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Abstract: The construction industry faces challenges from high cement-related carbon emissions and 11 
construction waste. To address carbon reduction, sequestration, and waste utilization, accelerated carbonation 12 
tests were conducted on low-carbon recycled concrete (LCRC) to evaluate the effects of recycled aggregate 13 
(RA) replacement ratio of natural aggregate (NA), cement replacement ratio by ground granulated blast-14 
furnace slag (GGBS), and external CO2 pressure on carbonation depth and compressive strength. 15 
Microstructural analyses (SEM, EDX, MIP, and TGA-DSC) were conducted to analyze the microstructure, 16 
elemental distribution, pore structure, and compositional changes in LCRC before and after carbonation. 17 
Results showed that the LCRC carbonation depth increased and the compressive strength decreased with the 18 
increase of the RA and cement replacement ratios. The elevated external CO2 pressure significantly 19 
accelerated carbonation, enhancing both carbonation depth and compressive strength. Under supercritical 20 
condition (7.5 MPa), the carbonation depth of the LCRC increased by an average of 164% compared to 21 
samples at 0.1 MPa, while the average compressive strength was 47% higher than that of the uncarbonated 22 
samples. Carbonation converts flocculent C-S-H gel into CaCO3, refining the pore structure and reducing 23 
porosity by 28-34%. Based on the TGA result difference inversion, a method for determining Ca(OH)2 and 24 
C-S-H contents in LCRC was proposed, revealing pre-carbonation contents of 17-37% and 63-83%, 25 
respectively. The maximum carbon uptake capacity reached 96.09 kg CO2/m3 of LCRC, highlighting its 26 
potential to support a low-carbon circular concrete industry. 27 
Keywords: Low-carbon recycled concrete; Accelerated carbonation; Carbonation depth; Compressive 28 
strength; External CO2 pressures. 29 

1. Introduction 30 
In recent years, the growing demand for concrete structural maintenance and construction has 31 

significantly boosted concrete usage, thereby accelerating the rise in global cement production. CO2 32 
emissions from cement production account for approximately 8% of global carbon emissions [1, 2]. To reduce 33 
the carbon footprint, partially replacing cement with mineral admixtures such as silica fume, fly ash, and 34 
GGBS not only improves concrete performance but also conserves energy and reduces emissions [3, 4]. 35 
Currently, the construction industry faces both the challenges of managing construction waste in landfills and 36 
the decline in NA resources [5, 6]. Recycling waste concrete into RA for new concrete production provides a 37 
practical solution to both challenges, yielding significant environmental and economic benefits [7, 8]. 38 
Furthermore, carbonation treatment of the concrete not only enhances its mechanical properties [9] but also 39 



enables long-term CO2 sequestration [10]. Therefore, carbonation treatment of LCRC at varying RA and 40 
cement replacement ratios can yield synergistic benefits, including reduced cement consumption, enhanced 41 
RA resource utilization, improved mechanical properties, and carbon sequestration. 42 

Compared to the natural aggregate concrete (NAC), recycled aggregate concrete (RAC) shows 43 
characteristics like low-density, high-water absorption, and large porosity. By investigating the porosity 44 
characteristics at RA interface, Duan et al. [11] found that old mortar adhering to the surface of RA is the 45 
primary cause of high porosity in the interfacial transition zone (ITZ). Therefore, the partial replacement of 46 
NA with RA in concrete inevitably decreases its compressive strength [12], splitting tensile strength [13] and 47 
durability [14, 15]. However, this porous ITZ with interconnected pores also allow much higher CO2 transport 48 
rates in RAC compared to in NAC [16, 17]. Carbonation treatment can densify RA and promote carbonation of 49 
new paste[18, 19], where CaCO3 fills the pores and strengthens the microstructure, improving both the 50 
mechanical properties and durability of RAC while absorbing CO2 [19, 20]. Silva et al. [21] found that the 51 
carbonation depth of RAC incorporating 100% RA was 2.15 times that of NAC. Satomi et al. [22] investigated 52 
the effect of RA replacement ratio on concrete mechanical properties, observing a 21% decrease in 53 
compressive strength for RAC incorporating 100% RA compared to NAC. Although compressive strength 54 
decreases with increasing RA replacement ratio, carbonation treatment can enhance the compressive strength 55 
of RAC [23, 24]. Therefore, studies on the carbonation and mechanical properties of LCRC under different RA 56 
replacement ratios are of great significance. 57 

To mitigate the adverse effects of RAs on concrete mechanical properties, methods such as enhancing 58 
the bond strength of cement paste in porous concrete using nanomaterials [25] or optimizing the performance 59 
of ITZ [26] have been explored. However, employing nanomaterials to increase cement paste bond strength is 60 
costly, limiting its application. By incorporating mineral admixtures (silica fume, fly ash, and GGBS) or 61 
adjusting fine aggregate composition [27-30] expands the bonding area between cement paste and aggregate, 62 
fills internal voids, thereby enhancing concrete density [27]. This approach improves compressive strength [31] 63 
and durability [32] of RAC at the same time reducing cement usage [33]. Wang et al. [34] achieved an 8% increase 64 
in RAC compressive strength by adding 20% fly ash. Qureshi et al. [35] demonstrated that incorporating 30% 65 
GGBS refined RAC pore size and connectivity through the pozzolanic reaction-generated C-S-H gel, 66 
resulting in a 5-12% increase in compressive strength and a 13% reduction in water absorption. Furthermore, 67 
with carbonation treatment of concrete containing various mineral admixtures, the carbonation rates 68 
accelerate due to reduced alkali reserves, thereby increasing compressive strength [36, 37]. Although 69 
compressive strength decreases with increasing cement replacement ratios in RAC, carbonation can partially 70 
compensate the loss.  71 

Accelerated carbonation not only absorbs CO2 but also enhances compressive strength of RAC. 72 
Concrete carbonation involves accelerated carbonation treatment after concrete demolding, with its 73 
effectiveness influenced by carbonation temperature [38], humidity [39], duration [40], and CO2 concentration 74 
[24]. The influence of CO2 pressure on accelerated concrete carbonation has drawn significant attention. For 75 
instance, Xian et al. [41] conducted accelerated carbonation on ordinary concrete under atmospheric pressure 76 
and observed a 32% increase in early compressive strength compared to the uncarbonated specimens. Bao et 77 



 

 
 

al. [42] studied steel fiber reinforced concrete subject to supercritical carbonation, achieving a maximum 78 
carbonation depth of 32.58 mm within 6 h. Pore volume decreased by up to 32.3% compared to pre-79 
carbonation levels, while compressive strength increased by 25.1%-42.7% relative to the uncarbonated 80 
specimens. Existing studies have also explored accelerated carbonation of RAC or RA under varying pressure 81 
conditions. For example, Liu et al. [43] found that carbonating RAC incorporating 100% RA at 0.1 MPa (with 82 
CO2 flow equivalent to 0.3% of cement mass) increased its 28 d compressive strength by 94% compared to 83 
uncarbonated specimens. Zhan et al. [44] conducted carbonation of RAC at 0.4 MPa, observing a 32% increase 84 
in early compressive strength. Ndiaye et al. [45] conducted accelerated carbonation experiments on RA at 2.0 85 
MPa and 5.0 MPa. They observed that increasing CO2 pressure enhanced its solubility in water, thereby 86 
accelerating the carbonation reaction rate. In summary, the carbonation of cementitious materials is markedly 87 
accelerated under elevated CO2 pressure, leading to enhanced compressive strength and increased 88 
microstructural compactness. However, comprehensive macro- and micro-scale investigations on the 89 
carbonation behavior and compressive strength of LCRC under different external CO2 pressures, from 90 
atmospheric to supercritical conditions remain limited. 91 

The present study systematically investigates the effects of varying cement replacement ratios, RA 92 
replacement ratios, and external CO2 pressures on the carbonation depth and compressive strength of LCRC. 93 
A series of microstructural characterization techniques-including scanning electron microscopy (SEM), 94 
energy-dispersive X-ray spectroscopy (EDX), mercury intrusion porosimetry (MIP), and thermogravimetric 95 
analysis (TGA-DSC) were employed to analyze the microstructure, elemental distribution, pore 96 
characteristics, and compositional evolution of LCRC during accelerated carbonation. The contents of C-S-97 
H and Ca(OH)2 before carbonation were quantified to assess the carbon sequestration potential of LCRC, 98 
thereby elucidating its carbonation mechanism under different external CO2 pressures. It simultaneously 99 
demonstrates the dual potential of this approach to synergistically achieve resource recovery from 100 
construction waste and CO2 sequestration. 101 

