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Abstract 
 

 

This study assesses the influence of mix design on the hydration and carbonation of 

reactive MgO cement (RMC)-based concrete formulations by varying the water and 

cement contents. Samples were subjected to accelerated carbonation under 10% CO2 

for up to 28 days and compared with corresponding PC-based samples. Their 

performance was analyzed by compressive strength, porosity, density, water sorptivity 

and thermal conductivity measurements. XRD, TGA/DSC and FESEM/SEM analyses 

were employed to investigate the formation of hydration and carbonation products and 

microstructural development. RMC samples achieved 28-day strengths of 62 MPa, 

which was comparable with PC samples. Strength gain of RMC samples was 

accompanied with a substantial decrease in porosity, determined by the amount and 

morphology of carbonates. The initial water content was more influential on final 

performance and thermal conductivity than cement content. Lower water contents led to 

higher strengths due to lower porosities and faster CO2 diffusion within dry mediums. 
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1. Introduction 
 
The increase in the concentration of greenhouse gases in the atmosphere due to 

human activity has given rise to climate change, which is regarded as a major 

environmental concern [1]. Portland cement (PC) production is responsible for 5-7% of 

the total global anthropogenic carbon dioxide (CO2) emissions [2]. This has led to the 

development of practices and products that are associated with lower CO2 emissions 

than traditional approaches. Some of these include the reduction of energy used during 

PC production, replacement of PC with waste materials or industrial by-products such 

as supplementary cementitious materials (SCMs) and the development of alternative 

binders [3-5]. However, these practices are not fully sufficient in mitigating the impacts 

of PC production and concrete use within the construction industry due to prominent 

reasons such as the high costs involved in the development of new technologies and 

insufficient supply of certain by-products in different parts of the world. This has paved 

the way for the development of alternative construction materials that could potentially 

offer reduced CO2 emissions. 

 

Reactive magnesia (MgO) cement (RMC), which was developed more than a decade 

ago [6, 7], has gained attention due to the lower temperatures used during its 

production (750 vs. 1450 °C for PC) and ability to gain strength via carbonation [7]. The 

use of RMC has been proposed in a variety of cement-based applications in which it 

can be used as the sole binder or along with PC and/or pozzolans. Unlike PC mixes, 

which mainly rely on the hydration process for strength gain, RMC-based formulations 

gain strength and achieve stiffness through carbonation [8-11]. The chemical reactions 

that take place within these mixes, as listed below in Equations 1-5, can be summarized 

in two main steps: (i) hydration of RMC to form brucite (Mg(OH)2) and (ii) reaction of 

brucite with CO2 to form a range of hydrated magnesium carbonates (HMCs). Some of 

main HMCs that have been observed within RMC-based mixes are nesquehonite 

(MgCO3·3H2O), hydromagnesite (4MgCO3·Mg(OH)2·4H2O), dypingite 

(4MgCO3·Mg(OH)2·5H2O) and artinite (MgCO3·Mg(OH)2·3H2O) [9, 12, 13]. 
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MgO + H2O à Mg(OH)2 (brucite)                                                (1) 

 

Mg(OH)2 + CO2 + 2H2O à MgCO3·3H2O (nesquehonite)                               (2) 

 

5Mg(OH)2 + 4CO2 à 4MgCO3·Mg(OH)2·4H2O (hydromagnesite)                                (3) 

 

5Mg(OH)2 + 4CO2 + H2O à 4MgCO3·Mg(OH)2·5H2O (dypingite)                              (4) 

 

2Mg(OH)2 + CO2 + 2H2O à MgCO3·Mg(OH)2·3H2O (artinite)                                        (5) 

 

As the strength gain mechanism of RMC-based binders are directly dependent on 

carbonation, it is critical to understand the steps involved during this process. The 

carbonation of concrete mixes involves the: (i) Diffusion of CO2 into the unsaturated 

pore network, (ii) penetration and dissolution of CO2 within the pore system, (iii) 

formation of carbonic acid (H2CO3) in the pore solution, (iv) ionization of carbonic acid 

and emergence of H+ and CO3
2-, (v) leaching of Mg2+ from the dissolution of Mg(OH)2 

crystals and (vi) formation of HMCs via the reaction between Mg2+ and CO3
2-. 

 

The rate and degree of the carbonation reaction, along with the morphology of the 

carbonate phases determine the final performance of RMC-based mixes. The main 

reason behind strength development is attributed to two main factors. The first one is 

the reduction of the initial porosity as carbonation is an expansive process that reduces 

the overall pore volume (i.e. the formation of HMCs causes a significant expansion and 

increases the solid volume by a factor of 1.8-3.1). This is supported by the 

microstructure evolution as the morphology and binding strength of the carbonate 

crystals contribute to the network structure. 

