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Abstract 10 

The accelerated carbonation of recycled concrete aggregates (RA) has been suggested to 11 

improve their properties. Several physical and mechanical phenomena occur during the 12 

carbonation of adhered cement mortar, but their effects are scarcely distinguished and 13 

correlated. In this study cement paste and mortar specimens have been exposed to carbonation 14 

after extended curing, and then characterized at different scales to monitor the evolution of 15 

their microstructure and macroscopic properties as a function of their carbonation degree. 16 

First the carbonation of portlandite and calcite precipitation dominate, then the carbonation of 17 

C-S-H develops with the precipitation of vaterite and the development of material stiffness. 18 

The increase in elastic modulus and carbonation shrinkage both favor microcraking: an 19 

increase in macroporosity and permeability is actually observed. Clogging effect due to the 20 

formation of calcium carbonate in the microstructure finally results in the reduction of the 21 

porosity, pore sizes, and permeability. 22 

Keywords: Cement, Carbonation, Recycled Concrete Aggregates, Hardness, Shrinkage, 23 

Porosimetry, Permeability 24 
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1 Introduction 25 

Huge amounts of construction and demolition wastes are generated and need to be treated 26 

with accelerated industrialization and urbanization, especially among developing countries. 27 

These regions also suffer from the depletion of natural mineral resources and the shortages of 28 

waste disposal sites. Therefore, the reuse of construction waste is imperative for saving 29 

natural resources, protecting the environment, and achieving sustainable development in the 30 

construction industry [1]-[2]. 31 

In general, recycled aggregates (RA) derived from demolished concrete consist of 65–70% of 32 

natural aggregates and 30–35% of old cement paste by volume [3]. The relative residual 33 

cement paste content of RA strongly depend on the porosity of the initial cement paste but it 34 

is not significantly affected by the crushing process [4]. Compared to the typical natural 35 

aggregates (NA) used in concrete, the adhered cement mortar on the RA has a lower density, 36 

higher porosity and water absorption and lower abrasion resistance [5] [6] [7]. Besides, the 37 

RA also contains more microcracks caused by the crushing process [8], and more interfacial 38 

transition zones (ITZ) between old cement paste and natural aggregates [9]. The concrete 39 

strength thus decreases when the NA are totally or partially replaced by the RA [8] [10]. 40 

Therefore, the use of recycled aggregates in the construction industry is limited [11] to road 41 

pavement [12] and non-structural concrete [13]. 42 

To improve the properties of the RA, several techniques have been developed and can be 43 

classified into two categories: (1) removing the attached mortar [14], (2) improving the 44 

quality of attached paste[15]. In recent years, adopting accelerated carbonation technique to 45 

improve the quality of RA has already been suggested [15],[16] [17] to densify the old cement 46 

mortar attached to the RA [18] and to enhance the physical and mechanical properties of 47 

recycled aggregates. The principle of this treatment is that CO2 can react with the adhesive 48 
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paste on the RA, according to Equation 1 and Equation 2, to form calcium carbonate and 49 

silica gel. 50 

Ca(OH)2 (s)+ CO2 (g) → CaCO3 (s)+ H2O(l)  Equation 1 

CXSHZ (s)+ xCO2 (g)→xCaCO3 (s)+SiO2.tH2O (s)+(z−t)H2O (l) Equation 2 

The solid volume of the adhesive paste is higher bigger after carbonation [1], which results in 51 

a higher density and a lower absorption and porosity of RA. This increase in volume does not 52 

only depends on the nature of carbonated hydrate but also on the nature of the polymorphic 53 

calcium carbonate formed [19]. 54 

Carbonation of RA improves not only their own properties and that of RA concretes but also 55 

reduces the greenhouse effect caused by the emission of carbon dioxide [8]. Using CO2 to 56 

treat recycled aggregates actually results in CO2 storage in the adhesive paste. In practice, 57 

under atmospheric conditions, concrete carbonation occurs but it could take more than 100 58 

years to achieve a complete carbonation [20]. It is worth noting that cement industry is one of 59 

the main sources of greenhouse gases, in particular carbon dioxide emissions [21]. Cement 60 

production generates approximately 0.8 kg of CO2 per kg cement production, and this 61 

contributes to about 5–8 % of the global CO2 emissions [17]. The percentage of CO2 in 62 

cement plant fumes is approximately 15% (i.e. 370 times the percentage of CO2 in the 63 

atmosphere). It is therefore suitable to ensure accelerated carbonation of RA in an attempt to 64 

rapidly improve their properties (National French Project FastCarb [21]). 65 

Almost all previous studies have focused either on the physical and mechanical properties of 66 

carbonated RA themselves [15] [22], or on the mechanical performance and durability of 67 

concrete prepared with carbonated RA [5] [8]. A significant number of studies have also 68 

focused on developing new methods to increase the efficiency of carbon dioxide 69 

sequestration: Wang et al have shown that high temperature has a significant effect on the 70 
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carbonation process [23]. Pan et al found that pretreatment with calcium hydroxide improves 71 

the efficiency of carbonation [24]. Only few studies have evaluated the impact of accelerated 72 

carbonation on the evolution of microstructure and transport properties of RA themselves. 73 

The evolution of these properties is rather complex as it results from physico-chemical and 74 

mechanical phenomena occurring at different scales, from the local environment of atoms in 75 

C-S-H to macro-cracking, the competitive effects of pores clogging which is referred to by 76 

most authors to illustrate the effect of carbonation, and those of carbonation shrinkage and the 77 

induced cracking which are poorly studied in the literature. The present study will be 78 

therefore focused on these aspects and their correlation, which constitutes the originality of 79 

this paper. Finally, it is worth specifying that due to the high variability of RA and the limited 80 

number of tests that can be performed directly on them, the experimental program will be 81 

carried out not directly at recycled concrete aggregate scale but at mortar scale representing 82 

the mortar around the natural aggregate in the recycled aggregate. 83 

2 Materials and experimental program 84 

2.1 Materials and samples preparation 85 

Portland cement CEM I 52.5 from Villiers-au-Bouin, France was used in this study (Table 1). 86 