2. Experimental investigation 102 
2.1. Materials 103 

2.1.1. Cement 104 
Portland cement (P·O 42.5 N) from Anhui Shui’an Construction Group Co., Ltd was used. Its chemical 105 

composition is shown in Table 1, with a density of 2.97 g/cm3. 106 
Table 1 Chemical composition of cement (%). 107 
Components SiO2 Fe2O3 Al2O3 CaO K2O SO3 Loss of ignition 
By mass (%) 19.27 3.36 3.72 67.11 1.24 4.33 0.97 

2.1.2. GGBS 108 
The GGBS used in this study is grade S95, supplied by Anhui Shui’an Construction Group Co., Ltd. Its 109 

chemical composition is shown in Table 2. Its density is 2.84 g/cm3, and the specific surface area is 424 m2/kg. 110 
Table 2 Chemical composition of GGBS (%). 111 
Components SiO2 Al2O3 CaO MgO SO3 Burn vectors 
By mass (%) 33.06 15.04 39.29 9.96 1.9 0.75 



2.1.3. Fine aggregates 112 
The fine aggregate is sourced from natural river sand in the Yichang region. Its fineness modulus is 2.87, 113 

with a mud content of 2.7% and an apparent density of 2650 kg/m³. All parameters comply with relevant 114 
specifications. The particle size distribution of the river sands is shown in Table 3. 115 
Table 3 Cumulative retained mass of river sands. 116 
Particle size (mm) 4.75 2.36 1.18 0.60 0.30 0.15 <0.15 
Cumulative retained 
mass (%) 0.39 17.65 38.76 60.88 79.79 91.86 99.95 

2.1.4. Natural and recycled concrete aggregates 117 
The NAs were sourced from local quarries in Yichang. The RAs were supplied by Yichang 118 

Environmental Protection Building Materials Co., Ltd., produced by crushing the construction waste first 119 
using a jaw crusher, and then purifying using air separation and magnetic separation. By mass, the RAs 120 
consisted of approximately 96% concrete aggregates and 4% brick aggregates. Before testing, both the NAs 121 
and the RAs were sieved by particle size using a vibrating sieve shaker equipped with wire mesh screens of 122 
20 mm, 10 mm, and 5 mm apertures placed at the upper, middle, and lower layers, respectively. Aggregates 123 
with a particle size range of 5-20 mm were selected for the experiment, while impurities such as highly 124 
porous and low-density brick aggregates were removed. The particle size distributions of (5-20 mm) were 125 
determined according to GB/T 14685-2022 [46]. The results are summarized in Table 4. To ensure adequate 126 
workability of the RAC and mitigate the adverse effects of the high water absorption of the RA on the 127 
concrete mix proportion, all the RAs were pre-treated to a saturated surface-dry (SSD) condition [47]. 128 
Specifically, the RA was immersed in a water tank for 24 h to achieve a uniform and stable moisture content 129 
[48]. The aggregate surface was then wiped with a dry cloth until no visible water film remained, achieving 130 
the saturated surface dry state [49]. 131 
Table 4 Cumulative screen residue of RA. 132 
Particle size (mm) 20 16 10 5 
Cumulative screen residue by mass (%) 0.00 21.6 52.9 96.15 

The physical properties of the NA and RA were tested according to GB/T 14685-2022 [46] and GB/T 133 
25177-2010 [50], respectively. For the crushing test, 3000 g of 9.5-19 mm aggregate was subjected to 200 kN 134 
pressure loading. The pass rate through a 2.36 mm sieve opening was calculated. The specific test results are 135 
summarized in Table 5. The results indicate that the crushing value of the RA meets the specification 136 
requirements. 137 

Table 5 Physical properties of coarse aggregates. 138 
Coarse aggregates type Apparent density (kg/m3) Water absorption (%) Crush value (%) 
NAs 2820 3.8 7.27 
RAs 1974 18.7 29.3 

2.2. Mix proportion and preparation 139 
To investigate the influence of RA replacement ratios, cement replacement ratios, and external CO2 140 

pressure on the carbonation depth and compressive strength of LCRC, cement replacement ratios of 0%, 10%, 141 
20%, and 30%, and RA replacement ratios of 0%, 50%, and 100% were adopted. The external CO2 pressure 142 



 

 
 

was controlled at 0.1, 1.0, 3.0, 5.0, and 7.5 MPa. In this study, NA was replaced by RA on a mass basis, 143 
resulting in an increased aggregate volume fraction due to the lower density of RA. This volumetric effect 144 
was regarded as an inherent feature of RA incorporation and was retained to reflect practical engineering 145 
conditions. The mix proportions of the LCRC are shown in Table 6, with a total of 12 mix designs. To reduce 146 
the effect of material heterogeneity on the carbonation results, for each mix design, 3 specimens were used 147 
to measure the average compressive strength after carbonation, and 3 specimens for the carbonation depth. 148 
Considering five levels of external CO2 pressure for each mix, a total of 30 specimens were tested. In addition, 149 
for each mix design, 3 specimens were selected for compressive strength testing before carbonation, and 3 150 
specimens were used for drying curve measurements of uncarbonated specimens. Therefore, 36 specimens 151 
were cast for each mix design, resulting in a total of 432 specimens. 152 

Due to the limited internal space of the reaction chamber, coupled with the installation of a temperature 153 
probe at the center of the chamber lid, which incorporates a vertical sensor extending to the bottom for 154 
continuous monitoring of the temperature inside the chamber, the LCRC specimens were fabricated as cubes 155 
with a side length of 70.7 mm. This dimension allows the chamber to accommodate up to nine specimens 156 
without obstructing the temperature probe. The same dimension of the concrete cubes were also used in prior 157 
investigations to quantify carbonation depth [51, 52] and to evaluate compressive strength before and after 158 
carbonation [53, 54].  159 

Before casting the LCRC specimens, the inner surfaces of the molds were uniformly coated with LF-160 
50305 water-based release agent. This milky-white emulsion, manufactured by Wenzhou Nuofu Building 161 
Materials Co., Ltd., requires about 30 min to form a stable film. Its primary constituents include sodium 162 
dodecyl benzenesulfonate, among others. The concrete was cast using the mix proportions presented in Table 163 
5. The slump of the fresh concrete was measured according to GB/T 50080-2016 [55] by filling the mold in 164 
layers (25 tamping strokes per layer), vertically removing it, and measuring the height difference between 165 
the mold and the slumped specimens. The specimens were demolded after 24 h. During the curing period, 166 
cementitious materials undergo hydration, and their internal pores are typically filled with a saturated 167 
Ca(OH)2 solution [56]. To ensure an initial pore water saturation of 100% and maintain a relative humidity of 168 
no less than 95% during subsequent curing, this measure prevents leaching of Ca2+ from the cementitious 169 
matrix and facilitates continuous hydration of the cement in a high-humidity environment. The demolded 170 
specimens were immersed in a 0.0118 mol/L saturated Ca(OH)2 solution and cured at (20±2) °C for 28 d. 171 
This procedure ensured control over the initial pore water saturation of the specimens.  172 

Table 6 Mix proportions and 28 d compressive strength of LCRC cured in saturated Ca(OH)2 solution. 173 

Groups W/C Cement 
(kg/m3) 

GGBS 
(kg/m3) 

Fine aggregates 
(kg/m3) 

Coarse aggregates Water 
(kg/m3) 

Water reducing 
agent (kg/m3) 

Slump values 
(mm) Natural 

(kg/m3) 
Recycled 
(kg/m3) 

C-CR0%-CA0% 0.49 411.00 0.00 750.00 1037.00 0.00 201.00 10.30 155 
C-CR10%-CA0% 0.49 369.90 41.10 750.00 1037.00 0.00 201.00 10.30 160 
C-CR20%-CA0% 0.49 328.80 82.20 750.00 1037.00 0.00 201.00 10.29 160 
C-CR30%-CA0% 0.49 287.70 123.30 750.00 1037.00 0.00 201.00 10.29 170 
C-CR0%-CA50% 0.49 411.00 0.00 750.00 518.50 518.50 201.00 10.29 160 
C-CR10%-CA50% 0.49 369.90 41.10 750.00 518.50 518.50 201.00 10.29 170 