 

Several studies have reported the importance of the morphology of carbonates, rather 

than their amount, as the main factor in determining final performance [14, 15]. HMCs 

have microstructures with varying morphologies that add microstructural strength to 

cement formulations due to their strong, fibrous, acicular or elongated nature via the 



4	
	

interlocking effects occurring between the crystals. Fibrous and needle-like crystal 

growths established by HMCs are more beneficial than rounded or tabular crystals 

because of the 3D structures formed. The compact and interlocked network-like 

structures established by interconnected and well-developed crystals control the overall 

performance [15]. This is further supported by the bulk “micro-aggregate” formed 

through localized carbonation, which also contributes to the creation of a dense matrix 

[14]. 

 

Unlike the less reactive forms of MgO (i.e. hard- or dead-burned) that are produced at 

much higher temperatures, RMC hydrates at a similar rate to PC, thus eliminating the 

expansion problems [8]. In addition to the properties of RMC determined by the 

production conditions (e.g. calcination temperature and residence time), some of the 

major factors that control the rate and degree of carbonation of RMC are mix design 

(e.g. water, cement and aggregate contents) and curing conditions (e.g. relative 

humidity, temperature and CO2 concentration and pressure) [12, 16-19]. 

Comprehending the influence of these factors on the strength development of RMC 

mixes can lead to the development of formulations with maximum carbonation and 

associated mechanical performance. 

 

Similar to PC mixes, the initial water content plays an important role in the strength 

development of RMC mixes as water provides a medium for the hydration and 

carbonation reactions [12, 20]. Increasing the water content of concrete mixes can 

increase the capillary porosity and improve the interconnectivity of voids, thereby 

enhancing the carbonation process [21, 22]. Meanwhile, the presence of excess water 

can inhibit the diffusion of CO2 within the pore system, thereby slowing down 

carbonation. The optimization of the water content is critical as low water/cement (w/c) 

ratios can lead to poor compaction and crumbling, whereas high w/c ratios can reduce 

the CO2 diffusivity and therefore hinder the formation of HMCs and associated strength 

development within RMC mixes [12]. 
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Another factor that can influence the strength development of RMC-based concrete 

mixes is the cement content (i.e. aggregate/cement ratio) [23, 24]. As the carbonation of 

RMC mixes involves a series of reactions within the MgO-CO2-H2O system, an increase 

in the cement content can potentially lead to an increase in the amount of final hydrate 

and carbonate phases. However, this can also lead to the decrease of initial porosity as 

the fine cement particles fill in the available pores between the coarse aggregates. 

While this would lead to increased strength in PC mixes that rely on the hydration 

process for strength gain, the provision of a sufficiently high porosity within the initial mix 

design via the use of a high aggregate content is essential for the continuation of the 

carbonation reaction within RMC mixes. Therefore, the optimization of the 

aggregate/cement ratio is important for the enhancement of gas diffusivity and 

permeability [25]. Along with the aggregate/cement ratio, the amount and the saturation 

level of aggregates can determine the effective water content within a mix. Increasing 

the amount of aggregates can alleviate shrinkage and bleeding and therefore improve 

the bond between the aggregates and cement paste [5], whereas high aggregate 

contents eventually lead to lowered strengths due to the corresponding reductions in the 

cement content [26]. 

 

This paper aims to assess the influence of mix design via a variation of the water and 

cement contents on the hydration and carbonation potential of RMC-based concrete 

formulations. The extent of these reactions and the morphology of the resulting phases, 

which determine the mechanical performance and microstructural development of the 

prepared samples, were evaluated. RMC-based concrete samples were subjected to 

accelerated carbonation at a 10% CO2 concentration for up to 28 days. Corresponding 

PC-based samples, which were hydrated for the same duration to enable maximum 

strength gain, were prepared for comparison purposes. The performance of the 

prepared samples was analyzed at different durations by compressive strength testing 

as well as porosity, density, water sorptivity and thermal conductivity measurements. X-

ray diffraction (XRD), thermogravimetric analysis and differential scanning calorimetry 

(TGA/DSC), field emission scanning electron microscopy (FESEM) and scanning 

electron microscopy (SEM) analyses were employed to analyze the formation of 
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hydration and carbonation products and investigate the microstructure development at 

the end of the curing process. 

 

 

2. Materials and Methodology 
 
 
2.1. Materials, mix composition and sample preparation 
 

 

The main cement binder used in this study was RMC (commercial name “calcined 

magnesite 92/200”) obtained from Richard Baker Harrison Ltd. (UK). Ordinary PC 

obtained from Lafarge cement Pte. Ltd. (Singapore) was used in the preparation of the 

PC-based control samples. The chemical and physical properties of RMC and PC as 

provided by the suppliers are listed Table 1. Coarse aggregates with a particle size of 

4.7-9.5 mm supplied by Buildmate Pte. Ltd. (Singapore) was used to form the aggregate 

profile in the prepared concrete samples. 

 

The standard consistency (SC) of RMC and PC were measured according to BS EN 

196-3 as ~0.60 and 0.33, respectively [27]. This led to the preparation of RMC and PC 

control samples containing 40% cement and 60% aggregates at w/c ratios of 0.60 and 

0.33, respectively. Concrete samples were prepared by mixing the dry components first, 

followed with the addition of water to the dry mix. To study the effect of water content, 

RMC samples with two different w/c ratios corresponding to SC±8.3% were prepared. 