Its density was 3.13 g/cm3 and its specific surface area was 3,900 cm2/g. 87 

Oxide constituents (%) 

CaO SiO2 Al2O3 MgO Fe2O3 SO3 TiO2 K2O Na2O P2O3 

63.70 19.60 4.50 3.90 2.30 2.60 0.20 0.70 0.13 0.20 

Table 1 : Chemical composition of  the used cement. 88 

Natural siliceous sand (0-2 mm) with a specific gravity of 2.61 was used as aggregates. A 89 

purely siliceous sand was chosen for this study to be sure that observed calcium carbonate 90 
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only originates from the carbonation of the cement paste. Cement mortar was prepared with 91 

mixture proportions of cement: sand: water of 1: 2.6: 0.6. 92 

The water-to-cement (w/c) ratio of old concretes were relatively high before the extensive use 93 

of superplasticizers, also called high-range water reducing admixtures (HRWRA). Thus a w/c 94 

ratio of 0.6 was meant to be representative of old cement-based materials crushed as RA. 95 

Moreover, a high w/c ratio was expected to accelerate the diffusion of carbon dioxide and 96 

therefore the carbonation during the experimental study.  97 

In order to explain some of the observed phenomena, a number of additional tests must be 98 

carried out. These tests (indentation, XRD and TGA) should be performed on cement paste 99 

due to practical limitations caused by the presence of aggregates for these experiments and 100 

their analysis. As making a paste with a w/c = 0.6 causes significant segregation and bleeding, 101 

a w/c ratio of 0.4 was chosen to obtain homogeneous samples. 102 

Cylindrical paste samples were cast in plastic molds of Ø 20×50mm. Cylindrical mortar 103 

samples were cast in molds with three different sizes of Ø 20×160mm (plastic molds), Ø 104 

70×160mm (cardboard molds covered with plastic) and Ø 110×220mm (cardboard molds 105 

covered with plastic). Each specimen size was used to characterize the evolution of defined 106 

properties. All the samples were demolded after 24 h and then soaked in a tap water tank for 107 

180 days at 23 ± 1 °C. This significant curing time was meant to reach high hydration degree, 108 

so that the mortar would be more representative of old mortar attached to natural aggregates 109 

in recycled concrete aggregates. 110 

After the curing period, a preconditioning was carried out before carbonation tests. The 111 

samples were dried at 40°C for 10 days, and then stored for another 17 days in an air-112 

conditioned room (T=20°C, relative humidity RH=55%) to homogenize the internal humidity. 113 

The temperature of 40°C was chosen to dry the material without affecting the structure of 114 
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hydration products. The purpose of such preconditioning stage was to reach a hydric state of 115 

samples close to the equilibrium with the relative humidity of the environment chosen for the 116 

carbonation stage. 117 

Some research has been done on the natural carbonation shrinkage and this has been showed 118 

to cause the development of microcracks [25]. These microcracks were considered negligible 119 

in the case of natural carbonation [26]. In the case of accelerated carbonation, the shrinkage is 120 

faster and therefore the possibility of developing more microcracks exists. These micro cracks 121 

were actually detected on samples of paste after accelerated carbonation [27] and [28]. The 122 

comprehensive characterization of initially uncracked mortar samples allows highlighting the 123 

specific effects of accelerated carbonation and its consequences in terms of shrinkage, tensile 124 

stresses, and cracking. The mortar characterized in this study is aimed at representing the 125 

mortar around NA in the RA. 126 

2.2 Accelerated carbonation procedure (treatment) 127 

Before the carbonation tests, the cylindrical-shaped mortar samples were protected 128 

transversely on their bases with an adhesive tape for the medium (Ø 70×160mm) and large 129 

cylinders (Ø 110×220mm) and a layer of resin for the small cylinders (Ø 20×160mm). Then 130 

they were subjected to a two-dimensional diffusion of CO2 in a climatic chamber connected to 131 

a CO2 tank at 20°C, 65% relative humidity and 15% of CO2. This humidity value was chosen 132 

from the literature as it would correspond to the optimum humidity for carbonation at 20°C 133 

[26] [29]. The concentration of CO2 in the chamber was controlled by an automatic CO2 134 

regulator at 15%, which is the typical CO2 content of exhaust gases from cement 135 

manufacturing process. 136 
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2.3 Carbonated section proportion  137 

Each specimen size was dedicated to the characterization of specific properties. The mortar 138 

cylinders (Ø 20×160mm) were used to monitor the evolution of the composition through 139 

thermogravimetric analysis (TGA), the microstructure (SEM) during carbonation and both 140 

carbonation depth and drying shrinkage during carbonation. The mortar cylinders (Ø 141 

70×160mm) were dedicated to the monitoring of Young’s modulus during carbonation. 142 

Transport properties (gas permeability and porosity) during carbonation were measured on 143 

mortar cylinders (Ø 110×220mm). For all three sample sizes, the mass and the depth of 144 

carbonation were monitored during carbonation. The different steps through which tested 145 

specimens have gone from their mixing to carbonation test and the different characterization 146 

timelines are illustrated in Figure 1. As the carbonation of small cylinders is much faster than 147 

that of medium and large cylinders, different timelines have been set as shown in Figure 1 in 148 

order to monitor the evolution of each size during the carbonation. 149 

 150 

Figure 1 : Schematic drawing of experiment procedure 151 

In order to correlate all the results obtained on samples of different sizes and given that 152 

carbonation is bidirectional in the present study, the parameter chosen to represent the 153 

carbonation progression was the ratio between the carbonated cross-sectional area and the 154 