Groups W/C Cement 
(kg/m3) 

GGBS 
(kg/m3) 

Fine aggregates 
(kg/m3) 

Coarse aggregates Water 
(kg/m3) 

Water reducing 
agent (kg/m3) 

Slump values 
(mm) Natural 

(kg/m3) 
Recycled 
(kg/m3) 

C-CR20%-CA50% 0.49 328.80 82.20 750.00 518.50 518.50 201.00 10.29 165 
C-CR30%-CA50% 0.49 287.70 123.3 750.00 518.50 518.50 201.00 10.29 175 
C-CR0%-CA100% 0.49 411.00 0.00 750.00 0.00 1037.00 201.00 10.29 170 
C-CR10%-CA100% 0.49 369.90 41.10 750.00 0.00 1037.00 201.00 10.29 165 
C-CR20%-CA100% 0.49 328.80 82.20 750.00 0.00 1037.00 201.00 10.29 175 
C-CR30%-CA100% 0.49 287.70 123.30 750.00 0.00 1037.00 201.00 10.29 185 
Remarks: C-CR10%-CA50% denotes the LCRC specimens with a cement replacement ratio of 10% and RA replacement ratio 174 
of 50%.  175 
2.3. Regulation of pore water saturation 176 

As a heterogeneous material, a cement-based material exhibits non-uniform pore water distribution [57], 177 
which influences its carbonation process [58] and consequently alters the carbonation outcomes. Numerous 178 
studies have demonstrated that when the pore water saturation is 0.50 [58, 59], concrete exhibits an increased 179 
carbonation rate, a more rapid carbonation process, and a greater carbonation depth. To precisely adjust the 180 
pore water saturation to 0.50, the specimens were removed after curing, and their pore water saturation was 181 
regulated accordingly. The detailed procedure is described as follows. 182 

(1) Three specimens were randomly selected from each mix ratio group listed in Table 5, yielding a 183 
total of 36 specimens. After the removal of surface moisture, the saturated mass of each specimen was 184 
measured using an electronic balance (Model FD-C60002, Kunshan U-Kovet Electronics Technology Co., 185 
Ltd., China). The average mass for each group, denoted as ms, was then calculated. 186 

(2) The specimens were oven-dried at 60°C. During this process, they were weighed every 8 h for the 187 
first 24 h and then every 24 h thereafter, with the average mass of each group recorded as mi. This drying and 188 
weighing cycle was repeated until the mass loss between two successive measurements was less than 0.2 g, 189 
at which point the specimens were considered to have reached a completely dry state. The corresponding 190 
average mass of each group was denoted as m0. 191 

(3) From Eq. (1), the pore water saturation of the specimens at each drying interval was calculated and 192 
denoted as Si. 193 
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where i denotes the drying time (h), mi represents the mass of the specimen at each drying interval (g),  194 

denotes the mass of the specimen after reaching a constant dry state (g), and ms denotes the mass of the 195 
specimen in a fully saturated state (g). 196 

The method used to control the pore water saturation of the specimens is illustrated in Fig. 1. 197 

 198 

Fig. 1. Procedure for controlling pore water saturation of specimens. 199 
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The pore water saturation of specimens at each drying interval was calculated using the above-200 
mentioned method, and the variation of water saturation against drying time were approximately plotted. It 201 
was found that the overall trend of the pore water saturation for specimens of different mix ratios was 202 
essentially similar. Without loss of generality, the groups with 0% cement replacement and with RA 203 
replacement ratios of 0%, 50%, and 100% were selected as the representative group. The variation of pore 204 
water saturation with drying time for the representative group is shown in Fig. 2. Based on curve fitting, a 205 
mathematical relationship was established and subsequently employed to calculate the time required for the 206 
pore water saturation of the LCRC specimens to reach 0.5. 207 

Based on the fitting formula of the drying curve in Fig. 2, determine the drying time for specimens and 208 
dry them according to their respective drying times. After adjusting the pore water saturation to 0.5, all 209 
specimens were pretreated for 30 days in a YH-90B constant temperature/humidity chamber (20±2°C, 50% 210 
relative humidity) to achieve uniform distribution of pore water saturation throughout the specimens [60]. 211 
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 212 
Fig. 2. Drying curves of LCRC with 0% cement replacement and RA replacement ratios of 0%, 50%, and 213 

100% at 60°C. 214 
2.4. Accelerated carbonation test of LCRC 215 

To investigate the effects of varying RA and cement replacement ratio on the carbonation depth and 216 
mechanical properties of LCRC under different external CO2 pressures, a supercritical carbonation apparatus 217 
for LCRC was assembled, as shown by the schematic pressurized carbonation system in Fig. 3. The reaction 218 
chamber (Model SLD20, Beijing Century Langsen Laboratory Instruments Co., Ltd., China) was designed 219 
for a maximum temperature of 200 °C and a maximum pressure of 12.5 MPa. The CO2 pressurization system 220 
comprises a gas booster pump (Model DGS-DGA25-H, Dongguan Saicente Fluid Control Equipment Co., 221 
Ltd., China), assisted by an air compressor (Model HR230331A, Taizhou Pufeng Electromechanical Co., 222 
Ltd., China) and a filter (Model 015QPS). The gas booster pump operates within a driving pressure range of 223 
2-8 bars, while the air compressor functions at 0.8 MPa. The CO2 employed in this experiment was supplied 224 
by Yichang Dexin Practical Gas Co., Ltd., with a purity of ≥99.5%. The detailed procedures for the 225 
accelerated carbonation test are described as follows. 226 

(1) After reaching the target pore water saturation, the specimens were arranged on the material rack 227 
within the reaction chamber. Three specimens were positioned on each layer of the rack, resulting in a total 228 
of three layers. Once all specimens were positioned, the chamber cover was closed and fastened by tightening 229 
the high-strength bolts connecting the cover to the chamber body with a torque wrench. 230 



(2) The inlet valve of the reaction chamber was closed, and the outlet valve was opened to connect the 231 
chamber to a vacuum pump (Model OLF750AFV, Shanghai Jaguar Compressor Manufacturing Co., Ltd., 232 
China). The vacuum pump was then activated until a vacuum of 101.325 kPa was achieved inside the chamber, 233 
at which point the outlet valve was closed and the pump was simultaneously turned off. 234 

(3) The high-pressure valve of the booster pump was opened while the unloading valve was closed. 235 
The CO2 cylinder valve and the reaction chamber inlet valve were then opened to inject CO2 into the chamber. 236 
Once the target pressure was reached, both valves were immediately closed. To achieve a pressure above 5.0 237 
MPa, the air compressor was started first, followed by opening the drive gas valve on the booster pump. The 238 
drive gas compressed the CO2 via the drive piston before injection into the reaction chamber. Upon reaching 239 
the preset pressure, the inlet valve, drive gas valve, and CO2 cylinder valve were closed sequentially. 240 

(4) The target CO2 pressures within the reaction chamber were set at 0.1, 1.0, 3.0, 5.0, and 7.5 MPa. 241 
At each of the target pressures, during the pressurization and carbonation stages, the specimens were 242 
maintained at the designed pressure for 6 h, with the temperature and pressure in the reaction chamber being 243 
recorded at 10 min intervals. The temperature and pressure curves for representative specimens during the 244 
carbonation are shown in Fig. 4. 245 

 246 
Fig. 3. Schematic diagram of the accelerated carbonation system. 247 
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(a) 0.1 MPa (b) 1.0 MPa 
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(c) 3.0 MPa (d) 5.0 MPa 
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Fig. 4. Temperature and pressure variations of C-CR0%-RA0% specimens over time. 248 

2.5. Carbonation depth measurement of LCRC 249 
The specimens were taken out and tested for carbonation depth after carbonation reaction. Fig. 5 shows 250 

the testing process. Each sample was first cut in half using a cutting machine, and any residual powder 251 
was removed with a rubber air blower. The carbonation depth was then measured using the phenolphthalein 252 
alcohol indicator method. In accordance with the carbonation test method specified in the standard GB/T 253 
50082-2024 [61], a 1% phenolphthalein solution was prepared and sprayed onto the concrete surface. The 254 
uncarbonated areas turned purple, while the fully carbonated regions remained colorless. Measurements were 255 
taken at 10 mm intervals along the surface using a vernier caliper. The carbonation depth was calculated 256 
using Eq. (2). 257 
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where d is the average carbonation depth at a curing age of 28 d (mm); di is the carbonation depth at each 258 
measurement point (mm); and n is the number of measurement points. 259 