The effect of cement content was studied by changing it by ±12.5%. All the mix 

compositions used in this study are listed in Table 2. 

 

The prepared mixes were then cast into 50×50×50 mm cubic molds, consolidated by a 

vibrating table and trowel finished. All samples were demolded after 24 hours and 

placed into respective curing environments for up to 28 days. The demolded RMC 

samples were subjected to accelerated carbonation (28±2 °C, 80±5% RH, 10% CO2). 
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Corresponding PC-based control samples were cured under water or in air (28±2 °C, 

80±5% RH, ambient CO2) to achieve maximum strength gain for comparison purposes. 

 

 

2.2. Methodology 
 
 
2.2.1. Density and porosity 
 
 
The mass of each sample was recorded before and after curing to measure the change 

in mass due to hydration and/or carbonation. Densities of samples at different curing 

periods were calculated by recording their masses, which was performed in triplicates. 

Similarly, the porosities of the samples before and after curing were calculated via 

Equation 6, where msat is the sample mass saturated in water, mdry is the sample mass 

dried at 70 °C and v is the sample volume. 

 

p = #$%&'#()*	
,

∗ 100                                                                  (6) 

 
 
2.2.2. Water sorptivity 
 
 
The prepared samples were tested for their water sorptivity before and after curing 

according to ASTM C1585-04 [28]. To enable this, the cubic concrete samples were 

dried in oven set at 70 °C for 3 days, after which they were cooled under room 

temperature and coated with epoxy on the sides. The size of the concrete surface in 

contact with water, i.e. the inflow surface, was 50 x 50 mm. The mass of each sample 

was recorded at various times using an electronic balance. Water absorption (I) was 

calculated by dividing the change in mass (Δm) with the concrete inflow surface area (a) 

and density of water (ρ), as shown in Equation 7. The initial rate of water absorption (k, 
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mm/seconds1/2) was stipulated as the slope of the line that was the best fit to water 

absorption (I) plotted against the square root of time (t, seconds), as shown in Equation 

8. 

 

I = ∆#
2∗3

                                                                                                                              (7) 

 

I = k ∗ t6.8                                                                                                                         (8) 

 
 
2.2.3. Compressive strength 
 
 
The compressive strength of the prepared concrete samples were measured by uni-

axial loading in triplicates at 7, 14 and 28 days in accordance with the specifications of 

ASTM C109/C109M – 13 [29]. The equipment used for this purpose was a Toni Technik 

Baustoffprüfsysteme machine, operated at a loading rate of 55 kN/min. 

 
 

2.2.4. XRD, TGA/DSC, FESEM and SEM analyses 
 

 

Samples extracted from the cubes crushed during strength testing were stored in 

acetone to stop hydration, followed by vacuum drying in preparation for x-ray diffraction 

(XRD), thermogravimetric analysis and differential scanning calorimetry (TGA/DSC), 

field emission scanning electron microscopy (FESEM) and scanning electron 

microscopy (SEM) analyses. The dried samples were ground down to pass through a 

125 μm sieve before they were analysed under XRD and TGA/DSC. XRD was recorded 

on a Philips PW 1800 spectrometer using Cu Kα radiation (40 kV, 40 mA) with a 

scanning rate of 2° 2θ/step from 5 to 80° 2θ. Phase quantification was performed via the 

Rietveld refinement software TOPAS 5.0 with fundamental parameter approach [30].  
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TGA/DSC was conducted on a Perkin Elmer TGA 4000 equipment from 40 to 900 °C 

with a heating rate of 10 °C/min under nitrogen flow. The dried samples were mounted 

onto aluminum stubs using double-sided adhesive carbon disks and coated with gold 

before SEM analysis. The microstructural analysis of representative specimens was 

investigated by imaging fracture surfaces by FESEM and SEM. The analysis was 

carried out with a Zeiss Evo 50 microscope with the goal of evaluating the morphologies 

of the hydration and carbonation products and facilitating elemental composition 

analysis within the prepared samples. 

 

 

2.2.5. Thermal conductivity 
 

 

Thermal conductivity measurements were conducted using a transient plane source 

Thermal Constants Analyser (model TPS 500) to assess the influence of the studied 

parameters on the capacity of the prepared samples to conduct heat [31]. To enable 

this, a 3.189 mm Kapton disk type sensor was sandwiched between two 50x50x50 mm 

samples. The measurement time and the heating power were set to 5 seconds and 70 

mW, respectively. All tests were conducted at a room temperature of 23 °C. 

 

 

3. Results 
 
 
3.1. Density and porosity 
 
 
Fig. 1 shows the change in the densities of all samples cured for up to 28 days, which 

can provide a rough estimation of the extent of carbonation within the samples. Most of 

the samples demonstrated a constant increase in their density with curing age, which 

was associated with the progress of the hydration and carbonation reactions. These 
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reactions enabled the reduction of the initial porosities and an associated increase in 

sample densities via the expansive nature of the hydrate and carbonate phases, whose 

formation led to the filling up of the initially available pore space. RMC samples revealed 

a higher increase in density over the PC samples (i.e. 4-7% vs. 0-2% at 28 days). This 

was associated with the formation of carbonate phases over the entire curing period. 

