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Abstract 15 

This study investigated the healing efficiency and phase formations in pre-cracked 16 

reactive magnesia-based binders under CO2/water conditioning. Pre-loaded 17 

samples with various crack widths were subjected to a healing regime involving 18 

10% CO2 and water for 10 cycles. The recovery of samples was assessed by 19 

resonance frequency measurements and optical microscopy observations. A 20 

relationship between crack width and type of healing phases was established via 21 

microstructural analysis and carbonation depth measurements. All samples 22 

achieved a complete stiffness recovery after a few healing cycles. The healed 23 

cracks revealed a higher stiffness than the surrounding matrix under reloading. 24 

The recovery of sample stiffness was associated with the densification of sample 25 

microstructure via the formation of hydrated magnesium carbonates (HMCs). 26 

Depending on the crack width and depth, two different types of HMCs 27 

(nesquehonite and hydromagnesite) were observed within the healed cracks, 28 

whose formation was influenced by pH, determined by the diffusion of CO2. 29 
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1. Introduction 32 

 33 

Crack formation, which can occur at any stage during the life of a concrete 34 

structure, can be caused by several external factors such as excessive loading 35 

and shrinkage, resulting in detrimental effects on the performance and durability 36 

of concrete structures [1, 2]. Traditional rehabilitation requires regular inspection 37 

and maintenance, which is both labor and cost intensive. To alleviate these issues, 38 

autogenous healing has been proposed for crack repair in concrete structures, 39 

enabling the recovery of concrete performance without any human interference [1-40 

4]. Previous studies [5, 6] reported that the introduction of water conditioning 41 

enabled the healing of cracks in cementitious materials, where the complete 42 

healing of some cracks was shown. The widespread distribution of healing 43 

compounds, including unhydrated cement particles, play a major role during the 44 

autogenous healing of concrete. Present within the crack openings, these 45 

compounds react with the water and CO2 that penetrate from the natural 46 

environment, leading to the subsequent formation of healing products that enable 47 

crack closure [7]. 48 

 49 

Engineered Cementitious Composites (ECC) is a class of high performance fiber-50 

reinforced cementitious composites involving the use of a low dosage of synthetic 51 

fibers (e.g. ≤ 2 vol.% polyvinyl alcohol fibers [8]) that is widely used to investigate 52 

the self-healing behavior of concrete [9]. The crack opening of ECC can be 53 

controlled at as low as 20 μm due to fiber bridging [10-12], demonstrating a good 54 

self-healing potential under various environmental conditions. This is because 55 

crack width greatly influences the self-healing performance of concrete, in which 56 

narrower cracks heal more easily [1, 9]. 57 

 58 

Considering that the production of Portland cement (PC) is responsible for ~5-7% 59 

of anthropogenic CO2 emissions [13-15], there is a rising interest in the 60 

development of concrete with reduced environmental impacts [16-18]. As a part of 61 

the search for alternative materials with lower CO2 emissions, reactive magnesia 62 



cement (RMC) is being investigated due to its ability to gain strength via 63 

carbonation and the lower temperatures (700-1000 °C) used during its production 64 

in comparison with PC [19-21]. In addition to RMC systems, other magnesia-based 65 

formulations that have been investigated and used in a number of construction 66 

applications include magnesium oxychloride cements [22-24], magnesium 67 

phosphate cements [25-31] and magnesium oxysulfate cements [32, 33]. 68 

 69 

The introduction of carbonation in the curing of RMC blends, which has been 70 

widely studied [34-36], results in the formation of hydrated magnesium carbonates 71 

(HMCs) via two major processes: (i) hydration of reactive MgO to form brucite 72 

(Mg(OH)2) and (ii) reaction of brucite with CO2 to form a series of HMCs. Some of 73 

the major HMCs that have been identified within RMC-based mixes include 74 

nesquehonite (Mg(HCO3)(OH)·2(H2O)) and hydromagnesite 75 

(Mg5(CO3)4(OH)2·4(H2O)). These HMCs have different morphologies, i.e. 76 

hydromagnesite is identified via its rosette-like crystals [37, 38], whereas 77 

nesquehonite has a needle-like morphology [39]. 78 

 79 

The feasibility of using RMC in ECC mixes was investigated in a previous study 80 