2.6. Compressive strength test of LCRC 260 
After the carbonation test, some of the specimens were taken out for compressive strength testing, which 261 

was conducted in accordance with GB/T 50081-2019 [62]. The tests were performed using a microcomputer-262 
controlled electro-hydraulic servo universal testing machine (Model WAW-2000, Shanghai Sansi Zongheng 263 
Machinery Manufacturing Co., Ltd., China) with a maximum load capacity of 2000 kN, applying the load at 264 
a rate of 3 kN/s. The compressive strength was calculated by Eq. (3), while the loads (including the ultimate 265 



load) and the corresponding displacements were automatically recorded by the microcomputer system during 266 
loading. The compressive strength testing procedure is illustrated in Fig. 5. 267 

 max
c

Ff
A

=   (3) 

In Eq. (3), fc is the compressive strength of the specimen (MPa), Fmax is the failure load (N), and A is the 268 
bearing area of the specimen (mm2). For each group, the compressive strength was taken as the arithmetic 269 
mean of the three measured specimens, with an accuracy of 0.1 MPa. 270 

 271 
Fig. 5. Schematic diagram of carbonation depth and compressive strength test of LCRC. 272 

2.7. Characterization of microstructural and compositional evolution 273 
2.7.1. SEM observations 274 

To investigate the microstructural characteristics of the LCRC before and after carbonation, both 275 
uncarbonated and carbonated samples were ground, and particles measuring 2-3 mm were selected. 276 
Following cleaning, the samples were oven-dried at 60°C for 24 h. A thin gold (Au) coating was then applied 277 
using a JFC-1600 sputtering coater. The crystalline morphology and pore structure of the samples, before and 278 
after carbonation under different CO2 pressures, were examined using a SEM (Model JSM-7500F, JEOL Ltd., 279 
Japan) operated at an accelerating voltage of 20 kV and a magnification of 20000×. Furthermore, elemental 280 
composition analysis was performed using a X-ray fluorescence analyzer (Model EDX-7000, Shimadzu 281 
Corporation, Japan). 282 

2.7.2. MIP measurement 283 
To evaluate the effects of supercritical carbonation on the pore structure of concrete with different 284 

cement replacement ratios, samples were collected from both the carbonated and uncarbonated zones and 285 
subsequently pulverized. Particles with sizes ranging from 3 to 5 mm were selected and immersed in 286 
anhydrous ethanol for 48 h to terminate hydration. The samples were then dried at 85°C, cooled to room 287 
temperature, and sealed to prevent further carbonation. The pore structure of the prepared specimens was 288 
characterized using a porosimeter (Model AutoPore IV 9500, Mc Instruments, Inc., USA). In this study, 289 
porosity refers to the total intrusion porosity obtained from MIP measurements. It is defined as the cumulative 290 



 

 
 

volume of mercury intruded at the maximum applied pressure, expressed as a percentage of the specimen’s 291 
bulk volume. The measurement covers a pore diameter range from approximately 357 μm down to 3 nm.  292 

2.7.3. TGA-DSC measurement 293 
To investigate the variations in CaCO3 and Ca(OH)2 contents in the carbonated and uncarbonated zones 294 

of the LCRC under different CO2 pressures, samples from the two zones were crushed and ground into 295 
powder. TGA-DSC was performed using a simultaneous thermal analyzer (Model STA449F5, Netzsch, 296 
Germany). Prior to the testing, the samples were oven-dried at 40°C for 24 h, ground into powder, and sieved 297 
through an 80 μm mesh. During the test, nitrogen was used as purge gas, and the specimens were heated to 298 
1000°C at a constant heating rate of 10°C/min, while the mass change of the samples was continuously 299 
monitored. 300 

2.8. Quantification of C-S-H and Ca(OH)2 contents from TGA-DSC results 301 
This study employs an analytical method using supercritical carbonation to quantitatively determine the 302 

Ca(OH)2 and C-S-H contents in concrete prior to carbonation. The method calculates the mass of generated 303 
CaCO3 and the residual Ca(OH)2 mass from the thermogravimetric analysis of fully carbonated specimens. 304 
Combined with the initial Ca(OH)2 content in the uncarbonated specimens, this determines the mass of 305 
Ca(OH)2 participating in the reaction. In ordinary Portland cement, other hydration products (such as calcium 306 
aluminate hydrates) are present in low concentrations, and the carbonation of un-hydrated components is 307 
negligible [63]. Therefore, it can be assumed that the carbonation reaction originates solely from the 308 
participation of Ca(OH)2 and C-S-H. Based on this assumption, the C-S-H content involved in the 309 
carbonation reaction can be further calculated by combining the total CaCO3 formation with the mass of 310 
Ca(OH)2 participating in the reaction. The specific calculation formula is as follows [60]: 311 
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where D800 represents the mass loss at 800°C, determined by the TGA-DSC test. m is the mass of the powder 312 
sample used in the TGA-DSC test. mCC refers to the total mass of CaCO3 produced by the carbonation 313 
reaction, while mCH denotes the mass of Ca(OH)2 involved in the carbonation reaction. mCH→CC represents 314 
the mass of CaCO3 derived from Ca(OH)2. The molar mass of Ca(OH)2 (MCH) is 74 g/mol, and the molar 315 
mass of CaCO3 (MCC) is 100 g/mol. Additionally, mC-S-H signifies the mass of C-S-H involved in the 316 
carbonation reaction, with its molar mass (MC-S-H) being 342 g/mol. The percentage content of Ca(OH)2 and 317 



C-S-H are denoted as PCH and PC-S-H, respectively. 318 

3. Results and discussion 319 
3.1. Pattern of LCRC carbonation depth variation  320 
3.1.1. Effect of RA replacement ratio  321 

To evaluate the effect of RA replacement ratio on the carbonation depth of LCRC, specimens were 322 
selected with RA replacement ratios of 0%, 50%, and 100%, and cement replacement ratios of 0%, 10%, 323 
20%, and 30%. Following the procedure described in Section 2.3, the pore water saturation of these 324 
specimens was adjusted to 0.50. Accelerated carbonation tests were then conducted under different pressures 325 
according to the method outlined in Section 2.4. The carbonation depth was measured based on the approach 326 
specified in Section 2.5. Without loss of generality, the results for the 20% cement replacement LCRC are 327 
presented in Fig. 6. After spraying with phenolphthalein solution, the concrete surface showed distinct zones: 328 
the colorless carbonated areas and the dark purple-red uncarbonated areas. The carbonation depth of all 329 
experimental groups was calculated using Eq. (2), and the processed results are shown in Fig. 7. 330 

   
(a) C-CR20%-RA0%-0.1MPa (b) C-CR20%-RA50%-0.1MPa (c) C-CR20%-RA100%-0.1MPa 

   
(d) C-CR20%-RA0%-1MPa (e) C-CR20%-RA50%-1MPa (f) C-CR20%-RA100%-1MPa 

   
(g) C-CR20%-RA0%-3MPa (h) C-CR20%-RA50%-3MPa (i) C-CR20%-RA100%-3MPa 

   
(j) C-CR20%-RA0%-5MPa (k) C-CR20%-RA50%-5MPa (l) C-CR20%-RA100%-5MPa 



 

 
 

   
(m) C-CR20%-RA0%-7.5MPa (n) C-CR20%-RA50%-7.5MPa (o) C-CR20%-RA100%-7.5MPa 

Fig. 6. Carbonation morphology of LCRC under different RA replacement ratios. 331 

As shown in Fig. 6, under the identical external CO2 pressure and cement replacement ratio, the colorless 332 
carbonated area indicated by the phenolphthalein solution significantly expanded as the RA replacement ratio 333 
increased from 0% to 100%, indicating a clear increase in carbonation depth. Under different RA replacement 334 
ratios, shown in Fig. 7, the carbonation depth exhibited an increasing trend with higher RA content across all 335 
external CO2 pressure levels. 336 

