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Abstract 17 

 18 

When exposed to carbonation, Na2CO3-activated slag (SCAS) concrete demonstrated 53% mass 19 

loss and 57% reduction in compressive strength due to the decalcification of C-(A)-S-H. 20 

Improvements in the carbonation resistance of SCAS mixes via the inclusion of hydromagnesite 21 

seeds (S) and reactive MgO (M) were reported in this study. The conversion of MgO into hydrated 22 

magnesium carbonates (HMCs) and the additional formation of hydrotalcite were observed in the 23 

presence of these additives. HMCs contributed to the binding network and limited the diffusion 24 

of CO2 into the sample. The decalcification of C-(A)-S-H was retarded via the absorption of CO2 25 

in hydrotalcite, producing huntite. These changes in the reaction kinetics of samples involving M 26 

and S enabled the retention of hydration products and formation of additional carbonation 27 

products, leading to denser microstructures and ~40% increase in compressive strength after 28 

carbonation, which was ~10 times higher than the control sample (58 vs. 6 MPa). 29 

 30 
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1. Introduction 33 

 34 

Portland cement (PC) production is associated with high energy use and CO2 emissions of 1.48 35 

Gt per year, accounting for 8% of total global CO2 emissions [1]. Nonetheless, the demand for 36 

cement is rising in line with the increasing need for civil infrastructure to accommodate the 37 

growing world population. Therefore, the development of alternative binders is necessary to 38 

reduce the environmental impact. Alkali-activated slag (AAS) systems are considered as an 39 

alternative to PC as the use of slag, an industrial by-product, eliminates CO2 emissions associated 40 

with the decomposition of limestone and presents a lower energy demand than PC production. 41 

 42 

The activation of slag is initiated by the dissolution of the solid powder in the presence of an 43 

alkaline activator, followed by the formation of magnesium aluminum hydrotalcite (i.e. referred 44 

to as “hydrotalcite” throughout the manuscript) and the polycondensation of C-(A)-S-H with a 45 

low C/S ratio [2-6]. The alkaline activators commonly used in AAS mixes (e.g. alkaline 46 

hydroxides and silicates) [7-9] are associated with major environmental impacts [10, 11]. These 47 

materials are also known for their high costs, caustic alkalis, high shrinkage and fast setting [12-48 

18]. On the other hand, medium alkaline activators such as sodium carbonate (Na2CO3, SC) can 49 

provide AAS mixes with lower environmental impacts, while presenting a more economical and 50 

less caustic solution with a lower shrinkage [19, 20]. However, despite its promising 51 

environmental and mechanical performance, the use of SC has not been widely implemented in 52 

AAS systems, partially due to the long setting time and low mechanical performance it results in 53 

[11, 21]. Accordingly, while the use of the alkaline hydroxides or silicates as activators results in 54 

pastes that set in 3 hours with a 7-day strength of over 40 MPa, SC-activated slag (SCAS) pastes 55 

were reported to set over 5 days and produce 7-day compressive strengths lower than 15 MPa [20, 56 

22]. 57 

 58 

The initially low alkalinity of SC is responsible for the prolonged dissolution of aluminosilicate 59 

species, thereby delaying the formation of hydrotalcite, carbonates (i.e. gaylussite and calcium 60 

carbonate) and C-(A)-S-H within SCAS samples [21, 22]. To improve the dissolution of slag, a 61 

previous study [11] used calcined hydrotalcite to accelerate the absorption of CO3
2– ions from the 62 

activator. This increased the pH of the activator within the sample and accelerated the reaction 63 

kinetics of the SCAS pastes, enabling setting within 24 hours. Along with increasing the alkalinity 64 

of the pore solution, hydrotalcite that formed via recrystallization also played the role of a 65 

nucleation site, thus enhancing the formation of hydrate phases. However, the fabrication of 66 
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calcined layered double hydroxides is time and energy consuming [23] and requires intensive 67 

thermal treatment for the decomposition of synthetic hydrotalcite (i.e. 500°C for 3 hours) [11, 24]. 68 

An alternative approach involved the use of slag with high MgO contents, which promoted 69 

reaction kinetics and led to faster setting times in SCAS pastes [11, 21]. 70 

 71 

In addition to the long setting times they suffer from, the durability of SCAS mixes is an important 72 

aspect that needs to be considered for these formulations to be used in large-scale applications. 73 

AAS systems are vulnerable to carbonation, during which the diffused CO2 results in the reduction 74 

of the pH in the pore solution and decalcification of C-(A)-S-H. The reduction in the alkalinity of 75 

the pore solution can lead to the corrosion of steel reinforcement, while the decalcification of C-76 

(A)-S-H can cause the decaying of the binding phase and loss of strength. 77 

 78 

In line with these shortcomings, the work presented here aims to improve the hydration 79 

mechanism and carbonation resistance of SCAS systems. Accordingly, hydromagnesite 80 

(Mg5(CO3)4(OH)2·4H2O), a hydrated magnesium carbonate (HMC), was utilized as nucleation 81 

seeds to facilitate the increased formation of reaction products such as gaylussite 82 

(Na2Ca(CO3)2·5H2O) and calcite (CaCO3). Furthermore, reactive MgO was used to improve the 83 

formation of hydrotalcite-like phases (M(II)1−xM(III)x(OH)2(A
n−)x/n·mH2O, a structure composed 84 

of positively charged brucite-type metal-hydroxide layers intercalated with anions (An–) and water 85 

molecules [25], where M(II) and M(III) are Mg2+ and Al3+ in alkali-activated slag system, and 86 

An– is CO3
2 – in Na2CO3 solution [26]). The accelerated formation of calcite, hydrotalcite and 87 

gaylussite could promote the consumption of CO3
2- ions from the activator, thereby increasing the 88 

alkalinity of the sample and improving the reaction kinetics. These advancements could translate 89 

into an increase in the amount of hydration products and an associated densification of the 90 

microstructure, which could provide improved resistance against carbonation. Additionally, the 91 

formation of a hydrotalcite phase with layered double hydroxides could increase CO2 absorption 92 

[27, 28] and enhance the resistance to carbonation in AAS systems [29, 30]. Furthermore, the 93 

reaction between hydrated reactive MgO and CO2 can form HMC phases [31, 32], which can 94 

provide a binding network that fills the pore space and decreases the diffusivity of CO2, thereby 95 

improving the carbonation resistance of SCAS mixes. 96 

 97 

With the overall goal of improving the reaction kinetics and enhancing the carbonation resistance 98 

of SCAS systems, this paper presents a detailed study on the microstructural and mechanical 99 

changes in SCAS samples under carbonation. The influence of hydromagnesite seeds and reactive 100 
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MgO on the reaction mechanisms and performance of SCAS mixes was assessed at different 101 

periods via pH, setting time and compressive strength tests. X-ray diffraction (XRD), 29Si and 27Al 102 

solid-state nuclear magnetic resonance (NMR), thermogravimetry-differential thermogravimetry 103 