Moist curing 
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total cross-sectional area (Equation 3). The carbonated depth was determined using 155 

phenolphthalein (Figure 2). 156 

Carbonated section proportion (CSP) = 
𝜋∗(Ø2−(Ø−2∗𝑑)2)

𝜋∗Ø2
∗ 100 Equation 3 

d is the carbonated depth determined using phenolphthalein test. 157 

 158 

Figure 2 : Schematic drawing of CSP determination 159 

2.4 Thermogravimetric analysis (TGA) 160 

The thermal analysis was performed using a NETZSCH microbalance. A 2 cm thick sample 161 

was crushed and sieved. The resulting powder sample, with a mass around 120 mg, is 162 

collected in an alumina crucible and placed in the thermal balance. The tests were performed 163 

under a nitrogen stream in the temperature range from 20 to 1000°C with a heating rate of 164 

10°C per minute. Samples of paste and mortar were tested by TGA during their carbonation. 165 

The tests performed on the paste were used to correlate the TGA results with the 166 

microindentation and XRD results, while the tests performed on the mortar were used to 167 

correlate the TGA results with the results of transport properties, carbonation shrinkage and 168 

modulus of elasticity. Figure 3 shows an example of the TGA and derivative (DTG) curves 169 

obtained. 170 

 171 
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 172 

Figure 3 : Treatment type model of thermogravimetric analysis curves 173 

The graph also provides the different limit temperatures used for the identification of 174 

crystallized phases. The exact boundaries temperatures were determined using the derivative 175 

curves, basing on several guidelines [29] [30]. Many authors have identified the 176 

decomposition temperature ranges of the phases of cement-based materials [29] [30]. These 177 

temperatures are likely to vary as a function of measurement parameters (heating rate, number 178 

of measuring heads, type of sample holder) or the sample.(compactness, mass, carbonation 179 

rate) [31] [32] [33]. Therefore, in this study, the limit temperatures Ti are clearly defined by 180 

the edges of the characteristic peaks of the DTG curve [26] [33] [34] (Figure 3). 181 

The contents of portlandite CH, vaterite + aragonite, and calcite (percentage by mass in the 182 

sieved mortar) are calculated on the basis of Equation 4, Equation 5 and Equation 6 183 
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CH = (MCH/MH2O)∙(Mf1-Mf2) Equation 4 

Vaterite+aragonite = (MCaCO3/MCO2)∙(Mf3-Mf4) Equation 5 

Calcite = (MCaCO3/MCO2)∙(Mf4-Mf5) Equation 6 

Where Mfi is the mass fraction corresponding to the limit temperatures Ti determined using 185 

the DTG curve as mentined above (Figure 3). MCH, MH2O, MCO2 and MCaCO3 are respectively 186 

the molar mass of Ca(OH)2, H2O, CO2, and CaCO3 (MCH=73g/mol; MH2O=18g/mol; 187 

MCO2=44g /mol; MCaCO3=100 g/mol). 188 

2.5 Measurement of shrinkage 189 

2.5.1 Drying and carbonation shrinkage: 190 

The shrinkage of the mortar was measured on cylindrical samples with a diameter of 20 mm 191 

and a height of 160 mm. The samples were equipped with metal studs placed in the mold at 192 

each end before casting. These studs made it possible to place the cylinder in a vertical sensor 193 

to measure the longitudinal deformation with a precision of 0.02 mm. which allowed the 194 

cylinders to be placed in the vertical sensor with a precision of 0.02mm. The measurements 195 

longitudinal deformation were automatically measured recorded using the USB-ITPACK 196 

software. 197 

After the 180-day curing, the shrinkage was measured during preconditioning step (10 days at 198 

40°C and 17 days at 20°C, see section 2.1). Then shrinkage was measured during the 199 

carbonation stage in the carbonation chamber (T = 20 °C, % CO2 = 15% and RH = 65%) and 200 

the air-conditioned room (T = 20 °C, % CO2 = 0.04% and RH = 55%). Shrinkage 201 

measurements were recorded continuously for 3 months of carbonation. 202 
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2.6 Transport properties measurements 203 

2.6.1 Porosity accessible to water 204 

Total porosity (i.e. the volumetric proportion of voids) was determined under vacuum 205 

according to the French standard NF P18-459. The slices were placed in a desiccator under 206 

vacuum for 4 hours (± 30 min), then the desiccator was filled with water for 44 hours (± 30 207 

min). The slices were then dried at 105°C to constant weight. The following weights were 208 

recorded: 209 

• Wdry: dry weight of the sample, after oven-drying at 105°C. 210 

• Wsat: weight in air of saturated-dry surface sample. 211 

• Whydro: hydrostatic weight, weight in water of saturated sample. 212 

The total porosity is then obtained from the following Equation 7: 213 

Porosity (%) = 
𝑊𝑠𝑎𝑡−𝑊𝑑𝑟𝑦

𝑊𝑠𝑎𝑡−𝑊ℎ𝑦𝑑𝑟𝑜
*100 Equation 7 

The test was carried out at each characterization time on two samples (Ø=110mm; h = 3cm). 214 

The samples were sawn from two different cylinders. 215 

2.6.2 Mercury intrusion porosimetry 216 

Carbonation modifies the total porosity and the pore size distribution of cement-based 217 

materials. Pore sizes have a direct influence on transport properties such as permeability [35]. 218 

For that purpose, a standard porosimeter which allows the application of pressures up to 400 219 

MPa has been used. This corresponds to a minimum pore radius of 1.5nm. Assuming that 220 

pores are cylindrical, the radius r, penetrated by mercury at pressure P, can be calculated by 221 

the Washburn Equation 8: 222 
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r = 
2∗σ∗COS(θ)