The highest increase in density was observed during the first 7 days of curing, which 

happened at a lower rate in subsequent curing durations, showing that the reactions 

slowed down after 7 days. The highest percentage increase in density reaching up to 7% 

over 28 days was revealed by the control sample M40-0.6, along with samples M40-

0.55 and M45-0.6. 

 

A reduction in the water content from a w/c ratio of 0.6 to 0.55 led to the highest 

increase in density at early ages (≤ 7 days). This was attributed to the faster diffusion of 

CO2 through less saturated mediums. The opposite effect was observed when the w/c 

was increased to 0.65, leading to a slower diffusion of CO2, which was reflected as a 

lower increase in density over the entire curing period. The higher contents of water in 

concrete samples can inhibit the diffusion of CO2, thereby reducing the rate of the 

carbonation reaction and associated increase in density [9, 12]. Another factor to 

consider is the evaporation of water within the samples, which can increase with 

increased water contents (i.e. assuming all other parameters such as temperature, 

humidity and wind velocity are kept constant) [32, 33]. This may have led to an 

increased evaporation degree in sample M40-0.65, which can cause a reduction in 

sample mass and density. 

 

Samples with different cement contents ranging from 35 to 45% revealed similar 

densities during the entire course of carbonation. A slight increase in density was 

observed with an increase in the cement content of sample M45-0.6 and vice versa. 

This may be due to the carbonation potential of the cement powder, whose content 

within the overall concrete mix design not only influences the initial density due to its 

fine nature, but also the diffusion rate of CO2 and the overall degree of carbonation. 

Although aggregates occupy a majority of the sample volume, their role in the 
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carbonation process is secondary as their imperfect packing arrangement merely 

provides the necessary porosity for the diffusion of CO2 within the sample pore system. 

The formation of hydrate and carbonate phases is mainly dependent on the properties 

of the cement paste and pore structure, where the reaction between brucite and CO2 

takes place as shown in Equations 2-5. An optimum cement content that does not block 

the continuous ingress of CO2 by filling up the available pore network can facilitate the 

carbonation reaction via increased amount of reactants. This can explain the higher 

increase in the density of sample M45-0.6 as opposed to samples with lower cement 

contents. 

 
The porosities of all samples cured for up to 28 days are shown in Fig. 2. In line with the 

increase in densities, a reduction in the porosities of all RMC samples was observed as 

carbonation progressed. Initial porosities of RMC samples before carbonation ranged 

between 23-31%, whereas PC samples revealed a porosity of 10% before carbonation. 

Similar to the density results, the porosities of PC samples did not indicate a major 

change over the 28 days of curing, while RMC samples achieved porosities of as low as 

7-11% due the formation of carbonate phases. Unlike RMC samples, the lack of a major 

change in the porosities of PC samples was due to the different curing mechanisms 

samples containing these two binders were exposed to (i.e. hydration vs. carbonation). 

As evident from the overall density and porosity data, PC samples revealed almost 

constant porosities along the entire curing process as their strength gain mechanism 

was due to the hydration process, resulting in a small reduction in porosity. 

 

Alternatively, RMC samples demonstrated an up to 21% decrease in their porosities at 

28 days. It was mainly the expansive formation of HMCs that resulted in this significant 

reduction in the initial porosities of RMC samples [9, 12], which revealed very similar or 

even lower porosity results than PC samples at the end of the 28-day curing period. In 

line with the density results, a majority of the porosity reduction took place during the 

first 7 days of curing as the carbonation reaction slowed down afterwards. This was 

attributed to the slower diffusion of CO2 after the formation of a dense carbonate 

network within the initially available pore space. The initially formed HMCs can form a 
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dense layer around the MgO and brucite crystals, hindering further access of CO2 to the 

uncarbonated hydrate phases [34]. This results in the reduction of the rate of porosity 

change, which stabilizes once the carbonation reaction ceases. 

 

RMC samples with reduced water contents (M40-0.55) revealed lower initial porosities 

as expected, since the water content controlled the capillary porosity of concrete 

samples. An increase in the w/c ratio from 0.55 to 0.6 led to an increase in the initial 

porosity from 23 to 31%. The initial water content of samples also influenced the change 

in their porosities, which was an indication of the extent of carbonation. Sample M40-0.6 

revealed a higher change in porosity than M40-0.55 and M40-0.65, potentially because 

of a higher degree of brucite and HMC formation due to CO2 absorption. When 

compared to the water content, the effect of cement content on porosity was less 

pronounced. Sample M35-0.6 indicated a lower porosity than the corresponding 

samples with higher cement contents, M40-0.6 and M45-0.6, which possessed similar 

porosities at all curing durations. The slightly lower porosity of M35-0.6 could be 

attributed to the higher aggregate content of this particular sample, which may have 

absorbed some of the unbound water to achieve saturation. This may have resulted in 

the reduction of the effective water content and thereby the initial porosity of this 

particular sample [23, 24]. 