At an external CO2 pressure of 0.1 MPa (Fig. 7a), the carbonation depth gradually increased with a 50% 337 
RA replacement ratio but rose significantly when the replacement ratio reached 100%. Further analysis of 338 
the test results under different pressure conditions (Figs. 7b-e) revealed that, at identical external CO2 339 
pressure and cement replacement ratio, the average carbonation depth of the LCRC with 50% and 100% RA 340 
replacement ratios increased by 13% and 26%, respectively, compared to the LCRC with a RA replacement 341 
ratio of 0%. This can be attributed to the higher water absorption (18.7%) and lower apparent density (1974 342 
kg/m3) of the RA (as listed in Table 4), which confirms the higher internal porosity of RAC. This porous 343 
nature provides additional diffusion pathways for CO2, thereby accelerating carbonation. These results are 344 
consistent with the previously emphasized conclusion that RA porosity accelerates carbonation [21, 64], 345 
confirmed that even in LCRC with GGBS admixture, the permeability of RA remains the dominant factor 346 
promoting deeper CO2 penetration. 347 
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(e) 7.5 MPa  

Fig. 7. Carbonation depth of LCRC with different RA replacement ratios. 348 
3.1.2. Effect of cement replacement ratio 349 

To investigate the effect of different cement replacement ratios on the carbonation depth of LCRC, 350 
specimens with a constant RA replacement ratio of 0%, 50%, and 100%, and cement replacement ratios of 351 
0%, 10%, 20%, and 30% were subjected to carbonation under various CO2 pressures. Without loss of 352 
generality, the carbonation profiles of 50% RA replacement LCRC are shown in Fig. 8, and the calculated 353 
carbonation depths for all experimental groups are summarized in Fig. 9. 354 

    
(a) C-CR0%-RA50%-

0.1MPa 
(b) C-CR10%-RA50%-

0.1MPa 
(c) C-CR20%-RA50%-

0.1MPa 
(d) C-CR30%-RA50%-

0.1MPa 

    
(e) C-CR0%-RA50%-

1MPa 
(f) C-CR10%-RA50%-

1MPa 
(g) C-CR20%-RA50%-

1MPa 
(h) C-CR30%-RA50%-

1MPa 



 

 
 

    
(i) C-CR0%-RA50%-

3MPa 
(j) C-CR10%-RA50%-

3MPa 
(k) C-CR20%-RA50%-

3MPa 
(l) C-CR30%-RA50%-

3MPa 

    
(m) C-CR0%-RA50%-

5MPa 
(n) C-CR10%-RA50%-

5MPa 
(o) C-CR20%-RA50%-

5MPa 
(p) C-CR30%-RA50%-

5MPa 

    
(q) C-CR0%-RA50%-

7.5MPa 
(r) C-CR10%-RA50%-

7.5MPa 
(s) C-CR20%-RA50%-

7.5MPa 
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7.5MPa 

Fig. 8. Carbonation morphology of LCRC under different cement replacement ratios. 355 

Fig. 8 illustrates the influence of the cement replacement ratio on the carbonation morphology of the 356 
specimens. As the replacement ratio increases from 0% to 30%, the colorless carbonated region on the cross-357 
section gradually expands, indicating a progressive increase in carbonation depth. In particular, under 358 
external CO2 pressure of 5.0 MPa and 7.5 MPa (Figs. 8m-t), the carbonation front of the concrete with 30% 359 
cement replacement is noticeably deeper and exhibits a more distinct and well-defined boundary compared 360 
with the control mix. As shown in Figs. 9(a)-(e), under identical external CO2 pressure and RA replacement 361 
ratio, the carbonation depth of LCRC exhibits an increasing trend with rising cement replacement ratios. The 362 
carbonation depth of LCRC with 10%, 20%, and 30% cement replacement ratios increased by 20%, 26%, 363 
and 40% on average, respectively, compared to the LCRC with 0% cement replacement. This is attributed to 364 
the increased cement replacement ratio, reducing cement content, thereby diluting and consuming the 365 
Ca(OH)2 produced during hydration. This leads to a decrease in the alkaline reserve within the LCRC, 366 
resulting in increased carbonation depth of LCRC [65]. TGA-DSC test results (Fig. 18) confirm that higher 367 
cement replacement ratios reduce the calcium source available for carbonation reactions, allowing CO2 to 368 
penetrate more easily into deeper regions. This indicates that when designing LCRC, a balance must be 369 
sought between reducing cement content and maintaining sufficient durability.  370 
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(e) 7.5 MPa 

Fig. 9. Carbonation depth of LCRC with different cement replacement ratios. 371 

3.1.3. Effect of external CO2 pressure 372 
Without loss of generality, Fig. 10 partly shows the carbonation morphology of the LCRC under external 373 

CO2 pressures of 0.1 MPa, 1.0 MPa, 3.0 MPa, 5.0 MPa, and 7.5 MPa, with RA replacement ratios of 0%, 374 
50%, and 100% and a fixed cement replacement ratio of 20%. The carbonation depth measurements across 375 
all experimental groups are presented in Fig. 11.  376 



 

 
 

     
(a) C-CR20%-
RA0%-0.1MPa 

(b) C-CR20%-
RA0%-1MPa 

(c) C-CR20%-
RA0%-3MPa 

(d) C-CR20%-
RA0%-5MPa 

(e) C-CR20%-
RA0%-7.5MPa 

     
(f) C-CR20%-

RA50%-0.1MPa 
(g) C-CR20%-
RA50%-1MPa 

(h) C-CR20%-
RA50%-3MPa 

(i) C-CR20%-
RA50%-5MPa 

(j) C-CR20%-
RA50%-7.5MPa 

     
(k) C-CR20%-

RA100%-0.1MPa 
(l) C-CR20%-

RA100%-1MPa 
(m) C-CR20%-
RA100%-3MPa 

(n) C-CR20%-
RA100%-5MPa 

(o) C-CR20%-
RA100%-7.5MPa 

Fig. 10. Carbonation morphology of LCRC under different external CO2 pressures. 377 
As the external CO2 pressure increased from 0.1 MPa to 7.5 MPa, as shown in Figs. 10(k)-(o), the 378 

carbonation front of LCRC rapidly migrated from the surface toward the internal zone, with a corresponding 379 
significant expansion of the colorless carbonation region. Fig. 11 shows that under identical RA replacement 380 
ratios, the carbonation depth of LCRC exhibits nonlinear growth with increasing external CO2 pressure. At 381 
1.0, 3.0, 5.0, and 7.5 MPa, the average carbonation depth of the LCRC increased by 19%, 50%, 83%, and 382 
164%, respectively, compared with at 0.1 MPa. Within the high-pressure range of 5.0-7.5 MPa, the growth 383 
rate of carbonation depth markedly exceeds that observed under lower pressure such as 1.0-3.0 MPa and 3.0-384 
5.0 MPa. For the LCRC with RA replacement ratios of 0% and 50% (Figs. 11a and b), the carbonation depth 385 
at 7.5 MPa increased by an average of 144% and 165%, respectively, compared to at 0.1 MPa. When the RA 386 
replacement ratio was further increased to 100% (Fig. 11c), the carbonation depth at external CO2 pressure 387 
of 7.5 MPa increased by an average of 181% compared to at 0.1 MPa. This difference primarily stems from 388 
the interconnected pore structure introduced by the RA, which provides more efficient diffusion pathways 389 
for CO2 under high pressure, significantly reducing gas transport resistance within the LCRC [66]. Under 390 
supercritical CO2 conditions, pressure gradients become the primary driving force for gas transport. This not 391 
only accelerates CO2 molecule penetration into the LCRC but also substantially enhances its solubility in the 392 
pore fluid, thereby accelerating the overall carbonation reaction process [67]. This study quantitatively reveals 393 
the enhancement effect of supercritical CO2 pressure on the carbonation depth of LCRC for the first time, 394 
providing a theoretical basis for improving the carbon sequestration efficiency of LCRC by pressurized 395 
carbonation technology. 396 
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(c) RA replacement ratio: 100% 