[40], where an ultimate tensile strength and ductility of up to 3.7 MPa and 3.3% 81 

were achieved, respectively. These values were comparable with normal PC-82 

based ECC. The evaluation of the environmental factors via the use of material 83 

sustainability indicators also indicated that RMC-based ECC mixes could lead to a 84 

reduction in the net CO2 emissions of conventional ECC and concrete by 65% and 85 

45% after 1 day of carbonation (i.e. under a CO2 concentration of 99% and a 86 

relative humidity of ˃ 90% at room temperature), respectively [41]. Furthermore, 87 

the low solubility of RMC leads to the presence of unreacted MgO particles within 88 

the matrix [42-46], which is a desirable property for autogenous healing in 89 

cementitious materials that requires the availability of reactive phases for the 90 

healing of cracks [47]. Accordingly, the crack healing of RMC-based mixes 91 

subjected to various healing regimes was investigated in recent studies [48-50], 92 



where the formation of a large quantity of carbonate crystals enabled the complete 93 

closure of cracks in RMC-based strain-hardening composites (SHC). 94 

 95 

A number of investigations [5, 9] reported the importance of crack width in 96 

influencing the self-healing capability of PC-based concrete. Yang et al. [5] 97 

indicated that when crack width was larger than 150 μm, the resonance frequency, 98 

which is used as a non-destructive indicator for the stiffness and crack healing 99 

recovery of concrete structures, was greatly reduced and could not be regained 100 

even under water curing. These outcomes revealed the difficulty of repairing large 101 

crack openings in ECC samples. Similarly, within ECC samples containing slag, 102 

cracks of up to 100 μm could be completely sealed after a period of 60 days when 103 

subjected to water-air regime [51]. Another study [9] indicated that the inclusion of 104 

up to 30% slag led to the complete healing of cracks with an opening of 80-90 μm. 105 

Regarding the healing products, a number of studies [1, 52] indicated that the 106 

formation of calcium carbonate via the reaction between atmospheric CO2 and Ca-107 

bearing phases enabled the closure of cracks in PC-based samples. In slag-rich 108 

samples, a mixture of CaCO3 and C-S-H was identified as the major healing 109 

product [9]. 110 

 111 

Although the influence of crack width on the self-healing efficiency of PC-based 112 

mixes has been thoroughly investigated, previous studies [48, 53] indicated that a 113 

different scenario was seen in RMC-based systems due to the presence of 114 

different healing products (i.e. hydrated magnesium carbonates) with varying 115 

morphologies. These variations affected the final performance of the samples, in 116 

which the relationship between the tensile strength (strain) recovery and crack 117 

width was not consistent. In this respect, the pH and the carbon content in the local 118 

environment within the cracks may influence the types of healing phases that form. 119 

Accordingly, the formation of different phases with varying properties and 120 

morphologies were thought to play an important role in the self-healing efficiency 121 

of RMC-based binders. Considering that magnesia has been widely used as an 122 

expansive agent in cementitious materials due to its delayed hydration, which 123 



compensates for the thermal shrinkage of concrete structures (e.g. dams) [54], if 124 

the role of crack width on the self-healing efficiency of RMC-based binders was 125 

fully understood, it could provide some guidance in terms of crack control actions 126 

and measures in concrete structures containing magnesia. 127 

 128 

Building on the existing knowledge on the self-healing mechanism of RMC-based 129 