P
   Equation 8 

with σ the surface tension of the mercury (σ = 0.475 N / m) and θ the contact angle between 223 

the solid surface and the mercury (θ = 141°). 224 

Mercury intrusion porosimetry was performed on small pieces of mortar (3 to 5 mm) dried in 225 

an air-conditioned room at 20°C and 50% RH for 24 hours before the test. Those latter were 226 

taken from the carbonated and non-carbonated zone for two different carbonated section 227 

proportion (CSP=15% and CSP= 55%). 228 

2.6.3 Gas permeability 229 

The test consists in applying a constant pressure gradient to a sample (Ø=110 mm; h=50 mm) 230 

and measuring the gas flow through the sample at equilibrium. 2 samples were tested at each 231 

stage. It is then possible to calculate the apparent permeability which depends on the applied 232 

overpressure. The test was carried out at overpressures of 1bar, 1.6 bar, 2 bar and 2.4 bar.  233 

The apparent and intrinsic permeabilities were measured after 7 days (K7) and 28 days (K28) 234 

of drying at 80°C and after a total drying at 105°C (Kdry). At each characterization time, 2 235 

samples were tested. Samples were sawn from two different cylinders of the same size. For 236 

each sample and each pressure the apparent permeability was calculated from Equation 9. 237 

Ka = 
Q1∗2∗μ∗L∗Patm

𝑆(P1
2−𝑃𝑎𝑡𝑚

2 )
  Equation 9 

Q1: volume flow at the inlet (m3/s) 238 

μ: dynamic viscosity of nitrogen (Pa.s) 239 

P1: injection pressure (Pa) 240 

Patm: atmospheric pressure (Pa) 241 

L: thickness of the sample (m)  242 



13 

 

S: section of the sample (m²). 243 

From the apparent permeability measurements the intrinsic Kv permeability can be deduced 244 

according to Klinkenberg’s approach (1941) (Equation 10). 245 

𝐾𝑎 =  𝐾𝑉 (1 +
β

𝑃𝑚
) Equation 10 

Pm: Mean pressure, equal to (P1 + Patm) / 2  246 

β: Klinkenberg’s coefficient. 247 

2.7 Mechanical properties 248 

2.7.1 Elastic modulus  249 

The static modulus of elasticity (E) of mortar was assessed on the cylindrical specimens 250 

(Ø=70 ×140mm) in accordance with the ASTM C 469-65 at different carbonation rates. The 251 

average of 3 values was considered at each characterization time. 252 

2.7.2 Microhardness 253 

In a microindentation test, a diamond indenter of specific geometry is impressed into the 254 

surface of the samples using a known applied load. The microindenter monitors and records 255 

the load and the displacement of the indenter and provides an indentation load–depth curve. 256 

The indentation load at the peak indentation depth can be used as a manifestation of the 257 

surface hardening of the samples. 258 

In this study, a Fischer digital microhardness tester (FISCHERSCOPE HM2000) was used to 259 

measure the microhardness at the surface of the paste sample at each characterization. The 260 

microindentation test was carried out on paste instead of mortar to avoid the effect of sand 261 

particles. The 20mm thick paste sample was first finely polished to meet the experimental 262 

requirements of the digital microhardness tester. 263 
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The indenter was initially at the center of the cylindrical sample (abscissa X=0mm) and then 264 

moved towards the edge of the sample (abscissa X=10mm). On this 10mm linear path, 102 265 

indentations were performed. At each indentation a force of 300 N was imposed for 10s and 266 

the value of the depth reached by the indenter was used to characterize the hardness of the 267 

sample at this point. 268 

2.8 X-Ray diffraction 269 

XRD analyses were carried out on a Malvern Panalytical Aeris instrument. It combines two 270 

technologies from Aeris and Zetium and provides full material characterization by adding 271 

information about elemental composition determined by Zetium to the phase identification 272 

from Aeris. 273 

Scanning program consisted in rotating between 7 and 70°2θ  with a step size of 0.01°2θ and 274 

a time per step of 480.165 ms.  275 

XRD analysis was performed on paste instead of mortar to avoid the effect of sand particles, 276 

as many peaks associated to quartz sand would have appeared in results. The measurements 277 

were carried out on three samples at different stages of carbonation: before carbonation, after 278 

3 days of carbonation and after 6 days of carbonation. 279 

2.9 Microstructural observation 280 

The morphologies of the representative mortar before and during accelerated carbonation 281 

were observed via a scanning electron microscopy with energy dispersive X-ray spectroscopy 282 

(SEM-EDX). 283 

For each observation, a 2cm thick sample was put in the resin for 48 hours. Then the surface 284 

of the sample was polished and covered with a gold layer before SEM observations in order to 285 
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obtain clear images and to facilitate the identification of the different components present and 286 

formed during carbonation. 287 

3 Results and discussion 288 

3.1 Microstructure and properties of formed phases 289 

3.1.1 Thermogravimetric analysis  290 

Figure 4 shows the results of analyses performed on samples of mortar at different 291 

carbonation times in terms of carbonated section proportion (CSP). For uncarbonated samples 292 

(CSP=0%), two negative peaks can be distinguished after 200°C. These are related to the 293 

decomposition of portlandite CH (around 450-550◦C [36]) and calcium carbonate (around 294 

550-950°C [37]). CaCO3 Calcite was present, in a small amount, in raw samples, because of 295 

the usual reaction of cement pastes with atmospheric CO2 prior to the carbonation treatment. 296 

 297 

Figure 4 : Thermogravimetric analysis curves (DTG) of carbonated mortar at different 298 

carbonation ages. 299 
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 300 

Figure 5 : Carbonation of mortar: Evolution of the mass distribution of the four components (calcite, 301 

portlandite, vaterite, and aragonite) with respect to the total mass = mass of calcite + mass of portlandite + mass of 302 

aragonite + mass of vaterite 303 

As the carbonation progressed (CSP increase), it is noteworthy that the portlandite peak 304 

rapidly decreased so that it completely and completely disappeared after 8 days of carbonation 305 