(TG-DTG), backscattered electron (BSE)  and scanning electron microscopy (SEM) analyses were 104 

also employed to analyze the influence of hydromagnesite seeds and reactive MgO on the 105 

performance of SCAS concrete samples subjected to carbonation. 106 

 107 

 108 

2. Materials and Methodology 109 

 110 

2.1. Materials 111 

 112 

Ground granulated blast furnace (GGBF) slag supplied by Engro Corporation (Singapore) was 113 

used as the main binder. Sodium carbonate (Na2CO3, SC), supplied by VWR (Singapore), was 114 

used to prepare the activator. Hydromagnesite particles (Mg5(CO3)4(OH)2·4H2O, S) with a 115 

specific surface area of 43.5 m2/g, supplied by Fisher Scientific (UK), were used as nucleation 116 

seeds to stimulate the hydration process. Fig. 1 shows the particle size distribution of S. Reactive 117 

MgO (M) was obtained from Richard Baker Harrison (UK). The chemical composition and 118 

physical properties of slag and M are shown in Table 1. 119 

 120 

The XRD patterns of the slag, S and M are presented in Fig. 1. The XRD pattern of slag indicated 121 

an amorphous phase at ~25-35° 2, along with gehlenite (Ca2Al(AlSiO7), PDF # 01-073-6601) 122 

and sodium aluminum silicate (Na2Al2Si7.2O18.4, PDF # 00-056-0486). The main peaks of S (PDF 123 

# 00-025-0513) were observed at 15.1° and 30.7° 2; and those of M (PDF # 00-043-1022) were 124 

observed at 32.6°, 42.8° and 62.3° 2. 125 

 126 

Coarse aggregates used in the prepared concrete mixes were gravel in saturated surface dry 127 

condition, with a particle size of 4.7–9.5 mm. Fine aggregates were omitted to avoid any 128 

contamination in the identification and quantification of reaction products. 129 

 130 

 131 

2.2. Sample preparation 132 

 133 
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Table 2 presents the details of the mix proportions of concrete samples. Samples including 0.5% 134 

S and/or 3-10% M (i.e. of the total precursor content including slag, S and M) were prepared in 135 

addition to the control sample (CS). The ratio of water to binder (w/b) of all samples was kept at 136 

0.55. The amount of Na2CO3 corresponded to 8% by mass of the total binder in all mixes. Prior 137 

to mixing, Na2CO3 was dissoloved with water to serve as the activator, with a pH of 11.8. 138 

 139 

For the preparation of concrete samples, S was first dispersed in the activator solution, prior to its 140 

addition to the precursor and aggregates mix. After mixing, the fresh concrete was cast into cubic 141 

molds (i.e. 50×50×50 mm) and consolidated prior to finishing the surface. After demolding, 142 

samples were hydrated under ambient conditions (~30°C and ~80% relative humidity (RH)). In 143 

addition to the concrete samples, corresponding pastes with a w/b of 0.55 were also prepared to 144 

investigate the influence of S and M on the reaction mechanism of SCAS via pH and setting time 145 

measurements. 146 

 147 

 148 

2.3.  CO2 exposure 149 

 150 

After 28 days of hydration, the concrete cubes were exposed to CO2 for up to 91 days. This 151 

exposure took place in an incubator with a controlled environment, during which the temperature, 152 

RH and CO2 concentration were kept constant at ~30°C, 80% and 10%, respectively.  153 

 154 

 155 

2.4.  Methodology 156 

 157 

2.4.1. pH 158 

 159 

The SCAS pastes were crushed, ground and dispersed in distilled water at a water to powder (i.e. 160 

paste sample) ratio of 5 for the measurement of the pH [33, 34]. After 10 min of mixing and 161 

vacuum filtration, the filtered solutions were used in the measurement of the pH by using a pH 162 

electrode with an automatic titrator. The reported results were the average of three measurements. 163 

 164 

 165 

2.4.2. Setting time 166 

 167 

https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/ph-electrode
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/ph-electrode
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The setting times of SCAS pastes under ambient conditions (i.e. temperature of ~30°C and RH of 168 

~80%) were measured by recording the penetration depth of the Vicat needle into each sample 169 

[35]. The reported results were the average of two measurements. 170 

 171 

 172 

2.4.3. Compressive strength 173 

 174 

The compressive strengths of SCAS concrete samples before and after carbonation were measured 175 

in triplicates at a loading rate of 55 kN/min. 176 

 177 

 178 

2.4.4. Microstructural analyses 179 

 180 

Segments with diameters of ~0.5-2 cm extracted from the surfaces of the concrete samples were 181 

stored in isopropanol for 3 days and dried in vacuum prior to phase quantification and 182 

microstrucutral analyses. Samples for XRD, NMR and TG-DTG were prepared by grinding dried 183 

segments to a particle size smaller than 75 μm. 184 

 185 

XRD was performed on a Philips PW 1800 spectrometer using Cu Kα radiation (40 kV, 30 mA). 186 

The analysis was performed in a 2θ range of 5-60° and at a step size of 0.04° 2θ. 5 wt.% fluorite 187 

(CaF2) was included as an internal standard in the analyses samples. 188 

 189 

Solid state NMR was performed on a 14.1 T Bruker Avance III HD spectrometer with a 4 mm 190 

MAS probe. The 27Al MAS NMR utilized an RF frequency of ν0 = 156.35 MHz and a MAS 191 

frequency of 14 kHz. A one pulse sequence with a 1 μs selective π/6 pulse length and a 1 s 192 

relaxation delay was utilized. A shorter π/6 pulse length was required in order to satisfy the 193 

uniform excitation condition for quadrupolar nuclei, which enabled quantitative 27Al NMR results 194 

[36, 37]. Powdered yttrium aluminum garnet (δiso = 0.7 ppm w.r.t. Al(NO3)3(aq), δiso = 0 ppm) was 195 

used as a secondary reference and to calibrate pulses. The 29Si MAS NMR utilized an RF 196 

frequency of ν0 = 119.23 MHz and a MAS frequency of 12 kHz. A one pulse sequence with a 5.3 197 

μs selective π/2 pulse length and a 30 s relaxation delay was utilized. Powdered kaolinite (δiso = 198 