Fig. 11. Carbonation depth of LCRC under different external CO2 pressure. 397 

3.2. Pattern of LCRC compressive strength variation 398 
3.2.1. Effect of RA replacement ratio  399 

To investigate the effect of different RA replacement ratios on the compressive strength of LCRC, 400 
specimens were selected from both uncarbonated and externally pressurized carbonation conditions. 401 
Following the concrete mechanical property testing method outlined in Section 2.6, the average compressive 402 
strength and standard deviation of the LCRC were calculated and are presented in Fig. 12. Under the 403 
uncarbonated condition and external CO2 pressures of 0.1 MPa, 1.0 MPa, 3.0 MPa, 5.0 MPa, and 7.5 MPa, 404 
the compressive strength of the LCRC exhibited a decreasing trend with increasing RA replacement ratio. As 405 
shown in Fig. 12(a), under the uncarbonated condition, the compressive strength of the LCRC decreased 406 
significantly with increasing RA replacement ratio. At 100% RA replacement, the compressive strength of 407 
the LCRC was 20.3 MPa, representing a 57% decrease compared to the strength of LCRC with 0% RA 408 
replacement (47.7 MPa). As shown in Figs. 12(b)-(f), under different CO2 pressure conditions, the strength 409 
reduction was particularly pronounced when the RA replacement ratio increased from 50% to 100%. 410 
Compared to the LCRC without RA, the average strength decreases were 12% and 29%, respectively. This 411 
phenomenon is primarily attributed to the low density and high porosity of RA. They introduce more initial 412 
defects and weak zones into the LCRC matrix, reducing its overall density and adversely affecting its 413 
compressive strength [14]. However, this study reveals that the same porous nature of RA that diminishes 414 
initial strength simultaneously creates a microstructure that is more responsive to strength enhancement 415 



 

 
 

through carbonation. SEM images (Fig. 15(j)) clearly show that after carbonation (7.5 MPa), dense CaCO3 416 
formed within the pores of the new paste region surrounding the RA, indicating that the porous structure of 417 
the aggregate promotes carbonation reactions in the surrounding paste. Consequently, while RA incorporation 418 
reduces the compressive strength of LCRC, it also forms a more permeable microstructure that more 419 
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(a) Uncarbonated samples (b) 0.1 MPa 
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(c) 1.0 MPa (d) 3.0 MPa 
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(e) 5.0 MPa (f) 7.5 MPa 

Fig. 12. Compressive strength of LCRC with different RA replacement ratios. 421 

3.2.2. Effect of cement replacement ratio  422 
As shown in Figs. 13(a)-(f), the compressive strength of LCRC exhibits an overall downward trend with 423 

increasing cement replacement ratio, though some fluctuations occur locally. Compared to LCRC with 0% 424 
cement replacement, specimens with 10%, 20%, and 30% cement replacement exhibited average 425 
compressive strength reductions of 3.69%, 3.73%, and 8.34%, respectively. The dilution effect caused by 426 



reduced cement content slowed the hydration reaction rate of LCRC, thereby weakening its matrix strength 427 
[68]. Under conditions of 0% RA replacement (Figs. 13a-f), the compressive strength of LCRC fluctuated 428 
downward with increasing cement replacement ratio. However, when the RA replacement ratio increased to 429 
50% and 100%, and under non-carbonated conditions with an external CO2 pressure of 0.1 MPa (Figs. 13a, 430 
b), compressive strength improved with increasing cement replacement ratio. This occurred because the 431 
physical filling effect of GGBS effectively compensated for the initial defects introduced by RA [69]. As 432 
external CO2 pressure further increased (Figs. 13c-f), the compressive strength of LCRC with RA 433 
replacement ratios of 50% and 100% still exhibited an overall decreasing trend with increasing cement 434 
replacement ratio. TGA-DSC results (Fig. 18) indicate that the absolute content of CaCO3 formed by 435 
carbonation in LCRC decreases with increasing cement replacement ratio. This is because the increased 436 
cement replacement ratio depleted the alkaline reserve within the LCRC, thereby reducing the strength-437 
enhancing effect of the carbonation reaction on the LCRC [70]. Notably, the C/Ca atomic ratio significantly 438 
increased in post-carbonation specimens. This indicates that, alongside Ca(OH)2, C-S-H gel actively 439 
participates in the carbonation reaction and undergoes decalcification, forming amorphous SiO2 gel. This 440 
phenomenon suggests that in LCRC with higher cement replacement ratio, the degree of carbonation reaction 441 
is greater but the strength is lower. 442 
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(a) Uncarbonated samples (b) 0.1 MPa 
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(e) 5.0 MPa (f) 7.5 MPa 

Fig. 13. Compressive strength of LCRC under different cement replacement ratios. 443 

3.2.3. Effect of external CO2 pressure 444 
As illustrated in Figs. 14(a)-(c), when the replacement ratios of RA and cement are the same, the 445 

compressive strength of the LCRC is greater if it was carbonated under a higher external CO2 pressure and 446 
reaches its maximum value at 7.5 MPa. Compared with the uncarbonated specimens, the average 447 
compressive strength of the LCRC increased by 15%, 19%, 22%, 29%, and 47% after being carbonated under 448 
external CO2 pressures of 0.1, 1.0, 3.0, 5.0, and 7.5 MPa, respectively. When the external CO2 pressure ranged 449 
from 0.1 to 5.0 MPa, the increase in the LCRC compressive strength was relatively gradual. However, the 450 
increase in compressive strength significantly accelerated when pressure rose from 5.0 MPa to 7.5 MPa. This 451 
is because under the supercritical conditions (7.5 MPa), CO2 exhibits a density close to that of a liquid and a 452 
viscosity close to that of a gas. Consequently, it possesses extremely high diffusion capability and reaction 453 
rate within the LCRC, significantly enhancing the carbonation effect and boosting its compressive strength 454 
[71]. At a 100% RA replacement ratio, the LCRC specimen had a compressive strength of 44.8 MPa after 455 
carbonation at 7.5 MPa, approximately 118% higher than that of its uncarbonated counterpart, which is close 456 
to the compressive strength of the uncarbonated NAC with the same mix proportion. This significant 457 
enhancement can be explained by the evolution mechanisms of specimen porosity and carbonation products. 458 
MIP test results show that the carbonation under external CO2 pressure of 7.5 MPa reduces the total porosity 459 
by 28.49%-33.83% (Fig. 17). The pore size distribution shifted markedly toward smaller pores, resulting in 460 
a refined pore structure. In contrast to conventional atmospheric carbonation, which typically forms a dense 461 
zone only at the surface and the core performance is relatively weak, supercritical carbonation can promote 462 
the thorough carbonization of Ca(OH)2 and C-S-H gel deeper inside the specimen and convert it into CaCO3, 463 
thereby reducing the difference in carbonation degree between the surface and the core of the specimen. 464 



30

40

50

60

70
C

om
pr

es
si

ve
 st

re
ng

th
 (M

Pa
)

External CO2 pressure (MPa)

 C-CR0%-RA0%
 C-CR10%-RA0%
 C-CR20%-RA0%
 C-CR30%-RA0%

1 30 0.1 5 7.5

 

20

30

40

50

60

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

External CO2 pressure (MPa)

 C-CR0%-RA50%
 C-CR10%-RA50%
 C-CR20%-RA50%
 C-CR30%-RA50%

1 30 0.1 5 7.5

 
(a) RA replacement ratio: 0% (b) RA replacement ratio: 50% 

10

20

30

40

50

C
om

pr
es

si
ve

 st
re

ng
th

 (M
Pa

)

External CO2 pressure (MPa)

 C-CR0%-RA100%
 C-CR10%-RA100%
 C-CR20%-RA100%
 C-CR30%-RA100%

1 30 0.1 5 7.5

 
(c) RA replacement ratio: 100% 

Fig. 14. Compressive strength of LCRC under different external CO2 pressures. 465 

3.3. Microstructural and compositional evolution of LCRC under varying CO2 pressures 466 

3.3.1. Microstructure evolution 467 
To investigate the effects of cement and RA replacement ratios on the pore structure and crystal 468 

morphology of LCRC, representative specimens were selected, including those with a RA replacement ratio 469 
of 0% and cement replacement ratios of 0%, 10%, 20%, and 30%, as well as a specimen with a RA 470 
replacement ratio of 100% and a cement replacement ratio of 10%. The SEM images of the above groups of 471 
samples under the uncarbonated condition and external CO2 pressures of 7.5 MPa are shown in Figs. 15(a)-472 
(j). 473 

  
(a) C-CR0%-RA0%-Uncarbonated (b) C-CR0%-RA0%-7.5MPa 



 

 
 