(CSP=90.4%) while the peak of calcium carbonate calcite significantly increased at the same 306 

time. Precipitated calcite particles can be detected by SEM after 1 day of carbonation (Figure 307 

6-b). After the first 8 days the amount of calcite (Figure 5) remained almost constant as the 308 

carbonation progressed while two new peaks corresponding to the other two polymorphs of 309 

calcium carbonate: vaterite and aragonite developed (Figure 4) [29].[34] The more the 310 

carbonation advanced, the larger these peaks and the wider the mass loss temperature range 311 

became.  312 

The type of calcium carbonate polymorph formed depends on the type of hydrates affected by 313 

carbonation and consequently on the pH of the pore solution. The carbonation of portlandite 314 

initially dominates. As long as Portlandite has is not fully completly dissolved, it maintains a 315 

basic pH of the interstitial solution around 12.5 due to its important buffering effect [26]. At 316 
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this stage of carbonation, calcite – the stable polymorph of calcium carbonate – is the 317 

dominant polymorph formed during carbonation [38] [39] as seen in Figure 4 and Figure 5. Its 318 

decarbonation took place between 720 and 960°C [36]. As carbonation progresses, portlandite 319 

is depleted and the remaining particles are covered by calcite crystals. As a result, its 320 

carbonation becomes very slow compared to other hydrates, especially C-S-H [23]. However, 321 

since C-S-H have no buffering effect, their carbonation induces a decrease in the pH of pore 322 

solution to lower than 9 [40]. The formation of other polymorphs (vaterite, aragonite) 323 

becomes therefore predominant [41] as seen in Figure 5 after almost 8 days of carbonation. 324 

These two polymorphs decompose between 550 and 720°C (Figure 4) which suggests a 325 

poorly-crystalline [36] and less stable [42] phase. 326 

The formation of vaterite is more pronounced than aragonite during the carbonation of CSH 327 

[38]. This is confirmed by TGA results and SEM observations. Figure 6 after 16 and 60 days 328 

of carbonation shows the significant precipitation of vaterite. In fact, vaterite has no distinct 329 

morphology, in agreement with the literature data [43] [44]; its formation occurs as sub-μm-330 

sized spherical particles as seen in Figure 6-c. The detection of aragonite which have needle-331 

shaped crystal morphology [43] [44] was difficult on all the images obtained. Concerning 332 

TGA results the aragonite peak was observed after 109 days of carbonation (figure 4) 333 

(between 500 and 600°C). 334 

 335 
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a) Before carbonation (CSP=0%) 

 
b) 1 day carbonation (CSP=20%) 

 
c) 16 days carbonation (CSP=100%) 

 
d) 60 days carbonation (CSP=100%) 

Figure 6 : SEM images after different carbonation ages. 336 

The last observation concerns the temperature limits. It was not possible to establish a precise 337 

temperature, which limits the temperature range of the portlandite decomposition and calcium 338 

carbonate precipitation [33]. It is noteworthy to mention that these temperatures are not fixed 339 

for each component, especially for calcium carbonate and, moreover, the corresponding peak 340 

is shifted as the carbonation proceeds. This aspect, illustrated in Figure 4 for calcite, aragonite 341 

and vaterite peaks, can be explained by the particle size of the calcium carbonate that is 342 

influenced by the thermal dissociation of calcium carbonate [33]. As carbonation advances, 343 

the particles of calcium carbonate become denser and therefore their dissociation temperature 344 

increases [33]. 345 
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3.1.2 Microhardness 346 

The micro indentation test was carried out on paste as already indicated to avoid the effect of 347 

sand particles. Figure 7 shows the change in hardness as a function of the distance from the 348 

center of the polished cylinder after three carbonation times: before carbonation, after 3 days 349 

and 6 days of accelerated carbonation. In order to understand its evolution, DRX (Figure 8) 350 

and TGA (Figure 9) tests were carried out on paste at the same time of carbonation as of 351 

microindentation. The dotted lines on the curves represent the boundary between the 352 

carbonated area and the non-carbonated area detected by the phenolphthalein indicator on 353 

paste specimens. 354 

 355 

Figure 7 : Evolution of the microhardness of the cement paste during carbonation 356 

The first curve corresponds to the hardness before carbonation of a sample along the radius 357 

(from center: X = 0 mm to edge: X = 10 mm). The value of hardness is constant with a very 358 

small reduction at the edge due to an edge effect. The second curve obtained after 3 days of 359 

carbonation shows a gradual increase from the center to the edge. The hardness of the 360 

carbonated zone detected by phenolphthalein (dotted line on the graph X = 7.4mm) has 361 

undergone the greatest increase. It is noteworthy that the zone where hardness significantly 362 
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increased was larger than the zone with low pH as indicated detected by phenolphthalein. The 363 

third curve obtained after 6 days of carbonation reveals a strong increase in the hardness at the 364 

edge. At the center, hardness did not significantly increase from 3 days to 6 days. The fact 365 

that the carbonated zone detected by phenolphthalein (dotted line on the graph X = 4.7mm) 366 

undergoes the greatest increase is in agreement with the curve obtained after 3 days of 367 

carbonation. It has been observed that the measured microhardness of the cement pastes in the 368 

carbonated zone, was higher than that of the non-carbonated [45]. As the carbonation 369 

progresses, the evolution of the composition of the paste (Figure 8 and Figure 9) and 370 

consequently the physicochemical properties of the cementitious material causes a 371 

modification at the level of the microstructure of cement paste [46] [47] [48] [49]. These 372 

microstructural changes help to discuss the evolutions of mortar properties that were 373 

monitored in this study such as the transport properties [46] [47] and mechanical properties 374 