−93 ppm w.r.t. TMS, δiso = 0 ppm) was used as a secondary reference and to calibrate pulses. Each 199 

of the 27Al and 29Si NMR spectra were completed using 4070 and 1800 scans, respectively. The 200 

data was processed using Topspin and DMFIT software packages [38]. Site occupancies were 201 
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determined from the NMR data via line-shape integration and spectral simulation for 27Al and 202 

29Si, respectively. 203 

 204 

TG-DTG was performed on a Perkin Elmer TGA 4000, operated at a heating rate of 10°C/min 205 

between 30°C and 950°C under N2 flow. For the quantification of hydrate and carbonate phases, 206 

DTG curves were deconvoluted into Gaussian components representing the decomposition of 207 

each phase by using the Origin software. 208 

 209 

To prepare samples for BSE analysis, the samples, which were vacuum dried, were mounted in 210 

epoxy resin for 24 hours in vacuum and polished. The polished samples were cleaned before being 211 

exposed to compressed air jet to remove any dust from their surfaces prior to being coated with 212 

gold. BSE and SEM imaging was performed on a Zeiss Evo 50 instrument with an accelerating 213 

voltage of 15 kV and working distance of 5-10 mm to investigate the phases that formed within 214 

the prepared samples. In addition to BSE, SEM imaging was also performed to observe the 215 

morphology of the reaction products. 216 

 217 

 218 

3. Results and Discussion 219 

 220 

3.1. pH 221 

 222 

Fig. 3 shows the pH values of the SCAS pastes, which were measured by using the filtered 223 

solutions obtained after mixing the powder samples with distilled water at a water to powder ratio 224 

of 5. While these pH values provided an estimation of the actual pH of the pore solution, the trend 225 

observed amongst these values could still indicate the effect of different additives on the pore 226 

solution. Accordingly, the pastes using S and/or M demonstrated higher pH values than CS. The 227 

inclusion of M could accelerate the absorption of CO3
2- anions from SC, accompanied with the 228 

release of NaOH, which increased the initial pH of the pore solution within M3 and M10 samples, 229 

in comparison to CS (12.11-12.12 vs. 12.02). As hydration proceeded, the inclusion of S could 230 

stimulate the absorption of CO3
2- and increase the pH value of sample S, when compared with 231 

sample CS at 2.5 hours (12.70 vs. 12.50). At the same time, the increase in the pH of samples 232 

containing M was more obvious when compared with CS (12.76 vs. 12.50). Similarly, the 233 

combination of both S and M in samples SM3 and SM10 led to pH values as high as 12.69 and 234 

12.72 at 2.5 hours, respectively. 235 
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 236 

A reduction in the pH values was observed after 12 hours of hydration, which could be attributed 237 

to the consumption of NaOH in the dissolution reaction. The dissolution of slag, which released 238 

silicon and aluminum into the solution, also caused a reduction in the pH. The higher 239 

concentrations of silicon and aluminum facilitated the formation of C-(A)-S-H, which increased 240 

the alkali uptake and further reduced the pH [39, 40]. Nevertheless, the inclusion of S and/or M 241 

led to higher pH values than CS. These higher pH values were due to the accelerated consumption 242 

of CO3
2- and the reduction in Si4O8(OH)4

4−, AlSiO3(OH)4
3− and Al(OH)4

− anions as slag was 243 

replaced by S and/or M within these samples. The combined use of S and M enabled the reaction 244 

between CO3
2- and dissolved Mg-phases, resulting in the formation of HMCs (e.g. nesquehonite, 245 

MgCO3·3H2O), as can be seen in Fig. 4. The trends observed in the pH values were an indication 246 

of the role of S and M in enhancing the consumption of CO3
2- ions from SC to release NaOH and 247 

thereby increase the pH values of SCAS pastes. 248 

 249 

 250 

3.2. Setting time 251 

 252 

Table 3 presents the setting times of the SCAS pastes. The low initial pH of CS resulted in a very 253 

long setting time (i.e. 94.3 h and 148.2 h for initial and final setting times, respectively). 254 

Alternatively, samples incorporating S and/or M, which were associated with higher pH values, 255 

demonstrated significantly shorter setting times. The sole use of S or M shortened the setting times 256 

of the prepared samples to 12.2-34.1 h (initial) and 19.2-49.7 h (final). Moreover, the combination 257 

of both S and M resulted in the shortest setting times in sample SM10 (i.e. initial setting time of 258 

7.8 h and final setting time of 12.8 h). 259 

 260 

 261 

3.3. Effect of carbonation on the reaction products 262 

 263 

3.3.1. XRD analysis 264 

 265 

The XRD patterns of SCAS samples after 28 days of ambient curing are presented in Fig. 5. The 266 

internal standard (i.e. fluorite (CaF2)) had its main peak at ~28.2° 2θ. The broad hump at ~25-35° 267 

2 was attributed to the unreacted amorphous phase in slag. Relative to the intensity of fluorite, 268 

the simultaneous decrease in the amorphous content and increase in the intensities of the peaks 269 
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referring to the hydrate phases within samples containing S and M was higher than those observed 270 

within CS. This notable change within these phases was an indication of the enhancement of 271 

hydration with the introduction of S and M into SCAS mixes, which was consistent with the trends 272 

observed in the pH and setting time results. 273 

 274 

The XRD patterns indicated the formation of gaylussite (Na2Ca(CO3)2·4H2O; PDF # 01-072-275 

8410) and calcite (CaCO3; PDF # 01-071-3699) in all samples. In the dissolution of slag, the Ca-276 

O bond could be broken under the polarization effect of OH- at low alkalinities to form calcite and 277 

gaylussite before the formation of hydrotalcite and C-(A)-S-H as this bond is weaker than Al-O 278 

and Si-O bonds [41]. Gaylussite is a transient phase and can be dissolved as the concentration of 279 

CO3
2- decreases to form more stable CaCO3 polymorphs (e.g. calcite or aragonite) [11]. Therefore, 280 

under their high pH environments, samples including S and/or M demonstrated a faster 281 

consumption of CO3
2- ions, leading to higher calcite and lower gaylussite contents than CS. A 282 

notable difference was observed in the formation of hydrotalcite (Mg4Al2(OH)12CO3·3H2O; PDF 283 

# 01-070-2151), where the amount of hydrotalcite was higher in samples incorporating S and/or 284 

M than CS. The higher hydrotalcite content of samples including 10% M was especially obvious. 285 

Similarly, the higher intensities of C-(A)-S-H (Ca1.5SiO3.5H2O; PDF # 00-033-0306) and calcite 286 

peaks indicated their increased formation in samples containing S and/or M, as opposed to CS. 287 