 
 
3.2. Water sorptivity 
 

 

Measurements of water sorptivity were performed to assess the capillary suction of 

unsaturated concrete samples with different compositions when placed in contact with 

water [5]. The results obtained by this measurement could be an indication of the 

carbonation ability of each sample as water ingress could reflect the pore structure and 

provide an indirect approach of the measurement of interconnected capillary pores [35]. 

The main output of this test was the initial rate of water absorption of samples before 
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and after 7 days of curing (i.e. the slope of the second rate of water absorption was 

almost zero), as reported in Fig. 3. 

 

All samples experienced a significant reduction in their water sorptivity values after 

hydration and carbonation due to the densification of their microstructures. This was 

enabled via the formation of hydrate and carbonate phases during the measured time 

frame [14]. PC samples indicated a much lower water sorptivity than corresponding 

RMC samples before the curing process. This difference between the sorptivity values 

of RMC and PC samples greatly diminished after curing. The progress of hydration 

within the PC samples led to a reduction in the capillary pore space over time, thereby 

reducing their water sorptivity [36]. 

 

Out of all the RMC samples, sample M40-0.55 demonstrated the lowest water sorptivity 

values before carbonation (i.e. up to 60% lower than corresponding samples with higher 

water contents), owing to its relatively lower initial capillary porosity. These results were 

in agreement with the porosity values presented in Fig. 2, outlining PC samples for their 

much lower porosities than RMC samples and M40-0.55 for its lower porosity than all 

other RMC samples. The introduction of carbonation to sample M40-0.55 reduced its 

water sorptivity to a value slightly higher than the corresponding measurement of M40-

0.6. This could be an indication of the slightly lower hydration/carbonation of sample 

M40-0.55 when compared to M40-0.6. 

 

When samples with different cement contents were compared, sample M35-0.6 

revealed a lower water sorptivity than the corresponding samples M40-0.6 and M45-0.6, 

which was in line with the porosity results. This could be attributed to the smaller paste 

and thereby the lower capillary pore content within this sample when compared to 

samples with higher cement contents. A similar finding was reported by previous studies 

[37], who highlighted the link between capillary absorption and volume of cement paste, 

as well as the water content. A higher capillary absorption is expected in samples with 

higher water contents and paste volumes, when all the other parameters are kept 

constant. Overall, the results were in agreement with previous findings that revealed the 
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strong relationship between carbonation depth and water sorptivity  [38], which depends 

on the w/c ratio as well as the cement and aggregate contents of concrete mixes. 

 
 
3.3. Compressive strength 
 

 

The compressive strength of all RMC and PC samples cured for up to 28 days is shown 

in Fig. 4. PC samples cured in air and water achieved 28-day strengths of up to 55 and 

68 MPa, respectively. The higher strengths demonstrated by PC samples cured under 

water was as expected since the lack of water in air curing may have led to a limited 

hydration and potential shrinkage accompanied with surface cracking [39]. Subjecting 

RMC sample M40-0.55 to accelerated carbonation led to similar 28-day strengths of up 

to 62 MPa. This is a clear indication that RMC samples are able to achieve similar 

strengths to PC samples when the right mix design and curing conditions are provided. 

In PC samples, the hydration process and the formation of major hydrate phases such 

as C-S-H leads to strength gain [40], whereas RMC formulations rely on the progress of 

carbonation and the associated development of a dense carbonate network [9]. 

 

The effect of water content on the strength development of RMC samples can be 

observed via a comparison of samples M40-0.55 and M40-0.65 with the control sample 

M40-0.6, as shown in Fig. 4(a). Reducing the w/c ratio from 0.6 to 0.55 led to a constant 

increase in the strength of RMC samples at all curing durations. A similar trend was 

observed when the w/c ratio was increased from 0.6 to 0.65, leading to a reduction in 

strength at all durations. Accordingly, 28-day strength values of 62, 45 and 32 MPa 

were achieved by samples M40-0.55, M40-0.6 and M40-0.65, respectively. This 

particular trend observed in strength development can be explained by the reduction in 

the porosity of samples over time due to the continuous progress of carbonation [12]. 

Another factor influencing the rate and degree of carbonation is the diffusion rate of CO2 

within the samples, which can be determined by the water content and the saturation 

rate of pores. Mixes with higher water contents (w/c of 0.65) can demonstrate a slower 
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diffusion of CO2 due to the saturated pore network, thereby leading to lower strength 

gain. Decreasing the water content (w/c of 0.55) not only led to samples with a lower 

initial porosity but may have also increased the diffusion of CO2 within the samples, 

thereby leading to higher strength gains. 