[46]. The improvement of mechanical properties in carbonated area could be expected [46] 375 

and this is consistent with the significant calcium carbonate formation after 3 and 6 days of 376 

carbonation shown in Figure 9. Such precipitation, concentrated at the edge of the paste 377 

sample [26] [29], is responsible for the clogging of the pores and the healing of the cracks that 378 

increase the hardness of the concerned area.  379 

Figure 8 also shows that calcium carbonate precipitates into different polymorphs. However, 380 

the precipitation of these polymorphs is not simultaneous. After 3 days, calcium carbonate is 381 

mainly formed as calcite (2Ɵ = 29.4 and 39.4 [37]) whereas after 6 days vaterite and aragonite 382 

are also present. These results are in consistent with the results of DTG analysis in Figure 9, 383 

the two peaks which appear after 6 days of carbonation between 550°C and 720°C correspond 384 

to the precipitation of the poorly crystallized CaCO3 as vaterite and aragonite from the 385 

carbonation of C-S-H [37].  386 
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 387 

Figure 8 : XRD of paste during carbonation 388 

 389 

Figure 9 : DTG of paste during carbonation 390 

It is worth noting that polymorphs of calcium carbonate have different hardness and elastic 391 

modulus [43]. Vaterite has the highest hardness and elastic modulus (elastic modulus E found 392 

to be in the ranges of 16 to 61 GPa), then calcite (E found to be in the ranges of 6 to 41GPa) 393 

and finally aragonite (E found to be in the ranges of 2 to 34 GPa) [43]. The effect of this 394 

difference in hardness and elastic modulus between the polymorphs appears on the curve 395 
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obtained after 6 days of carbonation in Figure 7. The significant increase in the hardness of 396 

the carbonated zone after 6 days of carbonation can be explained by the formation of vaterite 397 

detected by TGA, which exhibits higher value of hardness compared to the calcite formed 398 

after 3 days of carbonation. 399 

Negative effects of the increase in hardness can also be pointed out. The carbonated zone 400 

actually becomes more vulnerable to stress-inducing phenomena such as drying and more 401 

brittle and thus more sensitive to the propagation of cracks [28] [50]. On the other hand, the 402 

existence of two separated zones having different elastic modulus in a not fully carbonated 403 

surface, can also induce the development of tensile stresses between the surface and the core 404 

of the sample. Consequently, cracks or microcracks may be generated. The development of 405 

tensile stresses is not constant during the carbonation. Due to structural effect, it initially has 406 

low values before increasing until reaching a peak and decreasing after stress relaxation due 407 

to cracking and finally due to a complete carbonation of the specimen. 408 

3.2 Macroscopic properties and time-dependent behaviour 409 

3.2.1 Mass gain and carbonation rate 410 

Figure 10 shows the evolution of the mass of the three sample sizes during carbonation. The 411 

mass increase is calculated from Equation 11. 412 

Mass increase (t) =  
𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑡 −  𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 

𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 
 Equation 11 

The increase in mass observed was very pronounced at the initial stage of carbonation than it 413 

became slower. The stabilization period depends on the size of the samples. This stabilization 414 

was faster when the sample size was smaller. It began after 8 days for small cylinders 415 

(Ø=20mm; h=160mm), 60 days for medium-sized cylinders (Ø=70mm; h=160mm), while for 416 

large cylinders (Ø=110mm h=220mm) the mass was still increasing after 110 days. 417 
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 418 

Figure 10 : Mass gain during carbonation as a function of carbonation time 419 

To relate the results of tests carried out on samples of different sizes, the carbonated section 420 

proportion was defined (see section 2.3). Figure 11 shows the evolution of the mass of 421 

samples of different sizes as a function of the carbonated section proportion.  422 

 423 

Figure 11 : Mass gain as a function of the carbonated section proportion 424 

With respect to this parameter, the mass increase curves of the samples of different sizes are 425 

very close and follow the same linear increase (Figure 11). This validates the possibility of 426 
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using the carbonated section proportion defined in previous section as an indicator of the 427 

progress of physico-chemical transformation to be correlated to the evolution of other 428 

properties regardless of the size of the sample. 429 

3.2.2 Shrinkage of mortar during carbonation 430 

Figure 12 displays both drying and carbonation shrinkage that occur during the 431 

preconditioning step and carbonation tests respectively. 432 

 433 

Figure 12 : Shrinkage of mortar during preconditionning and carbonation 434 

The shrinkage during the first 27 days corresponds to the drying shrinkage associated to the 435 

preconditioning. After preconditioning, the bottom curve corresponds to the shrinkage of the 436 

sample placed in the air-conditioned room and undergoing natural carbonation while the top 437 

curve corresponds to the shrinkage of a sample undergoing accelerated carbonation in the 438 

carbonation chamber. In the air-conditioned room, a stabilization of shrinkage was observed 439 

at this time scale while it significantly increased in the carbonation chamber. The difference 440 

between the shrinkage curves after 27 days can thus be attributed to the accelerated 441 

carbonation shrinkage. 442 
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 443 

Figure 13 : Carbonation shrinkage vs carbonated section proportion 444 

The shrinkage curve showed the same evolution as the carbonated section proportion curve 445 

(dotted curve Figure 12). Figure 13 shows the evolution of the carbonation shrinkage as a 446 

function of carbonated section proportion. Shrinkage slightly increased at the first day of 447 

carbonation when CSP increased from 0 to 20%; a more significant increase of shrinkage was 448 

observed for the next few days when CSP increased from 20 to 90%. Then the shrinkage 449 

begins to stabilize. As reported in the literature, carbonation shrinkage results from the 450 

decalcification and polymerization of C-S-H followed by the formation of amorphous silica 451 

gel [26] [29] [51]. The decalcification and polymerization of CSH cause a tension in the 452 

carbonated zone. This leads to a differential shrinkage between the surface and the core of the 453 

concrete (carbonation shrinkage). These results were recently confirmed in the work of 454 