 288 

The XRD patterns obtained after 28 days of exposure to carbonation conditions are shown in Fig. 289 

6. The decrease in the intensity of periclase (MgO, main peak at 42.9° 2) within samples 290 

incorporating M indicated the consumption of Mg-phases in the carbonation reaction. Huntite 291 

(Mg3Ca(CO3)4; PDF # 01-014-0409), whose formation could be associated with the carbonation 292 

of hydrotalcite [42], was also identified in samples including M. This was accompanied with a 293 

reduction in the intensity of hydrotalcite after carbonation. The formation of huntite via the 294 

carbonation of hydrotalcite indicated the role of hydrotalcite in reacting with the dissolved CO2 295 

during exposure to carbonation conditions. This highlighted the importance of the presence of M 296 

in promoting the formation of phases that can react with CO2, thereby maintaining a high pH that 297 

can alleviate the decalcification of C-(A)-S-H. The increased formation of hydrotalcite led to a 298 

higher carbonation resistance in these mixes. Similarly, the increased formation of hydrotalcite in 299 

sample S could also explain its improved carbonation resistance when compared with CS. As 300 

observed earlier, the disappearance of gaylussite could be associated with its transformation into 301 

other stable carbonates. The decrease in the intensity of C-S-H, linked with its decalcification 302 

under carbonation, could explain the formation of aragonite (CaCO3) and vaterite (CaCO3). The 303 
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use of M resulted in higher Mg/Ca ratios in the bulk of the system, which could facilitate the 304 

formation of aragonite rather than calcite [43]. 305 

 306 

 307 

3.3.2. 27Al and 29Si NMR analysis 308 

 309 

The 27Al and 29Si NMR spectra of the precursor anhydrous slag are presented in Fig. 7 (a) and (b), 310 

respectively. Differently coordinated Al sites appeared within distinct 27Al chemical shift ranges 311 

(i.e. 80-50 ppm for Al(IV) and 15-0 ppm for Al(VI)) [44]. The 27Al NMR spectra of the precursor 312 

material showed a broad amorphous Al(IV) resonance, representing the glass-like structure of slag 313 

[11]. 314 

 315 

In 29Si NMR, different Si(IV) environments could be identified by their chemical shift, covering 316 

a range from -60 to -120 ppm. The different Si moieties in aluminosilicate networks were labelled 317 

Qn(mAl), where n is the amount of oxygen atoms shared with adjacent Si/Al tetrahedral units and 318 

m is the number of Al units involved. Corroborating the results of previous studies [11, 45], the 319 

precursor material presented broad amorphous resonances at δiso of -75±3 ppm, corresponding to 320 

the monomeric/dimeric Si(IV) units (Q0/Q1) in the glassy unhydrated slag [22]. The smaller 321 

resonance at δiso of 110±5 ppm was due to the amorphous silica glass (Q4 Si(IV) environments) 322 

present in the slag precursor [46]. 323 

 324 

The 27Al NMR spectra of the SCAS samples after 28 days of ambient curing are presented in Fig. 325 

8 (a), whereas the spectra of the same samples after a further 28 days of exposure to carbonation 326 

conditions are presented in Fig. 8 (b). The 27Al NMR line-shape of the precursor (presented in 327 

black in Fig. 7 (a)) was shown with each spectrum of the SCAS samples to highlight the remnant 328 

reactant in the 27Al spectrum, hence revealing the sites produced by hydration. Fig. 8 (a) revealed 329 

that the hydration products of SCAS contained both Al(VI) and Al(IV) species. The produced 330 

Al(IV) species related to the tetrahedral AlO4 moieties in the C-(A)-S-H gel, whereas the Al(VI) 331 

resonances corresponded to Al in the produced hydrotalcite phase [11], which was also detected 332 

in the XRD analysis. Table 4 shows the relative intensity, and hence site occupancy, of AlO6 and 333 

AlO4 components, determined from the 27Al NMR spectra. These results indicated that the use of 334 

S and/or M increased the relative site occupancy of AlO6 species in comparison to CS (19.1-24.1% 335 

vs. 4.8%), which supported the increased hydrotalcite formation shown in the XRD patterns (Fig. 336 

5). This improvement could be due to the additional nucleation sites provided by S, which 337 
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promoted the production of hydrotalcite and the hydration of M [11], resulting in more brucite in 338 

the metal oxide layer within the hydrotalcite structure [47, 48]. The combination of both S and M 339 

in sample SM10 provided the highest AlO6 relative site occupancy (24.5%) and therefore the 340 

highest hydrotalcite content. 341 

 342 

The results presented in Fig. 8 (b) and Table 4 demonstrated that the carbonation process reduced 343 

the site occupancy of the AlO6 species in the SCAS samples. This correlated with the sorption of 344 

CO2 in the hydrotalcite phase, leading to the expulsion of Al and the formation of huntite in the 345 

samples. The reduction in the Al(VI) site occupancy in carbonated samples (Table 4) was less 346 

severe in samples containing M, which could be associated with the reaction of CO2 with MgO to 347 

form HMCs. The Al(IV) resonances were also altered by the carbonation process, as demonstrated 348 

by the loss of the sharper features present in the Al(IV) line-shapes of samples involving S and/or 349 

M after hydration (Fig 8. (a)). The 27Al NMR spectra of these carbonated samples (Fig. 8 (b)) 350 

presented amorphous Al(IV) line-shapes that shifted to lower frequencies, indicating that the 351 

structure of the C-(A)-S-H gel changed during the carbonation process. 352 

 353 

The 29Si NMR spectra of the SCAS samples after 28 days of ambient curing are presented in Fig. 354 

9 (a), whereas the spectra of the same samples after a further 28 days of exposure to carbonation 355 

conditions are presented in Fig. 9 (b). The NMR spectra were fitted with up to 6 distinct Gaussian 356 

resonances, providing a good simulation of the experimental data (Fig. 9). All of the 29Si NMR 357 

spectra in Fig. 9 presented familiar amorphous resonances at δiso of -76±3 and -110±5 ppm, which 358 

were associated with the unreacted remnant precursor material. As seen in Fig. 9, the relative 359 

intensity of the -76 ppm component reduced upon curing, demonstrating the reaction of the Q0/Q1 360 

species in the slag precursor. Alternatively, the Q4 environment (-110 ppm) was unchanged, 361 

suggesting that the amorphous silica present in slag did not dissolve to participate in the reaction. 362 

The combined relative intensities of these remnant precursor components were given in Table 5. 363 

It was presumed that the hydration of the precursor slag material was negligible under carbonation. 364 