  
 (c) C-CR10%-RA0%-Uncarbonated (d) C-CR10%-RA0%-7.5MPa 

  
(e) C-CR20%-RA0%-Uncarbonated (f) C-CR20%-RA0%-7.5MPa 

  
(g) C-CR30%-RA0%-Uncarbonated (h) C-CR30%-RA0%-7.5MPa 

  
(i) C-CR10%-RA100%-Uncarbonated (j) C-CR10%-RA100%-7.5MPa 

Fig. 15. SEM images of LCRC specimens. 474 
In the uncarbonated state, the hydration products of the LCRC specimens with cement replacement 475 

ratios of 0% and 10% mainly comprise lamellar Ca(OH)2 crystals, flocculent C-S-H gel, and acicular AFt 476 
crystals (Fig. 15(a), (c)). As the cement replacement ratio increased to 20% and 30% (Fig. 15(e), (g)), the 477 



amount of Ca(OH)2 generated in the matrix decreased significantly. Only a small amount of needle-like AFt 478 
crystals was visible, and the main hydration products shifted to flocculent and reticular C-S-H gel structures. 479 
This occurs because the reduced cement content diminishes the system's alkaline reserve, limiting Ca(OH)2 480 
formation. When the RA replacement ratio reaches 100%, the overall morphological characteristics of the 481 
hydration products remain largely unchanged. However, the matrix surrounding the RA exhibits a more 482 
porous microstructure, as shown in Fig. 15(i). After the 7.5 MPa carbonation treatment (Fig. 15(b), (d), (f), 483 
(h)), Ca(OH)2 and C-S-H hydration products were transformed into lamellar and granular CaCO3 crystals, 484 
effectively filling pores and significantly enhancing the micro-compactness of the LCRC [72]. In specimens 485 
with a 100% RA replacement ratio, post-carbonation microstructural observations reveal a dense 486 
accumulation of calcium carbonate crystals in the regions surrounding the RA (Fig. 15(j)). This suggests that 487 
the porous structure associated with RA promotes CO2 transport and reaction, thereby leading to more 488 
pronounced deposition of carbonation products at the aggregate-cement paste interface. 489 

To further investigate the degree of carbonation in LCRC under different cement and RA replacement 490 
ratios, this study conducted EDX elemental analysis on samples from both carbonated and uncarbonated 491 
zones. Figs. 16(a)-(e) present the EDX analysis of the LCRC under the uncarbonated condition and external 492 
CO2 pressures of 7.5 MPa. 493 

  
(a) C-CR0%-RA0%-Uncarbonated (b) C-CR0%-RA0%-7.5MPa 



 

 
 

  
(c) C-CR30%-RA0%-Uncarbonated (d) C-CR30%-RA0%-7.5MPa 

  
(e) C-CR10%-RA100%-Uncarbonated (f) C-CR10%-RA100%-7.5MPa 

Fig. 16. EDX element analysis of LCRC specimens. 494 
Under the uncarbonated condition, the Si/Ca atomic ratio in the 30% cement replacement sample 495 

increased by 46% compared to the 0% cement replacement LCRC sample. This primarily resulted from the 496 
reduced cement content that decreased Ca(OH)2 content in the system, while the pozzolanic reaction of the 497 
GGBS generated more C-S-H gel, further consuming free Ca elements. After carbonation at 7.5 MPa, the C 498 
atom ratio in the 0% cement replacement sample increased significantly by 97% compared to at the 499 
uncarbonated condition, while the 30% cement replacement sample only increased by 52%. This indicates 500 
that a higher cement replacement ratio limits the total amount of Ca(OH)2 available for carbonation reactions, 501 
thereby inhibiting CaCO3 formation [73]. Furthermore, the C/Ca atom ratio in both the 0% and 30% cement 502 
replacement samples was higher than that in the uncarbonated samples after carbonation, indicating that C-503 
S-H gel also participated in the carbonation reaction process alongside Ca(OH)2. EDX analysis of LCRC 504 
specimens with 100% RA replacement ratio and a 10% cement replacement ratio before and after carbonation 505 
shows that carbonation at 7.5 MPa increases the atomic percentage of C by up to 23.2%, confirming a 506 



synergistic effect between the highly porous RA and elevated CO2 pressure. Meanwhile, the Si/Ca atomic 507 
ratio remains relatively stable after carbonation, indicating that a low cement replacement ratio plays a 508 
regulatory role in maintaining alkali reserves and preventing structural imbalance caused by excessive 509 
consumption of Ca-bearing phases. 510 

3.3.2. Porosity variation 511 
To investigate the effects of cement and RA replacement ratios on the porosity of LCRC, representative 512 

specimens were selected, including those with a RA replacement ratio of 0% and cement replacement ratios 513 
of 0%, 10%, 20%, and 30%, as well as a specimen with a RA replacement ratio of 100% and a cement 514 
replacement ratio of 10%. The cumulative mercury intrusion curves of the LCRC specimens under the 515 
uncarbonated condition and external CO2 pressures of 7.5 MPa are shown in Fig. 17, respectively, and the 516 
porosity test data for the LCRC before and after carbonation are summarized in Table 7. 517 

Under the uncarbonated condition, the total porosity of the LCRC specimens containing 0% RA exhibits 518 
an increasing trend with higher cement replacement ratios. This is primarily attributed to the slower early-519 
stage hydration rate of GGBS, which facilitates the formation of interconnected pores ranging from 1 to 5 520 
μm in size between unreacted particles, thereby enhancing the overall porosity. Analyzing different pore size 521 
distributions reveals that at 0% cement replacement, macropores (>1000 nm) accounted for 35% of the totals. 522 
When cement replacement reached 10%, 20%, and 30%, macropores percentage are 49%, 19%, and 26%, 523 
respectively. This is due to the physical filling effect of the GGBS, which refines the pore structure within 524 
the LCRC [69]. When the RA replacement ratio reaches 100%, the high porosity and water absorption 525 
characteristics of RA result in an initial porosity of the LCRC specimens that is 12.2% higher compared to 526 
specimens with a 0% RA replacement ratio. Under external CO2 pressure of 7.5 MPa, the total porosity of 527 
the LCRC specimens with 0% RA replacement decreased by 28.94%-33.83% compared to at the 528 
uncarbonated state, with the most significant reduction observed in specimens with 30% cement replacement. 529 
For LCRC specimens with 100% RA replacement, the porosity decreased by 29.59% after carbonation, 530 
exceeding the reduction observed in specimens with 0% RA replacement. This is closely related to its highest 531 
initial porosity: more initial voids provided ample space for the precipitation and filling of the carbonation 532 
product CaCO3, thereby amplifying the pore optimization effect of the carbonation reaction [42].  533 
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(a) Uncarbonated samples (b) 7.5 MPa 

Fig. 17. MIP test results of LCRC before and after carbonation. 534 



 

 
 

Table 7 Porosity of LCRC specimens before and after carbonation. 535 

Groups Porosity before carbonation Porosity after carbonation Ratio of decrement 

C-CR0%-RA0% 18.41% 12.52% 32% 

C-CR10%-RA0% 19.24% 13.66% 29% 

C-CR20%-RA0% 20.08% 14.36% 28.49% 

C-CR30%-RA0% 21.58% 14.28% 33.83% 

C-CR10%-RA100% 23.89% 16.82% 29.59% 
Remarks: Porosity values are the total intrusion porosity obtained from MIP measurements. 536 
3.3.3. Contents of Ca(OH)2 and C-S-H  537 

To investigate changes in CaCO3 and Ca(OH)2 content in the carbonate and uncarbonated zones of 538 
LCRC under varying CO2 pressures, representative LCRC specimens were selected for testing: specimens 539 
with 0% RA replacement ratio and 0% or 30% cement replacement ratio, as well as specimens with 100% 540 
RA replacement ratio and 10% cement replacement ratio. Fig. 18 displays the TGA-DSC curves of these 541 
specimens after carbonation under external CO₂ pressures of 0.1 MPa and 7.5 MPa, as well as under the 542 
uncarbonated condition. The figure reveals that for all the carbonated specimens, the DSC curves exhibit 543 
significantly weakened peaks characterizing Ca(OH)2 decomposition within the 400-500°C range, while the 544 
peaks indicating CaCO3 decomposition within the 600-800°C range are markedly enhanced. This indicates 545 
that the carbonation reaction converts hydration products such as Ca(OH)2 into CaCO3 [74]. 546 