Kangni-Foli [52], that showed on model paste using NMR results, TGA results and 455 

carbonation shrinkage measurements that shrinkage increases with the decalcification level of 456 

C-S-H. This unambiguously confirms that the shrinkage generated by carbonation is due to 457 

decalcification of C-S-H and polymerization of silica chains [52]. Such mechanisms may 458 

explain the slight increase in shrinkage at the first day of carbonation given that portlandite 459 
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carbonation is dominant compared to that of C-S-H [51]. This large amount of portlandite 460 

present at the start of carbonation plays a protective role, it protects C-S-H from carbonation 461 

and therefore provides some kind of mechanical protection (decreases carbonation shrinkage) 462 

[38]. While the amount of portlandite sharply decreases (Figure 4 and Figure 5) after the first 463 

day of carbonation, the carbonation of CSH becomes predominant and results in a significant 464 

carbonation shrinkage. After 8 days of carbonation (CR = 90.4%), most of hydration products 465 

(especially portlandite and C-S-H) have been carbonated so that the shrinkage begins to 466 

stabilize. 467 

It is worth specifying that the shrinkage caused by carbonation (approximatively 1000 µm/m) 468 

was significant and reached a value almost equal to drying shrinkage. Such differential 469 

shrinkage can cause the development of micro cracks in the carbonated zone as seen in Figure 470 

6-b [26] [28] [53]. 471 

3.2.3 Elastic Modulus  472 

The effects of carbonation on the elastic modulus of mortar are shown in Figure 14. The 473 

enhancement in elastic modulus with the increase in CSP as observed in Figure 14 [19] [46] 474 

[54] leads to a stiffer cement mortar [46]. During accelerated carbonation tests, the hydrated 475 

cement matrix is densified and the pore structure is refined due to the precipitation of the 476 

formed calcium carbonates [18] [55]. It is also well known that calcium carbonate is an 477 

excellent binder [56] providing most of the mechanical resistance of lime mortars [19].  478 
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 479 

Figure 14 : Elastic modulus of mortar during carbonation 480 

The increase in elastic modulus was not proportional to the carbonation rates [46]. For CSP 481 

varying from 0 to 40%, a slight increase of 0.53% was observed. The precipitation of calcium 482 

carbonate results in an increase in the volume of the solid phase. At this stage, two zones of 483 

different elastic modulus can be present in addition to the transition zone between them. This 484 

profile of elastic modulus associated to stresses due to carbonation shrinkage was likely to 485 

cause the development of tensile stresses in the external part of the sample. The carbonation 486 

actually makes the carbonated zone more prone to cracking [28] [53]. During this first step of 487 

carbonation contradictory mechanisms can develop in the cement paste: clogging of the pores 488 

and cracking. The tests results suggest that the effects of both mechanisms nearly 489 

compensated during this stage: positive effect of calcium carbonate formation as observed in 490 

Figure 7, and the negative effect of the microcracks, which could explain the limited increase 491 

in the modulus of elasticity during the first part of carbonation. 492 

For CSP varying from 40% to 93%, the increase became higher and the elastic modulus 493 

reached a value of 27.5 GPa. During the last stage of carbonation in terms of CSP (from 93 to 494 

100%), the elastic modulus reached a value of 35.8 GPa. At this stage the possible cracks 495 
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have already developed. At the same time the clogging effect continues, but its rate can be 496 

lower for several reasons: the drop in the amounts of carbonatable hydrates, the formation of 497 

calcite crystals around the portlandite particles making it difficult to reach it [29] and the 498 

decrease in the CO2 diffusion coefficient after clogging of pores [26]. In this case the clogging 499 

not only reduces the volume of the pores but at the same time ensures the healing of 500 

microcracks already present or developed during carbonation [57] [58]. In addition, 501 

carbonation shrinkage of the inner part of specimens can cause the closure of cracks 502 

developed in the outer area. Thus, at this stage, the clogging dominate the cracking effect, 503 

moreover the vaterite formed from C-S-H has higher modulus than calcite, which could also 504 

explain the significant increase in the elastic modulus of the material at this stage. 505 

3.3 Transport properties 506 

3.3.1 Porosity and pore sizes 507 

Figure 15 shows a decrease in connected open porosity as carbonation progresses. It goes 508 

from 23.6% to 19.3% when the CSP increases from 0 to 60%. Such results are expected and 509 

they are in agreement with those reported in literature [26] [46] [56] [59] [46]. During 510 

carbonation the formation of calcium carbonate causes the clogging of pores and the reduction 511 

in total porosity [19] [26] [46]. [25] [60]. This increase in volume depends on the nature of the 512 

polymorphic calcium carbonate formed. Houst [19] mentioned that during the carbonation of 513 

portlandite if the calcium carbonate precipitates in the form of calcite, an increase of 12% in 514 

volume is expected while it is around 19% in the case of formation of vaterite and around 3% 515 

in the case of formation of aragonite. 516 
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 517 

Figure 15 : Evolution of the porosity of the mortar during carbonation 518 

More than simply reducing the total porosity, carbonation modifies the pore size distribution. 519 

Figure 16 shows the evolution of the pore distribution during carbonation. Three carbonation 520 

times were chosen to be characterized: the distribution of pores before carbonation (CSP = 521 

0%), after 27 days of carbonation (CSP = 30%) and after 100 days of carbonation (CSP = 522 