In this respect, the concentration of Si in the remnant precursor material components should be 365 

unchanged during the carbonation process. Hence the relative intensity of these components was 366 

held constant in the simulation (i.e. within error) of the 29Si spectra for each SCAS mix. 367 

 368 

The 29Si NMR spectra of the SCAS samples with S and/or M after 28 days of ambient curing (Fig. 369 

9 (a)) presented three sharp resonances with a mean δiso of -79.0, -81.8 and -84.7 ppm, correlating 370 

to crystalline C-(A)-S-H components Q1(0Al), Q2(1Al) and Q2(0Al), respectively [11]. These 371 
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were accompanied with an amorphous product component (-86.0 to -87.5 ppm) relating to Q2/Q3 372 

sites in less crystalline portions of the C-(A)-S-H phase. The relative intensity of these 29Si 373 

components (Table 5) demonstrated that S and M both enhanced the hydration of slag into C-(A)-374 

S-H, corroborating the pH and setting time results. Accordingly, CS contained the lowest content 375 

of Si in hydration products (27.2%); whereas sample SM10, which included both S and M, had 376 

the highest content of Si in hydration products (39.4%). 377 

 378 

The carbonation process resulted in the loss of crystalline phases (Q1(0Al), Q2(1Al) and Q2(0Al))  379 

in all the SCAS samples, as shown by Fig. 9 (b). An additional resonance at δiso of -73±2 ppm was 380 

observed in the majority of carbonated samples, assigned as amorphous monomeric/dimeric 381 

(Q0/Q1) silicate units produced under carbonation. This component was distinct from the Q0/Q1
 382 

precursor slag resonance, which was assumed to be unaltered by the carbonation process. These 383 

less connected silicate moieties could have formed during the breakdown of the silicate chains, 384 

forming the C-(A)-S-H structure upon decalcification. The relative intensity of this degraded 385 

(Q0/Q1) C-(A)-S-H component, along with those of the amorphous hydration product and 386 

precursor components is given in Table 5. The decrease in the site occupancy of the crystalline 387 

components resulted in a concomitant increase in both the amorphous Q2/Q3 C-(A)-S-H 388 

components and the amorphous Q0/Q1 carbonation product, revealing the degradation of the C-389 

(A)-S-H structure due to its decalcification by CO2. The degradation of C-(A)-S-H in CS explained 390 

the loss of strength observed during carbonation. The use of S and/or M enhanced the carbonation 391 

resistance of SCAS samples due to the increased formation of hydrotalcite. Furthermore, the 392 

presence of MgO in samples containing M enabled the C-(A)-S-H gel to retain its integrity via the 393 

reaction of Mg-phases with CO2 to form HMCs. Therefore, the degradation of the C-(A)-S-H gel 394 

was less severe within these samples. In samples S and M10, the crystalline C-(A)-S-H was shown 395 

to partially convert into amorphous C-(A)-S-H phases as well as amorphous silicate, thereby 396 

facilitating a stable mechanical performance after 28 days of carbonation. Moreover, no 397 

amorphous silicate could be observed in the carbonated SM10 sample, with the entirety of the 398 

crystalline C-(A)-S-H phases converting to amorphous hydration phases. The change in C-(A)-S-399 

H structure instead of its degradation could be attributed to the higher pH of the pore solution, 400 

maintained via the consumption of CO3
2- in the formation of huntite and HMCs. 401 

 402 

 403 

3.3.3. TG-DTG analysis 404 

 405 
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Fig. 10 presents TG-DTG curves of SCAS samples after 28 days of ambient curing. Consistent 406 

with the pH, XRD and NMR results, the use of S and/or M improved the hydration degree of slag 407 

and resulted in higher mass losses in SCAS samples. Each step of mass loss was identified by an 408 

endothermic peak in the DTG curves, as listed below: 409 

 410 

(i) Dehydration (30-250°C): Mass loss due to the loss of bound water of C-(A)-S-H, gaylussite, 411 

hydrotalcite and HMCs (e.g. nesquehonite). The peak at ~80°C corresponded to the water loss of 412 

C-(A)-S-H [49, 50], while the peak at ~120°C was due to the water loss of carbonate phases [31, 413 

51]. The shoulder at ~200°C was related  to the water loss of hydrotalcite [52]. 414 

 415 

(ii) Dehydroxylation (250-450°C): Mass loss due to the decomposition of hydroxyl groups of 416 

hydrotalcite and magnesium carbonates (e.g. hydromagnesite), corresponding to an endothermic 417 

peak at ~350-370°C [31, 32, 52, 53]. 418 

 419 

(iii) Decarbonation (450-900°C): Mass loss due to the removal of CO2 from hydrotalcite and 420 

carbonates (e.g. nesquehonite, gaylussite, aragonite and calcite). The endothermic peak at ~560°C 421 

corresponded to the decarbonation of hydrotalcite and huntite [54, 55], while another peak at 422 

~620-680°C was associated with the decarbonation of carbonate salts (e.g. gaylussite, huntite and 423 

calcite) [54, 56]. 424 

 425 

The TG-DTG curves of SCAS concrete samples after 28 days of carbonation are shown in Fig. 426 

11. The mass loss corresponding to each step of thermal decomposition, obtained from the 427 

deconvoluted DTG curves, is summarized in Table 6 for samples cured for 28 days and carbonated 428 

for a further 28 days. The mass loss results confirmed the enhanced formation of hydrotalcite and 429 

carbonates within samples incorporating S and/or M. While the incorporation of S stimulated the 430 

formation of carbonates, the inclusion of M enhanced the formation of hydrotalcite. The associated 431 

consumption of CO3
2- ions in the formation of these phases increased the alkalinity of the pore 432 

solution, thus accelerating the reaction kinetics of SCAS and the production of C-(A)-S-H. 433 

Accordingly, the total mass loss of these samples increased by 25-38% in comparison with CS 434 

(21.9-24.2 vs. 17.5%). 435 

 436 

As shown in Table 6, the decalcification and the conversion of hydrotalcite to huntite led to a 437 

reduction in the mass loss associated with hydrotalcite and C-(A)-S-H in all samples subjected to 438 

carbonation. When compared with its mass loss after 28 days of ambient curing, CS exhibited a 439 
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significant reduction in its total mass loss after 28 days of carbonation (17.5 vs. 8.2%). Differing 440 

from CS, the use of S or M significantly reduced the loss of hydration products during carbonation. 441 