SHC [53, 55], this study focused on the crack healing efficiency and phase 130 

formations within different cracks observed in RMC-based SHC. As the CO2 131 

concentration in ambient air is low (i.e. ~0.04%), in order to be able to obtain results 132 

within a reasonable time frame for a scientific study, the CO2 concentration used 133 

in this study was elevated to simulate the self-healing of RMC-based samples, 134 

albeit at an accelerated rate. Previous studies [34, 56] have shown that RMC-135 

based mixes can also carbonate under ambient conditions, therefore resulting in 136 

a similar finding in a longer duration. Therefore, to prepare the samples for self-137 

healing, they were initially pre-loaded to create a number of single crack widths, 138 

followed by subjecting to 10% CO2 and water conditioning for 10 cycles (i.e. a total 139 

of 20 days), based on previous studies [48, 53]. The healing efficiency of the 140 

initially marked cracks was evaluated via resonance frequency measurement and 141 

optical microscope observation. After the assessment of healing efficiency, the 142 

healed samples were re-loaded to analyze subsequent performance and crack 143 

formation. Differing from existing studies, this paper is the first in the literature to 144 

explore the relationship between crack width and types and properties of healing 145 

products that form within each crack. This was facilitated through a systematic and 146 

comprehensive investigation of several cracks, whose widths were manually 147 

adjusted via the clamping of two polished pieces of RMC-based samples. 148 

Scanning electron microscopy (SEM), energy-dispersive x-ray (EDX) 149 

spectroscopy and carbonation depth measurements were used to analyze the 150 

types and properties of healing products in different crack widths. 151 

 152 

 153 

2. Materials and Methodology 154 



 155 

2.1. Materials and sample preparation 156 

 157 

The main binder used in the prepared samples, RMC, was obtained from 158 

International Scientific Ltd. (Singapore). Class F fly ash (FA), supplied by Bisley 159 

Asia Ltd. (Malaysia), was used to adjust the rheology of the prepared mixes for 160 

desirable fiber dispersion, in line with the findings of previous studies [40]. The 161 

chemical composition and particle size distribution of RMC (SSA: 16.3 g/m2) and 162 

FA are shown in Table 1 and Fig. 1, respectively. The median particle size (d50) of 163 

RMC and FA was recorded as 13.7 µm and 2.5 μm, respectively. Polyvinyl alcohol 164 

(PVA) fibers were obtained from Kuraray Ltd. (Japan). The morphology of PVA 165 

fibers is shown in Fig. 2, whereas their physical properties are listed in Table 2. 166 

Sodium hexametaphosphate (Na(PO3)6), supplied by VWR International Ltd. 167 

(Singapore), was used as a water reducer in the prepared mixes [40]. 168 

 169 

Table 3 shows the mix design proportions of RMC-based SHC samples prepared 170 

in this study. A relatively low fiber dosage (i.e. 0.5% by volume) was included to 171 

prevent multiple cracking and to allow the formation of a single crack upon pre-172 

loading for the investigation of the effect of crack width on self-healing [57]. To 173 

prepare the fresh mixtures, RMC and FA were first dry mixed for over 2 minutes, 174 

after which the water containing Na(PO3)6 was slowly added into the mixture. After 175 

another 2-3 minutes of mixing (i.e. until a homogenous mixture was achieved), the 176 

PVA fibers were slowly placed into the mixer within 2 minutes. The prepared 177 

mixture was cast into dog-bone shaped molds (Fig. 3(a)) for pre-loading, to obtain 178 

different single crack widths before autogenous healing. For the investigation of 179 

the influence of crack width on the types and properties of healing products, the 180 

same mix design proportions shown in Table 3 were used by excluding fibers. The 181 

prepared pastes were cast into 50x50x50 mm cubic molds. Before demolding, the 182 

cast dog-bone and cubic samples were stored in a sealed container for 3 days, 183 

accompanied with silica gel for dehumidification. These samples were then 184 



demolded and cured in an incubator under 10% CO2, 30°C and 90% relative 185 

humidity (RH) for 7 days to enable strength gain. 186 

 187 

Once their curing was completed, the dog-bone samples were removed from the 188 

incubator and subjected to pre-loading under uniaxial tension at a loading rate of 189 