 

The effect of cement content on the strength development of RMC samples can be 

observed via a comparison of samples M35-0.6 and M45-0.6 with the control sample 

M40-0.6, as shown in Fig. 4(b). An increase in the RMC content from 35% to 45% 

generally resulted in an increase in the compressive strength of all samples, albeit less 

significantly than the water content. Strengths as high as 52 MPa were achieved by the 

M45-0.6 sample after 28 days, which was 16% higher than the corresponding strength 

of the control sample (45 MPa). Alternatively, a similar reduction in the water content led 

to a 38% increase in the strength of the control sample by revealing a 28-day strength 

of 62 MPa, as reported earlier. This is mainly because the main issue in RMC 

formulations is the optimization of the use of RMC by enabling the complete carbonation 

of the cement component. Although a higher cement content can intrinsically lead to 

slightly higher strengths via the generation of a denser structure, the critical issue of 

fully utilizing the included cement component by facilitating its participation in the 

carbonation reaction still remains. Therefore, changing the cement content has a 

smaller influence on the overall mechanical performance of the designed formulations 

than other parameters within the mix design that can enable the continuous ingress of 

CO2 through the available pore network. This was also further confirmed with a two-way 

analysis of variance (ANOVA) conducted on the 28-day strength data of the different 

samples. The significance of each parameter (water and cement content) was 

investigated via the calculation of the F-ratio. The bigger F-ratio revealed by samples 

with different water contents as opposed to that of samples with different cement 

contents (i.e. 3 vs. 1.2) highlighted the larger significance the initial water content had 

on the strength development of RMC-based concrete formulations. 
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3.4. XRD 
 

 

The XRD patterns of RMC samples after 14 days of curing are shown in Fig. 5. 

Amongst some minor peaks of other phases, the main carbonate phase observed was 

hydromagnesite as well as a minor formation of dypingite. Many of the strong and 

weaker peaks of hydromagnesite (PDF #025-0513) could be seen in the XRD patterns 

presented, confirming its presence. Hydromagnesite has some of its highest intensity 

peaks at 15.3°, 30.8° and 13.7° 2θ, which are similar to those of dypingite and hence 

are expected to overlap on the XRD spectra. In addition to HMCs, all selected samples 

exhibited the presence of unhydrated MgO and uncarbonated brucite. Table 3 lists the 

quantities of major phases within the pastes extracted from cured samples. All samples 

indicated hydromagnesite contents ranging between 8-14% of the overall mix 

composition, whereas the rest was composed of residual MgO (38-55%) and brucite 

(37-52%). The relatively high contents of the unhydrated MgO were an indication of the 

low utilization rate of RMC in the hydration and subsequent carbonation reactions. 

These results clearly imply the potentially higher strengths RMC formulations can 

achieve if their complete carbonation is realized. 

 

The effect of initial water content was reflected in the degree of hydration expressed in 

terms of the brucite content. An increase in the water content led to a higher amount of 

brucite accompanied with a lower residual MgO content, as expected. Alternatively, the 

hydromagnesite content did not reveal a clear trend with respect to the initial water 

content. The control sample, M40-0.6, indicated a higher hydromagnesite content than 

M40-0.55 (11% vs. 8%) although the former had achieved a lower strength (45 vs. 62 

MPa). This highlights that strength development is not only dependent on the amount of 

carbonate phases, but also on the morphology of these carbonates [41]. Considering its 

lower hydromagnesite content, another factor that may have played a role in the 

strength development of M40-0.55 was its dense structure achieved via the use of a 

lower water content than the other mixes. This was also evident from the density and 

porosity results presented earlier. This outcome was in line with the water sorptivity 



17	
	

results, showing that M40-0.55 revealed a slightly higher water sorptivity than M40-0.6 

after carbonation, corresponding to a lower amount of carbonate phases albeit its higher 

strengths. 

 

Water plays a key role in the continuation of the hydration process, which leads to the 

formation of brucite that reacts with CO2 to form carbonate phases. As sample M40-

0.55 had a lower water content than other samples, it demonstrated a lower hydration 

degree (i.e. highest residual MgO content of 55%) due to its limited hydration. This was 

also reflected as a lower hydromagnesite content as the carbonation reaction is 

dependent on the extent of the preceding hydration process and the formation of brucite. 

An opposite effect was seen in samples with higher water contents, which experienced 

a higher conversion rate of MgO into brucite. However, it must be noted that excessive 

water present within the pore structure can also prohibit the diffusion of CO2, leading to 

a reduction in the extent of carbonation. This can explain the lower hydromagnesite 

content of sample M40-0.65 than M40-0.6 (10 vs. 11%) in spite of its initially higher 

brucite content (52 vs. 42%). 

 

In line with the strength results, the phase quantification of samples M35-0.6 and M45-

0.6 with different cement contents did not indicate major differences and revealed 

similar brucite and HMC contents of 43-45% and 13-14%, respectively. These were 

consistent with the previous findings, showing that changing the cement content did not 

have a major influence on the contents of the final phases and sample performance as 

a majority of the initially used RMC remained unutilized. 

 
 
3.5. TGA/DSC 
 

 

The TGA and DSC curves of RMC samples after 14 days of accelerated curing are 

presented in Fig. 6. Three major decomposition steps in accordance with the previous 

literature [42-48] were identified as: 
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(i) 50 to 320 °C: Dehydration of water bonded to HMCs (4MgCO3·Mg(OH)2·4H2O à 

4MgCO3·Mg(OH)2 + 4H2O [42, 44, 46-48]. 