When compared with its mass loss after 28 days of ambient curing, the increase in the mass loss 442 

of sample S within the temperature range of 450-650°C after 28 days of carbonation (5.4 vs. 3.2%) 443 

revealed the role of S in increasing the hydrotalcite content. Alternatively, the ability of M to react 444 

with CO2 compensated for the mass loss due to decalcification within the samples it was 445 

incorporated. Accordingly, the decomposition of carbonates was more influential on the mass loss 446 

than decalcification within samples involving up to 10% M. This effect could be observed by the 447 

higher total mass loss of sample M10 after carbonation (25.6 vs. 24.2%). Reflected by the mass 448 

loss associated with decarbonation, the use of both S and M stimulated a higher degree of 449 

hydrotalcite and HMC formation during carbonation, when compared with their sole use. In this 450 

respect, sample SM10 exhibited the highest mass loss (28.2%) amongst all carbonated samples, 451 

accounting for 23% increase after carbonation. 452 

 453 

 454 

3.4. Effect of carbonation on microstructure 455 

 456 

BSE images of SCAS samples after 28 days of curing are presented in Fig. 12. The bright gray 457 

tone observed in the images corresponded to unreacted slag grains, while the dark tone 458 

surrounding the remnant slag particles was the main hydration products (e.g. C-(A)-S-H and 459 

carbonate phases). CS revealed a porous microstructure, which was dominated by unhydrated slag 460 

particles with a diameter of 5-45 µm (Fig. 12 (a)). The reduction in the size of the unhydrated slag 461 

particles (i.e. 1-13 µm) dispersed in a denser matrix of reaction products (i.e. indicated by the dark 462 

gray areas) within samples M10 (Fig. 12 (b)), S (Fig. 12 (c)) and SM10 (Fig. 12 (d)) indicated the 463 

role of S and M in improving the hydration process, and thereby the performance of SCAS mixes. 464 

 465 

Fig. 13 reveals the formation of HMCs in samples including M after 28 days of carbonation. 466 

During carbonation, Mg-phases associated with the use of M in the prepared mixes reacted with 467 

the dissolved CO2, leading to the formation of plate-like hydromagnesite (i.e. diameter of ~0.5-1 468 

µm) and needle-like nesquehonite (i.e. diameter of ~0.4-1.5 µm, length of ~12 µm), as shown in 469 

Fig. 13 (a) and (b), respectively [57, 58]. The formation of these carbonate phases not only 470 

removed CO3
2- ions to prevent decalcification, but also contributed to the establishment of a 471 

continuous binding network within the SCAS system. The densification of microstructure 472 

associated with the formation of these HMCs inhibited the diffusion of further CO2 into SCAS 473 
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system by blocking the initially available pore space (Fig. 13 (b)) [31]. The development of a 474 

continuous carbonate network as well as the densification of the microstructure could improve the 475 

performance of these carbonated samples including M [53, 59]. 476 

 477 

The microstructure of SCAS samples after 28 days of carbonation is shown in Fig. 14. Since SCAS 478 

is associated with a lower shrinkage and the carbonation of Mg-phases leads to the expansive 479 

formation of HMCs, the micro-cracks observed in Fig. 12 and 14 could be attributed to the 480 

compression and polish processes used during sample preparation. The decalcification, in addition 481 

to the low degree of hydration of slag, led to a porous microstructure within CS (Fig. 14 (a)), 482 

where the disintegration of slag could be observed. Alternatively, the use of S and/or M 483 

significantly improved the microstructure of carbonated SCAS samples. When compared to its 484 

microstructure before the carbonation process (Fig. 12 (b)), the carbonated M10 sample, whose 485 

pores were partially filled with various carbonate phases, demonstrated a denser microstructure 486 

(Fig. 14 (b)). The role of S in improving the CO2 absorption of hydrotalcite enabled sample S to 487 

retain a dense matrix composed of well-dispersed hydration and carbonation products, without 488 

any disintegration (Fig. 14 (c)). The reaction of CO3
2- with the Mg-phases provided via the 489 

presence of M and the improved CO2 absorption of hydrotalcite with the use of S led to the highest 490 

amount of hydration and carbonation products within sample SM10. This resulted in a very dense 491 

microstructure, in which the presence of pores was very limited (Fig. 14 (d)). 492 

 493 

 494 

3.5. Effect of carbonation on compressive strength 495 

 496 

The compressive strength of SCAS concrete samples cured under ambient conditions is shown in 497 

Fig. 15 (a). Out of all the samples, CS demonstrated the lowest strength at all ages, which was 498 

mainly due to its low initial alkalinity, associated with the low dissolution and reaction of slag. In 499 

agreement with the pH, XRD, NMR and TGA results, samples incorporating S and/or M, which 500 

were associated with a higher formation of reaction products (i.e. C-(A)-S-H, carbonates and 501 

hydrotalcite), gained significantly higher compressive strengths than CS. For example, while CS 502 

did not gain any notable strength after 2 days, samples incorporating of S and/or M reached 503 

compressive strengths ranging between 19-25 MPa. At 7 days, the compressive strength of CS 504 

was 2 MPa, while sample S achieved a compressive strength of 35 MPa. Despite their incomplete 505 

hardening after one day of curing, samples including 3% M resulted in an obvious increase in 506 

compressive strength at 7 days (22 MPa). The role of M in strength development was more 507 
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obvious in sample M10, whose 7-day compressive strength was 32 MPa. Moreover, samples, in 508 

which S and M were simultaneously included, gained higher compressive strengths than those 509 

involving the sole use of S or M. Accordingly, the highest 7-day strengths were observed in 510 

samples SM3 and SM10 (38 MPa). While most of the strength gain was achieved during the first 511 

7 days, samples including S and/or M outperformed CS at all times. At 28 days, CS revealed a 512 

strength of 14 MPa, while sample S reached 39 MPa. At the same duration, samples M3 and M10 513 

achieved 28 and 39 MPa, respectively. Out of all samples, sample SM10, with its highest 514 

hydrotalcite and C-(A)-S-H contents, revealed the highest 28-day compressive strength of 43 515 

MPa. These results highlighted the significance of the presence of S and M in promoting the 516 

hydration reaction and thereby enhancing the performance of SCAS mixes. Increasing the curing 517 

duration beyond 28 days (i.e. until 91 days) did not result in any significant strength gain in any 518 

of the samples. 519 

 520 

As there were not any major changes in strength after 28 days, samples cured for 28 days were 521 

subjected to CO2 environment for up to 91 days. Fig. 15 (b) demonstrates the effect of carbonation 522 

on the performance of SCAS samples during this period. Samples incorporating S and/or M 523 

demonstrated better carbonation resistance than CS at all times. This improved performance was 524 

attributed to the increase in the pH of the pore solution, which provided a better CO2 buffer 525 

capacity and retained higher strengths when compared with CS (26-58 vs. 6 MPa at 28 days of 526 

carbonation). The increase in the hydrotalcite content of samples including S and/or M was also 527 

associated with the consumption of CO3
2- ions in the formation of huntite and/or HMCs. This led 528 

to high pH values in the pore solution, which promoted the precipitation of divalent cations and 529 

alleviated the decalcification of C-(A)-S-H. When exposed to carbonation conditions for 28 days, 530 

the decalcification of C-(A)-S-H resulted in a decrease in the compressive strength of CS by 57% 531 