0.5 mm/min to obtain different single crack widths (Fig. 3(b)). All the cracks were 190 

clearly marked before conditioning. The cracked samples were submerged into 191 

water for 24 hours, followed by curing under 10% CO2, 30°C and 90% RH in an 192 

incubator for another 24 hours. In addition to CO2 concentration, temperature and 193 

relative humidity would also affect the healing process as the reaction mechanisms 194 

(i.e. hydration and carbonation) of reactive magnesia is dependent on these 195 

parameters. Therefore, the CO2 concentration, temperature and relative humidity 196 

were kept constant in this study to avoid any variations on the final outcomes. 197 

 198 

The findings revelead in previous studies [53] indicated that the crack width 199 

obtained under different pre-strain levels influenced the healing efficiency of RMC-200 

based binders. This outcome was reflected by a series of indicators such as tensile 201 

strength and resonance frequency recovery. The types and properties of healing 202 

phases formed within the cracks also played an important role in the healing 203 

efficiency of samples. Therefore, to evaluate the relationship between crack width 204 

and types/properties of healing products, a systematic and comprehensive study 205 

involving the use of samples with various crack widths was performed. As the 206 

internal parts of RMC-based samples were not fully carbonated [58], they 207 

presented a potential for further carbonation and self-healing. Accordingly, the 208 

prepared cubic samples were cut into 20x20x20 mm pieces by a diamond saw. 209 

Two pieces from each sample were thoroughly polished by sandpaper and 210 

clamped together by facing each other via the use of G-clamps for the creation of 211 

different crack widths with dimensions of < 50 µm, 50-100 µm, 100-150 µm and > 212 

200 µm, with the assistance of an optical microscope. 213 

 214 



2 samples with 4 surfaces containing healing phases were prepared and 215 

investigated for each crack width to increase the repeatability of this assessment. 216 

The crack widths were related with the various roughness of fracture surfaces and 217 

were controlled via the variation of the polishing duration and the pressure used 218 

during the clamping of samples. In this respect, samples that were polished for a 219 

longer time and clamped using a higher pressure presented smaller crack widths 220 

due to the smoother fracture surfaces. The flow chart revealing the steps involved 221 

in this preparation process is shown in Fig. 4. These samples that were prepared 222 

for the assessment of different crack widths were subjected to the same healing 223 

regimes as the pre-cracked dog-bone samples. When the healing process was 224 

completed, the samples were released from the G-clamps to expose the healing 225 

products that formed in-between the two sufaces. Microstructural analysis and 226 

carbonation depth measurements were then performed on these exposed sections. 227 

The representation of the healing process and the exposure of the final healing 228 

products for further analysis are shown in Fig. 5. 229 

 230 

 231 

2.2. Methodology 232 

 233 

Transverse resonant frequency (RF) of the prepared samples was measured 234 

before, during and after the healing process, which served as an indirect and 235 

simple approach to evaluate the healing efficiency by observing the stiffness 236 

recovery after healing. RF was measured according to ASTM C215 [59], with a 237 

span of 200 mm between the roller supports. The average RF of each sample was 238 

obtained from 10 separate measurements. 239 

 240 

The crack widths in each sample were observed under an OPTEM Zoom 70XL 241 

microscope. The images were captured by a Nikon DS-Fi2 high resolution camera 242 

equipped with NIS Elements (Nikon) software, at a magnification of 420×. 243 

 244 



The loading of the samples before and after healing was conducted under uniaxial 245 

tension at a rate of 0.5 mm/min by using the test setup shown in Fig. 3(b). 246 

 247 

Prior to SEM-EDX analysis, the exposed sections were coated with platinum under 248 

a current of 30 mA for 30 seconds. The coated samples were then investigated via 249 

a field emission scanning electron microscope (JOEL JSM-7600F) and energy-250 

dispersive X-ray spectroscopy (Oxford X-max 80 mm2). 251 

 252 

A phenolphthalein pH indicator was sprayed on the cleaned surface of each 253 

sample to assess the carbonation depth. The indicator used was a phenolphthalein 254 