67%). In these last two cases (CSP = 30% and CSP = 67%) the sample was taken from the 523 

carbonated zone. 524 
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 525 

Figure 16 : Impact of carbonation on the pore size distribution 526 

The results obtained by mercury porosimetry reveal a decrease in the volume of the 527 

mesopores with an access diameter D <50 nm. This decrease can be attributed to the 528 

formation of calcium carbonate in the pores during carbonation. The formation of a 529 

macroporosity (50 nm < D< 550 nm and D > 22000 nm) can be also distinguished. This 530 

increase in the macroporosity could be explained by two phenomena:  531 

- The formation of microcracks in the carbonated zone which becomes more brittle and 532 

subjected to stress development during carbonation (section 3.1.2). These microcracks 533 

result from the carbonation shrinkage and the tensile stresses developed between the 534 

carbonated and non-carbonated zone [19] [29]. 535 

- The structure of the silica gel resulting from the carbonation of the C-S-H. The 536 

porosity of silica gel being around 100 nm could therefore be at the origin of 537 

macroporosity formation identified [29] [61]. 538 

This macroporosity was higher in the sample carbonated for 27 days (CSP = 30%) than in the 539 

sample carbonated for 100 days. During the first stages of carbonation, several phenomena 540 

contribute to the significant formation of macropores. Then, after the progress of carbonation, 541 
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the precipitation of calcium carbonate begins to dominate and leads to the healing of cracks. 542 

In addition, carbonation shrinkage of the inner area of the cross section can cause the closure 543 

of cracks developed in the exterior area and hence the closing of the macropores. 544 

3.3.2 Gas permeability 545 

Figure 17 presents the evolution of the gas permeability during carbonation. Three values of 546 

intrinsic permeability were determined for each CSP considered: permeability after 7 days of 547 

drying at 80°C (K7), permeability after 28 days of drying at 80°C (K28) and permeability 548 

after a total drying at 105°C (Kdry). 549 

 550 

Figure 17 : Evolution of permeability during carbonation 551 

The evolution of permeability with CSP is mostly similar for the three curves considered in 552 

this study with a slight shift of the maximum towards lower CSP with specimens drying. An 553 

increase in the gas permeability could be observed at the initial stage of carbonation although 554 

the total porosity continuously decreased (Figure 15). Such increase has also been observed 555 

by Pham et al in 2013 [46] and Thiery in 2005 [26]. The carbonation shrinkage, the tensile 556 

stresses and the increase in hardness makes the carbonated zone more prone to cracking [28] 557 

[53]. These cracks and microcracks could contribute to the development of macropores as 558 
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pointed out by mercury intrusion porosimetry, and together they explain the increase in gas 559 

permeability obtained in this first stage of carbonation [26] [46].  560 

Then, as the carbonation progressed, the permeability decreased. This change observed in the 561 

evolution of permeability (increases then decreases) is original. The observed decrease in 562 

permeability shows the dominant effect of pore-clogging and decrease in porosity. This step 563 

began when a significant part of the surface was carbonated. At this stage the carbonation 564 

shrinkage has started to stabilize and the gradients of properties across the different zones 565 

attenuates leading to the reduction of the tensile stresses. At the same time the clogging of the 566 

pores and the closure of microcracks continue . In this case the clogging not only reduces the 567 

volume of the pores but at the same time ensures ensuring the healing of microcracks already 568 

present or developed during carbonation. In addition, carbonation shrinkage of the inner zone 569 

of the cross section causes the closure of cracks developed in the outer zone and thus the 570 

closing of the macropores as observed after 100 days of carbonation in previous section. This 571 

induces and consequently induce a decrease in the permeability of the material. Figure 18 572 

summarizes the different mechanisms that take place during the two identified stages of 573 

carbonation. 574 

 575 

Figure 18 : Schematic drawing of the different stages of carbonation 576 
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4 Conclusion 577 

The adhesive old mortar on recycled concrete aggregates seriously affects their properties and 578 

therefore the behavior of recycled aggregate concrete. Revealing the variation in the 579 

microstructure and transport properties of cement mortars subjected to an accelerated 580 

carbonation treatment through a multiscale investigation allows understanding the effects of 581 

carbonation on recycled aggregates made with cement-based materials and consequently on 582 

the behavior and durability of resulting concrete. From the experimental results and 583 

discussion above, the following conclusions can be drawn: 584 

• During the first stage, the carbonation of portlandite dominates leading, in a basic 585 

medium, to the precipitation of calcite which is the stable polymorph of calcium 586 

carbonate. As the carbonation progresses the portlandite is depleted, and therefore the 587 

pH of the concrete decreases, the carbonation of C-S-H begins to prevail leading to the 588 

precipitation of unstable polymorphs of CaCO3 (aragonite and vaterite). such as 589 

vaterite.  590 

• The variations of porosity and evolution of mechanical properties during carbonation 591 

depends on the nature of the precipitated polymorph of calcium carbonate. The 592 

formation of vaterite during the last stage of carbonation results in a significant 593 

increase of elastic modulus both at local and macroscopic scales. 594 

• The carbonation shrinkage developed during accelerated carbonation is significant. 595 

Carbonation shrinkage and tensile stresses developed during accelerated carbonation 596 

are likely to cause significant damage and cracking, as evidenced by permeability 597 

data. 598 

• Two main stages are present at the material scale. During the first phase, contradictory 599 

mechanisms develop in the cement paste: clogging of the pores and cracking. The 600 

experimental data show that the effects of these two mechanisms nearly compensate in 601 
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terms of macroscopic elastic modulus but they induce an increase in permeability at 602 

the start of carbonation. 603 

• The second stage begins when most of the surface is carbonated. At this stage, pore 604 

clogging and microcracks closing dominates cracking. This explains the improvement 605 

observed in the elastic modulus and the continuous reduction in the total porosity 606 

accessible to water and permeability of the material. 607 
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