(14 vs. 6 MPa). The use of 3% M reduced the corresponding strength loss due to the carbonation 532 

to 7% (28 vs. 26 MPa). Alternatively, an increase in the amount of M to 10% increased the 533 

compressive strength by 10% after 28 days under carbonation (39 vs. 43 MPa). The improvement 534 

in the carbonation resistance of samples including M was attributed to the formation of HMCs via 535 

the reaction between the dissolved M and CO2. These HMCs contributed to strength development 536 

by forming a continuous carbonate network that filled the pores and reduced the further diffusion 537 

of CO2 into the pore space [32, 60-62], thereby reducing the effects of decalcification. 538 

Alternatively, the use of S increased compressive strength from 39 to 46 MPa during the first 7 539 

days of carbonation. A similar outcome was observed with the combination of both S and M, 540 
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highlighted by the increase in the strength of sample SM10 from 43 to 58 MPa after 28 days of 541 

carbonation. 542 

 543 

However, differing from the initial days of exposure to CO2, most samples revealed a decrease in 544 

their strength at longer durations. As carbonation proceeded, the strength loss was mostly 545 

prominent in samples containing less than 10% M. Accordingly, the combination of both S and 546 

M in sample SM3 reduced the strength loss when compared with their sole inclusion in samples 547 

S or M3 (15% vs. 23-36% after 91 days of carbonation). This was partially due to the initial 548 

increase in the strength of the former during the first few days of carbonation. Alternatively, 549 

samples using 10% M presented higher compressive strengths after 91 days of carbonation than 550 

those of uncarbonated samples. For example, despite the slight drop in strength from 58 to 54 MPa 551 

after 91 days of exposure, sample SM10 still outperformed all the samples, followed by sample 552 

M10, whose strength remained relatively stable at 42 MPa throughout the entire duration of 553 

carbonation. Regardless of their composition, all samples visibly outperformed CS, which 554 

revealed the lowest strength of 5 MPa after 91 days of CO2 exposure. Since strength loss was 555 

noticeable in samples containing less than 10% M, the use of 10% or higher amounts of M could 556 

be adopted to improve the mechanical performance and carbonation resistance of SCAS mixes in 557 

the long term. 558 

 559 

 560 

4. Conclusions 561 

 562 

The initially low alkalinity of SC leads to low hydration degrees, very long setting times and 563 

consequently low compressive strengths within SCAS mixes. In line with these shortcomings, 564 

improvements in the hydration mechanism and mechanical and microstructural performance of 565 

SCAS mixes were achieved via the use of S and M. The inclusion of M contributed to the 566 

additional consumption of CO3
2- from SC in the formation of HMCs (e.g. nesquehonite) and the 567 

high CO2 uptake of hydrotalcite, which increased the alkalinity in the pore solution within SCAS 568 

mixes. Alternatively, the use of S provided additional nucleation sites within SCAS mixes, which 569 

facilitated the formation of carbonates and hydrotalcite, thereby increasing the utilization of CO3
2-570 

. Overall, the inclusion of M or/and S within SCAS mixes enhanced the dissolution of slag and 571 

the subsequent hydration reactions, which led to significantly shorter setting times and improved 572 

the microstructure and mechanical performance of the samples. 573 

 574 
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SCAS concrete was shown to be vulnerable to carbonation as the decalcification of C-(A)-S-H, 575 

associated with the expulsion of Al and Si, led to the loss of 53% (i.e. by mass) of hydration 576 

products and 57% loss of compressive strength. Accordingly, this study also investigated the use 577 

of S and M in enhancing the carbonation resistance of SCAS samples. The higher alkalinity of the 578 

pore solution within samples including S and M provided a higher CO2 buffering capacity. This 579 

improvement resulted in the partial conversion of the crystalline C-(A)-S-H into amorphous 580 

phases during carbonation, leading to higher compressive strengths when compared to samples 581 

that did not involve the use of these additives. The increase in the formation of hydrotalcite within 582 

samples incorporating M improved the sequestration of CO2 via its conversion to huntite, thereby 583 

retarding the decalcification of C-(A)-S-H. Furthermore, the formation of HMCs as a result of the 584 

reaction between Mg-phases provided by M and CO2 during the carbonation process contributed 585 

to the formation of a continuous network of binding phases. These advancements in the hydration 586 

and carbonation reactions facilitated further strength gain within SCAS mixes. Moreover, the 587 

additional formation of hydrotalcite on the nucleation sites provided via the presence of S in the 588 

pore space increased the absorption of CO3
2-, hence alleviating the decalcification of C-(A)-S-H. 589 

As a result, the inclusion of 10% M or 0.5% S within SCAS mixes enabled the prevention of 590 

strength loss under exposure to carbonation conditions. Moreover, the use of both M and S 591 

counteracted the degradation of the hydration products, while enhancing the formation of 592 

carbonation products, which resulted in SCAS samples with denser microstructures and improved 593 

mechanical performance. 594 

 595 
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List of Tables 

 

 

Table 1 Composition and properties of slag and M. 

 

 Chemical composition (% mass) Physical properties 

 MgO SiO2 CaO Al2O3 Fe2O3 R2O
a LOI 

Specific 

gravity 

(g/cm3) 

Specific 

surface area 

(m2/g) 

Slag 9.3 32.3 37.8 14.6 0.5 0.9 - - 1.1 

M >91.5 2.0 1.6 1.0 - - 4.0 3.0 16.3 

 

 
a R2O: Na2O, K2O 
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Table 2 Compositions of SCAS concrete mixes. 

 

 

Mix 

Precursorb (% mass) 
 

W/B 

Mixture composition (kg/m3) 

Slag S M Slag S M SC 
Coarse 

aggregates 
Water 

CS 100 0 0 

0.55 

600 0 0 

48 1050 356.4 

M3 97 0 3 582 0 18 

M10 90 0 10 540 0 60 

S 99.5 0.5 0 597 3 0 

SM3 96.5 0.5 3 579 3 18 

SM10 89.5 0.5 10 537 3 60 

 

 
b Precursor: Combination of slag, S and M 
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Table 3 Initial and final setting times of SCAS pastes. 