When the RA and cement replacement ratio were both 0% (Fig. 18a), the CaCO3 mass fraction after 7.5 547 
MPa carbonation reached 8.26%, an increase of 18.3% compared to the 0.1 MPa condition, indicating that 548 
high pressure significantly promoted the formation of carbonation products. However, when the cement 549 
replacement ratio increased to 30% (Fig. 18b), the Ca(OH)2 content in the uncarbonated sample was 1.03%, 550 
lower than the 1.28% observed in the sample with 0% cement replacement. This is primarily due to the 551 
reduced cement content and its slowed hydration rate, leading to decreased Ca(OH)2 formation [75]. After 552 
carbonation at 7.5 MPa, the CaCO3 content in this group of samples was 5.91%, representing a 28.5% 553 
decrease compared to samples with 0% cement replacement. This reduction is attributed to insufficient initial 554 
Ca(OH)2 and the further consumption of Ca2+ by the GGBS pozzolanic reaction. At 100% RA replacement, 555 
the CaCO3 mass fraction after 7.5 MPa carbonation reached 10.59%, a 28.2% increase compared to the 0% 556 
RA and cement replacement samples. This directly demonstrates that RA's high porosity provides efficient 557 
transport pathways for supercritical CO2, whose synergistic interaction with the high-pressure environment 558 
significantly accelerates the deposition of carbonation products and pore filling, thereby establishing a 559 
microscopic foundation for enhancing macroscopic compressive strength. 560 
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(c) C-CR10%-RA100% 

Fig. 18. TGA-DSC results of LCRC before and after carbonation. 561 
The Ca(OH)2 and C-S-H contents in the cementitious material prior to carbonation were determined 562 

using the method. These values were compared with the C-S-H and Ca(OH)2 contents calculated from other 563 
literature sources [76-81], as shown in Fig. 19. The results indicate that in most studies, the C-S-H content 564 
ranged from 60% to 83%, while Ca(OH)2 content was found to be in the range of 17% to 40%. 565 
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 566 
Fig. 19. C-S-H and Ca(OH)2 content in cementitious materials before carbonation. 567 



 

 
 

3.3.4. CO2 uptake capacity 568 
To evaluate the CO2 uptake capacity of fully carbonated cementitious materials, this study calculated 569 

the CO2 uptake capacity of LCRC using Eq. (10) based on the TGA mass loss in the temperature range of 570 
600-800°C shown in Fig. 18. The results indicate that under external CO2 pressures of 0.1 MPa and 7.5 MPa, 571 
the average CO2 uptake capacity of the LCRC specimens with cement replacement ratios of 0% and 30% 572 
was 42.23 kg/m3. Notably, when the RA replacement ratio reached 100% and the cement replacement ratio 573 
was 10%, the LCRC achieved its peak CO2 uptake capacity of 96.09 kg/m3 under external CO2 pressure of 574 
7.5 MPa. This represents a significant increase of approximately 49.6% compared to specimens with 0% RA 575 
and 0% cement replacement ratios. This indicates that the porous structure of RA provides an efficient 576 
transport pathway for supercritical CO2, enabling its rapid penetration into the material interior. This 577 
simultaneously maximizes both CO2 sequestration efficiency and microstructural reinforcement. At the same 578 
time, the material composition also plays a crucial regulatory role. Although increasing cement replacement 579 
ratios reduces carbon emissions during concrete production, it also diminishes its CO2 uptake capacity. The 580 
CO2 uptake capacity of LCRC with a 30% cement replacement ratio decreased by 22.8% after carbonation 581 
at 7.5 MPa compared to that of cement with a 0% replacement ratio. This indicates that a balance must be 582 
struck between maximizing carbon sequestration and reducing cement usage. Finally, the calculated results 583 
are compared in Fig. 20 with data from other studies [82-87].  584 
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where mCO2 is the mass of carbon dioxide absorbed per cubic meter of concrete, mc is the mass per unit 585 
volume of LCRC, which is calculated as the bulk density (2100-2400 kg/m3) of the specific mix design, and 586 
MCO2 is the molar mass of CO2 (44 g/mol). 587 
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 588 
Fig. 20. CO2 uptake of cementitious materials after completely carbonation. 589 

3.4. Accelerated carbonation mechanism of LCRC 590 
In this study, the accelerated carbonation mechanism of LCRC under different CO2 pressures was 591 

studied by means of SEM, MIP, and TGA-DSC, the essence of which is a pressure-driven physical and 592 
chemical coupling process [72] as shown in Fig. 21. 593 



Increased external CO2 pressure first creates a pressure gradient within the concrete, accelerating CO2 594 
transport and elevating its concentration within pores. Simultaneously, this process promotes the migration 595 
of water within the concrete toward micro-pores, thereby exposing a larger gas-liquid reaction interface. At 596 
this expanded interface, the dissolution reaction rate of CO2 significantly increases; where it dissolves to 597 
forms H2CO3, which then decompose into HCO3- and CO32-. The increase of CO32- concentration not only 598 
accelerates the reaction with Ca2+ dissolved from Ca(OH)2 in the pore solution but also promotes the 599 
decalcification and decomposition of C-S-H gel to produce more CaCO3 and amorphous SiO2. This was 600 
confirmed by the consumption of Ca(OH)2, the formation of CaCO3 and the increase of C/Ca atomic ratio in 601 
TGA-DSC and EDX analysis. The CaCO3 crystals generated by the reaction effectively filled the pores and 602 
ITZ of the concrete. The MIP test showed that the total porosity could be reduced by about 30% after 603 
carbonation. The densification of this microstructure is the fundamental reason for the improvement of 604 
macroscopic compressive strength. However, high pressure and high carbonation may also lead to partial 605 
deconstruction of the C-S-H gel structure, and their effect on long-term durability needs further study.  606 

Under atmospheric pressure conditions, concrete carbonation is primarily governed by CO2 diffusion 607 
driven by concentration gradients, resulting in a relatively slow process dominated by surface reactions [24, 88, 608 
89]. In contrast, increasing external CO2 pressure fundamentally alters the carbonation mechanism. Elevated 609 
CO2 pressure significantly accelerates carbonation and increases its depth by enhancing the coupled 610 
processes of CO2 transport, dissolution, and reaction. In this case, the pressure gradient, rather than the 611 
concentration gradient, becomes the dominant driving force, promoting CO2 penetration and dissolution 612 
within the concrete matrix. This process facilitates the formation of CaCO3 and pore-filling effects, thereby 613 
optimizing the microstructure and ultimately enhancing the mechanical properties of LCRC while enabling 614 
effective CO2 sequestration. 615 

 616 

Fig. 21. The carbonation reaction mechanism of LCRC under different external CO2 pressure. (a) The phase 617 
composition of cementitious materials; (b) CO2 transport and reactions in pore fluids; (c) The conversion 618 



 

 
 

process of hydration products to CaCO3. 619 

4. Conclusions 620 
This study investigated the effects of RA replacement ratio, cement replacement ratio, and external CO2 621 

pressure on the carbonation depth and compressive strength of LCRC. SEM, MIP, and TGA-DSC analyses 622 
were conducted to characterize its microstructural evolution and reveal the accelerated carbonation 623 
mechanism. 624 

(1) Increasing RA replacement, cement replacement, and CO2 pressure all deepen the carbonation depth, 625 
of with CO2 pressure was the dominant factor. At 1.0, 3.0, 5.0, and 7.5 MPa, the carbonation depth of the 626 
LCRC increased by 19%, 50%, 83%, and 164%, respectively, compared with at 0.1 MPa.  627 

(2) Increasing RA and cement replacement reduced compressive strength, while elevated CO2 pressure 628 
significantly enhanced the strength. Under the same pressure condition, the compressive strength increased 629 
by 15%, 19%, 22%, 29%, and 47% respectively compared with the uncarbonated specimen. 630 

(3) During carbonation, flocculent C-S-H gels in the matrix and interfacial zones was transformed into 631 
CaCO3, refining the pore structure and reducing total porosity by 28%-34%. 632 

(4) TGA-DSC results indicated that pre-carbonation C-S-H and Ca(OH)2 contents were 63%-83% and 633 
17%-37%, respectively. The maximum CO2 uptake capacity was about 96.09 kg CO2/m3.  634 

(5) Increasing CO2 pressure accelerated gas transport and dissolution, promoted C-S-H decalcification 635 
and CaCO3 formation, and enhanced both pore densification and CO2 uptake efficiency. 636 
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