which reduced the moisture content of the concrete 

blocks to an optimum condition can maximize the CO2 curing degree and the 

mechanical properties of the produced block after 2 hours of CO2-curing were 
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comparable to that of 6 hours of steam-cured. 

5. The increase in bulk density of the concrete blocks from 1,995 kg/m3 to 2,222 

kg/m3 had a slight adverse impact on the CO2 curing degree, because high 

density meant less pores and lower permeability for the CO2 gas.  

6. Increase in aggregate to cement ratio also increased the CO2 curing degree for 

the concrete blocks. Because higher A/C ratios also led to more old cement 

mortar in the concrete blocks which could also react with the CO2 gas. Besides, 

the strength loss of the concrete blocks due to high A/Cs ratio can be 

compensated by the positive effect on strength gain due to a higher degree of 

CO2 curing. 

7. When the replacement ratio of recycled aggregate was increased from 0% to 

100%, the CO2 curing degree of concrete blocks increased from 32% to 52%.  

8. Regardless of types of aggregate used in the concrete blocks, the fly ash-lime 

based specimens attained a higher CO2 curing degree than that of the cement 

based specimens; but compressive strength was lower than the cement based 

sample. 

9. The compressive strength and curing degree of the concrete blocks increased 

remarkably in the first 2 hours of CO2 curing, and then the rate of increase 

slowed down within a further curing period of 70 hours. 2 hours of pressurized 

CO2 curing produced compressive strength comparable to that of the 

conventional hydration of 28 days. 
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10. The effect of temperature of the CO2 curing process was not certain. When the 

curing temperature was increased from 20 oC to 80 oC, there was only a minor 

variation in the curing degree (less than 5%) and in compressive strength (less 

than 5 MPa).  

11. A change of relative humidity from 50% to 80% slightly reduced the curing 

degree and compressive strength within 2 hours of the curing period, 

regardless of aggregate type. 

12. Increasing in gas pressure enhanced the CO2 diffusion, dissolution and 

carbonation reactions in the pore system of the concrete blocks, and thereby 

the curing degree and compressive strength of the concrete blocks increased 

remarkably with gas pressure from 0.1 bar to 0.5 bar. 

13. The formation of carbonates during the CO2 curing process did not inhibit the 

further hydration of the unreacted cement particles, and thus the concrete 

blocks could attain further strength developments during the subsequent water 

curing; however, the strength gain caused by the subsequent hydration was 

inversely proportional to the initially CO2 curing degree. The ultimate strength 

of the concrete blocks only varied slightly regardless of the initial CO2 curing 

time. 

14. At the initial stage, the FCC-cured concrete blocks exhibited a lower curing 

degree and a slower strength development than the PCC curing samples; 

however, the difference became smaller with extended CO2 curing time.  
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Based on the study in Phase III, the following conclusions can be drawn: 

15. Cement pastes attained rapid strength developments when subjected to the 

coupled water-CO2 curing, especially in the first 2 hours. Further subsequent 

water curing further increased the strength, but became smaller once the CO2 

curing time was extended. 

16. The coupled water-CO2 curing could promote the reaction degree of cement 

paste, as the amorphous and calcite contents increased sharply at the early age. 

However, the reaction degree of the cement paste varied only slightly after the 

subsequent water curing for 28 days. Besides, formation of portlandite was 

inhibited by the carbonation reactions.  

17. The CO2-cured cement paste had slightly lower porosity, but with a smaller 

fraction of mesopores (d< 2 μm), and larger proportions of macropores (d> 2 

μm). As the subsequent water curing progressed, the pore system was refined 

by the hydration, reflected by the more mesopores and less macropores. 

18. The SEM photomicrographs indicated that rhombohedral calcite crystals and 

foil-like CSH gel were predominate after the CO2 curing process. During the 

subsequent water curing, the CSH gel became a hybrid form with fibrillar and 

foil-like gel intermixed; while the calcite crystals were encased by the newly-

formed CSH gel gradually; platy CH crystals were not found even after the 

subsequent water curing. 

19. The accelerated carbonation reactions could remove the calcium ions from 
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interlayer of CSH, and promote the merging of dimers into polymers; and thus 

the CSH gel formed during the CO2 curing process was found to attain a longer 

silicate chain length and a higher degree of polymerization of SiO4 tetrahedral, 

which was regarded as the main cause for the rapid strength development of 

the cement paste at the early age. 

8.2 Limitations of the Present Study and Suggestions for 

Further Research 

Most of the experimental work carried out in this study used recycled aggregates 

prepared in the laboratory. Further work should be carried out to extent the CO2 

curing process for concrete blocks containing other kinds of industrial solid wastes, 

even those hazardous wastes. 

The results of this work have shown that the recycled aggregate contained in 

concrete blocks involved the carbonation reactions during the CO2 curing process. 

However, the variation of recycled aggregates caused by carbonation reactions 

during the CO2 curing process was still covered in this study. Future work is 

required to reveal how the recycled aggregates promote the CO2 curing process for 

concrete blocks, and what changes the recycled aggregates have taken place. 

It has been proven in this study that the flow-through curing method under 

atmospheric pressure could yield a curing degree almost similar to that of the 

pressurized curing process. However, there is a lack of thorough studies on the 

flow-through CO2 curing method (e.g. effects of flow-rate, gas concentration and 
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purity). Also, further studies should consider the use the flue gas from cement 

plants, power plants and landfill sites as the CO2 source. 

 