 

(ii) 320 to 480 °C: Dehydroxylation of HMCs (4MgCO3·Mg(OH)2 à 4MgCO3 + MgO + 

H2O) and decomposition of uncarbonated brucite (Mg(OH)2 à MgO + H2O) [43, 44, 46, 

48]. 

 

(iii) 480 to 900 °C: Decarbonation of HMCs (MgCO3 à MgO + CO2) [44, 46]. 

 

Table 4 lists the weight losses associated with each reaction taking place at the 

temperature ranges listed above, along with the corresponding H2O and CO2 contents 

of all RMC samples. The loss of H2O associated with brucite decomposition was 

differentiated from the dehydroxylation process of HMCs that took within the same 

temperature range via the data presented earlier in Table 3. The total weight loss 

increased with the water content, which was associated with a higher brucite content. In 

line with the XRD quantification results, sample M40-0.6 revealed a higher CO2 loss 

corresponding to a higher HMC content than corresponding samples with different water 

contents (M40-0.55 and M40-0.65). This was consistent with earlier explanations 

highlighting the importance of the morphology of the carbonate phases, rather than their 

content, in strength development. Alternatively, variations in the cement content did not 

influence the total CO2 content of different samples, which was almost the same at 

around 15% for all three samples. The similar total weight losses (39%) revealed by 

these samples were in line with the strength results, indicating a direct relationship 

between the extent of hydration and carbonation reactions and mechanical performance. 

 

 

3.6. Microstructure 
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Fig. 7 shows the microstructural images of the two best performing RMC-based 

samples M40-0.55 and M40-0.6 after 14 days of curing. The main carbonate phase 

observed in both samples was hydromagnesite, which is defined by its rosette-like 

structure. As also reported earlier by the XRD and TGA results, hydromagnesite was 

accompanied with brucite and periclase crystals. When compared to M40-0.6, M40-0.55 

revealed a denser and more closely packed formation of hydromagnesite, which could 

explain its higher strength results. These microstructures were supported with an 

elemental composition analysis of the same samples shown in Fig. 8. The details of the 

composition of each sample are listed in Table 5. Similar to the XRD and TGA 

quantification results, sample M40-0.6 revealed a higher carbon content than the 

corresponding sample M40-0.55, in spite of its lower strength. 

 

This can be explained via a consideration of all factors that influence the microstructural 

evolution and thereby the performance of RMC formulations. One of the main factors 

that contribute to the network structure is the binding strength and morphology of 

carbonates [14, 15]. The inter-connected and well-developed HMC crystals give rise to 

the formation of a strong network, leading to improved strength. Another important 

factor is the reduction in the initial porosity and associated microstructure densification 

caused by the expansive formation of carbonate phases via the reaction between 

brucite and CO2. This was confirmed by the rapid reduction in porosity, increase in 

density and strength development of RMC samples during the first seven days of 

carbonation. 

 

When all the aforementioned factors are considered, it is evident from the presented 

results that the initial water content within the samples had a significant influence on the 

overall porosity. A reduction in the water content enabled lower porosities. This had a 

direct influence on the final strength of samples and was evidently more crucial than the 

total carbonation degrees achieved by each sample. 
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3.7. Thermal conductivity 
 

 

Mix design, including the cement, aggregate and water content, as well as the curing 

conditions have a direct influence on the thermal conductivity of concrete [5, 49]. Table 

6 lists the thermal conductivity values of all samples after 7 days of curing. The thermal 

conductivities of RMC samples were higher than corresponding PC samples due to the 

different cementitious components in each system. Amongst RMC samples, the thermal 

conductivity noticeably increased with increasing water content. This was associated 

with the larger porosity of samples with higher water contents, leading to higher 

conductivities [50, 51]. Samples M35-0.6 and M40-0.6 revealed similar conductivity 

values, whereas a further increase in the cement content in sample M45-0.6 led to a 

decrease in thermal conductivity. This could be because of the lower aggregate content 

of sample M45-0.6 when compared to M35-0.6 and M40-0.6. The cement binder 

generally possesses a lower thermal conductivity than aggregates. A reduction in the 

aggregate content may have led to a decrease in the thermal conductivity of M45-0.6 

[52]. 

 

 

4. Conclusions 
 

 

This study presented the influence of mix design on the hydration and carbonation 

potential of RMC-based concrete samples in comparison to PC-based samples. The 

two main parameters investigated in this study (i.e. water and cement contents) not only 

influenced the initial density, porosity and thereby the final performance of the designed 

formulations, but also other parameters such as their thermal conductivity. The initial 

water content was determined as the main parameter controlling the final properties of 

RMC samples, which demonstrated a substantial increase in their density and an 

associated decrease in porosity over 28 days of curing due to the expansive formation 

of carbonate phases. A majority of this change took place during the first 7 days, 
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showing that the carbonation process relatively slowed down afterwards. Alternatively, 

PC samples revealed negligible changes in their density and porosities due to the 

different strength gain mechanisms the two binder systems relied upon. 

 

The compressive strength of RMC samples increased with a reduction in the w/c ratio. 