 

Mix 
Setting time (h) 

Initial Final 

CS 94.3 148.2 

M3 34.1 49.7 

M10 12.2 19.2 

S 13.1 19.7 

SM3 9.6 16.5 

SM10 7.8 12.8 



26 

 

Table 4 The relative intensities of the 27Al NMR resonances relating to AlO6 and AlO4 

components within the samples initially cured under ambient conditions for 28 days and samples 

subjected to carbonation for a further 28 days, following the initial curing. The relative intensities 

of each site were determined via line-shape integration using Topspin. 

 

Curing 

condition 

 

Mix 

27Al NMR relative intensity (%) 

AlO6 AlO4 

 

28 days of 

ambient 

curing 

CS 4.8 95.2 

S 19.1 80.9 

M10 24.2 75.8 

SM10 24.5 75.5 

28 days of 

carbonation 

CS 0.0 100.0 

S 4.0 96.0 

M10 14.2 85.8 

SM10 17.6 82.4 
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Table 5 The relative intensities of the deconvoluted 29Si components within the samples initially 

cured under ambient conditions for 28 days and samples subjected to carbonation for a further 

28 days, following the initial curing. The relative intensities of each site were determined via 

line-shape simulation using DMFIT. 

 

 
c sum of the precursor components at δiso(29Si) of -76±3 and -110±3 ppm 

Curing 

condition 

 

Mix 

29Si NMR relative intensity 

Precursor Si 

componentsc 

Crystalline C-(A)-S-H Amorphous 

C-(A)-S-H 

(Q2/Q3) 

Total 

C-(A)-

S-H 

Degraded 

C-(A)-S-H 

(Q0/Q1) 

Q1 Q2(1Al) Q2 Total 

28 days of 

ambient 

curing 

CS 72.9 0 0 0 0 27.1 27.1 - 

S 63.4 1.3 7.1 11.3 19.7 16.9 36.6 - 

M10 62.4 3.2 9.1 13.0 25.3 12.3 37.6 - 

SM10 60.6 4.7 7.7 15.3 27.8 11.6 39.4 - 

28 days of 

carbonation 

CS 72.7 0 0 0 0 20.9 20.9 6.4 

S 63.0 0 0 0 0 25.8 25.8 11.2 

M10 61.9 0 0 0 0 30.9 30.9 7.3 

SM10 61.4 0 0 0 0 38.6 38.6 0.0 
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Table 6 Mass loss of all samples cured for 28 days under ambient conditions (i.e. values outside 

the parentheses) and further carbonated for 28 days (i.e. values inside the parentheses), obtained 

by TGA. 

 

 

 

Mix 

Mass loss (%)  

Dehydration Dehydroxylation Decarbonation  

Total (30-250°C) (250-450°C) (450-

650°C) 

(650-

900°C) 

C-(A)-

S-H 
Cbd Hte Ht & Cb Ht & Cb Cb 

CS 1.3 (0.3) 2.5 (1.3) 2.4 (0.5) 5.1 (0.5) 4.0 (2.4) 2.2 (3.2) 17.5 (8.2) 

M3 5.6 (1.3) 2.8 (3.6) 3.1 (0.7) 3.9 (3.6) 4.6 (3.5) 2.6 (3.9) 22.6 (16.2) 

M10 6.3 (3.7) 3.0 (3.7) 4.0 (2.7) 3.5 (6.6) 4.6 (4.3) 2.8 (4.6) 24.2 (25.6) 

S 6.2 (1.9) 1.6 (2.6) 4.2 (2.2) 3.4 (2.6) 3.2 (5.4) 3.3 (3.7) 21.9 (18.4) 

SM3 6.7 (2.9) 3.5 (2.3) 2.9 (2.8) 3.2 (4.2) 3.6 (5.4) 3.2 (4.6) 23.1 (22.2) 

SM10 6.4 (5.7) 3.4 (4.6) 3.0 (2.2) 3.2 (5.5) 3.3 (5.4) 3.6 (4.8) 22.9 (28.2) 

 
d Cb: Carbonates 
e Ht: Hydrotalcite 
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Fig. 1 Particle size distribution of hydromagnesite (S)
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Fig. 2 XRD patterns of slag, hydromagnesite seed (S) and reactive MgO (M)
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Fig. 3 pH values of SCAS pastes
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Fig. 4 BSE image of nesquehonite in sample SM10 after 28 days of curing  



33 

 

 

 

Fig. 5 XRD patterns of all samples after 28 days of ambient curing 
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Fig. 6 XRD patterns of all samples cured for 28 days under ambient conditions, followed by 28 

days of accelerated carbonation
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Fig. 7 The (a) 27Al and (b) 29Si MAS NMR spectra of anhydrous slag 

 

(Experimental spectra, simulated line shapes and deconvoluted simulation components are 

indicated by black, red and blue lines, respectively. Spinning sidebands are marked with *)
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Fig. 8 The 27Al MAS NMR spectra of samples: (a) initially cured under ambient conditions for 

28 days and (b) carbonated for 28 days (i.e. following the initial 28 days of curing) 

 

(Experimental spectra and the representative spectra of the slag precursor are in black and grey, 

respectively. Spinning sidebands are marked with *)



37 

 

  

 

Fig. 9 The 29Si MAS NMR spectra of samples: (a) initially cured under ambient conditions for 

28 days and (b) carbonated for 28 days (i.e. following the initial 28 days of curing) 

 

(Experimental spectra, simulated line shapes, deconvoluted simulation product components and 

deconvoluted simulation precursor components are given by black, red, blue and grey lines. 

Spinning sidebands are marked with *)
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Fig. 10 TG-DTG results after 28 days of ambient curing of samples: (a) without S and (b) with S 
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Fig. 11 TG-DTG results after 28 days of carbonation of samples: (a) without S and (b) with S 
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(a)  

 

(b)  

 

(c) 

 

(d) 

 

Fig. 12 BSE images after 28 days of ambient curing of samples: (a) CS, (b) M10, (c) S and (d) 

SM10
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(a)  

 

(b)  

 

Fig. 13 BSE images of HMCs’ formation after 28 days of carbonation of samples: (a) M10 and 

(b) SM10
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 14 BSE images of samples cured for 28 days under ambient conditions, followed by 28 

days of accelerated carbonation: (a) CS, (b) M10, (c) S and (d) SM10
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Fig. 15 Compressive strength of SCAS concrete samples under: (a) ambient conditions and (b) 

carbonation condition 
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