This was associated with lower porosities of the drier samples, along with the faster 

diffusion of CO2 within dry mediums. Sample M40-0.55 (i.e. containing 40% cement and 

60% coarse aggregates at a w/c ratio of 0.55) revealed the highest increase in density 

and the lowest porosity after carbonation and achieved the highest strength out of all 

the RMC samples, reaching 62 MPa at 28 days. When compared to samples with lower 

strength results, the lower amount of phase formations obtained in this sample 

highlighted the importance of the initial mix design that directly influenced the porosity 

and controlled the overall strength development. Strengths of RMC samples were 

comparable with those of PC samples cured in air (55 MPa) and water (68 MPa), 

showing that RMC-based concrete can compete with PC-based concrete in terms of 

mechanical performance, even without an extensive optimization of its strength gain 

process. 

 

Another factor that contributed to the mechanical performance of RMC samples was the 

morphology of the formed carbonates, rather than their quantity. The densification of the 

sample microstructures, enabled via the formation of hydrate and carbonate phases that 

filled in the initially available pore space, was an indication of the extent of the 

carbonation reaction. The water content as well as the paste volume had a direct 

influence on these properties by determining the overall pore volume, showing that the 

carbonation degree can be further increased with the optimization of these parameters. 

The mechanical performance and associated microstructural development of RMC 

samples can be further improved with an extensive optimization study focusing on other 

mix design parameters along with the curing conditions. 
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List of Tables: 
 
 
Table 1 Chemical composition and physical properties of RMC and PC 

 

 
 Chemical composition (%) Physical properties 

 MgO SiO2 CaO R2O3 K2O Na2O LOI 
Specific gravity 

(g/cm3) 

Specific 

surface 

area, (m2/g) 

RMC >91.5 2.0 1.6 1.0 - - 4.0 3.0 16.3 

PC 0.9 20.9 66.2 10.0 0.5 0.1 1.1 3.1 - 
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Table 2 Mix compositions prepared under this study 

 

 

Mix 

Mix composition (%) 

w/c ratio 
Curing 

condition PC RMC 
Coarse 

aggregates 

PC-air 
40 0 60 0.33 

Air 

PC-water Water 

M40-0.55 

0 

40 60 

0.55 

Accelerated 

CO2 

M40-0.6 0.60 

M40-0.65 0.65 

M35-0.6 35 65 0.60 

M45-0.6 45 55 0.60 
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Table 3 Quantification of major phases within samples cured for 14 days 

 

 

Mix MgO (%) Brucite (%) Hydromagnesite (%) 

M40-0.55 54.8 37.4 7.9 

M40-0.6 46.9 41.9 11.3 

M40-0.65 38.0 52.0 10.0 

M35-0.6 43.5 42.6 13.9 

M45-0.6 41.8 44.9 13.3 
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Table 4 Weight loss of samples obtained by TGA after 14 days of curing 

 

 

 

Mix 

Weight loss (wt.%) 

50-320 °C 320-480 °C 480-900 °C 
H2O 

(brucite) 

CO2 

(HMCs) 
Total 

M40-0.55 7.8 23.4 3.1 11.6 14.9 34.3 

M40-0.6 10.7 25.3 3.2 13.0 15.4 39.1 

M40-0.65 10.5 26.2 3.0 16.1 13.1 39.8 

M35-0.6 10.6 25.2 3.3 13.2 15.3 39.1 

M45-0.6 10.1 25.7 3.2 13.9 14.9 39.0 
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Table 5 Elemental composition analysis of selected samples after 14 days of curing 

 

 

 

 
 
 

 

Mix C (%) O (%) Mg (%) Impurities (%) 

M40-0.55 12.3 50.1 34.1 3.5 

M40-0.6 14.6 40.3 30.6 14.5 
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Table 6 Thermal conductivity of samples after 7 days of curing 

 

 

 
 

 
M40-

0.55 

M40-

0.6 

M40-

0.65 

M35-

0.6 

M45-

0.6 
PC-air 

PC-

water 

Thermal 

conductivity 

(w/mk) 

1.79 

 

2.01 2.17 

 

1.97 

 

1.87 1.40 1.26 
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List of Figures: 
 
 

 
 
 

Fig. 1 Change in the density of samples cured for up to 28 days 
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Fig. 2 Porosity of samples cured for up to 28 days 
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Fig. 3 Water sorptivity of samples before and after 7 days of curing
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Fig. 4 Compressive strength of samples cured for up to 28 days showing (a) samples 

with different water contents, (b) samples with different cement contents and (c) all 

samples
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Fig. 5 XRD patterns of RMC samples after 14 days of curing (B: Brucite, H: 

Hydromagnesite, D: Dypingite, P: Periclase)
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Fig. 6 TGA and DSC curves of RMC samples after 14 days of curing 
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Fig. 7 Microstructural images of samples cured for 14 days (a)-(b) M40-0.55 and (c)-(d) 

M40-0.6

(a) (b)  

(c)  (d)  
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Fig. 8 Microstructural images taken for the elemental composition analysis of samples 

cured for 14 days (a) M40-0.55 and (b) M40-0.6 

(a) (b) 