1% ethanol solution with 1 g phenolphthalein and 90 ml 95.0 V/V% ethanol diluted 255 

in 100 ml water [60]. When the indicator was applied on sample surfaces, a change 256 

in the color to pink indicated the presence of OH- ions, (i.e. pH value of > 10), 257 

whereas a lack of change in the color reflected the lower presence of OH- ions (i.e. 258 

pH < 8.2), providing a general idea about the progress of carbonation at different 259 

depths of the prepared samples [61]. Due to its ease of application, several studies 260 

[41, 62, 63] measured the carbonation depth of RMC-based binders via the use of 261 

phenolphthalein pH indicator, although its accuracy is questionable. In this study, 262 

after the completion of the healing process, the clamped samples were re-opened 263 

and their surfaces were sprayed with phenolphthalein pH indicator. To increase 264 

the accuracy of this test, the average depth of the colorless phenolphthalein region 265 

was measured from four different points located perpendicularly to the four edges 266 

on each cross section. The samples were left for 24 hours prior to these 267 

measurements. An OPTEM Zoom 70XL optical microscope was also employed to 268 

measure the carbonation depth. The images were obtained using a Nikon DS-Fi2 269 

high resolution camera equipped with NIS Elements (Nikon) software at a 270 

magnification of 420×. The measurement process of carbonation depth is 271 

illustrated in Fig. 6. To prove the repeatability of the performed tests, the findings 272 

generated through this testing could also be indirectly confirmed by our [48, 53] 273 

and other researchers’ [49] studies. 274 

 275 



 276 

3. Results 277 

 278 

Pre-loaded samples with various crack widths were prepared, as shown in Fig. 3. 279 

The self-healing process within the samples was investigated via the measurement 280 

of resonance frequency, optical microscope observations and following a re-281 

loading procedure, whose details are included in Sections 3.1-3.3. 282 

 283 

 284 

3.1. Assessment of crack healing via resonance frequency (RF) 285 

measurements 286 

 287 

Serving as a non-destructive method, RF ratios (i.e. normalized with respect to the 288 

original/unloaded samples), listed in Table 4, were used to evaluate the stiffness 289 

and healing recovery of samples subjected to CO2/water conditioning at every two 290 

cycles. The single crack width of samples ranged from 23.4 to 120.8 µm, which 291 

met the requirements of this study. Depending on the crack width, the RF ratios 292 

indicated a drop of various degrees due to the reduction in the stiffness of samples 293 

linked with the formation of the cracks. As can be seen, crack width had a direct 294 

influence on the RF ratios, generally leading to a more obvious decline in RF as 295 

the crack width increased. As healing proceeded, the pre-cracked samples 296 

revealed a rapid increase in the RF ratio over time due to the formation of healing 297 

products, enabling the healing of cracks and recovery of stiffness. After the 298 

completion of the healing process, nearly all the samples revealed > 100% RF 299 

ratios, indicating a complete recovery of stiffness within the scope of crack width 300 

investigated. While a steady increase in the RF ratios was observed during the first 301 

cycle of healing (i.e. from RF0 to RF2), the rate of RF increase gradually slowed 302 

down and ceased after a few cycles, demonstrating the limited benefits of 303 

excessive CO2 exposure in the improvement of sample stiffness over time. The 304 

results clearly showed that CO2 conditioning was very effective in enabling the self-305 

healing of RMC-based SHC as some samples revealed a complete recovery of 306 



stiffness after only 2 cycles, indicating that self-healing occurred within a short 307 

period of time under CO2/water conditioning. This recovery was attributed to the 308 

rapid formation of healing phases due to the high concentration of CO2 (i.e. 10%) 309 

used in this study. According to these findings, the healing period could be 310 

shortened to less than 10 cycles to achieve a similar efficiency, leading to complete 311 

crack healing. 312 

 313 

In addition to the phases that formed within the cracks during the healing process, 314 

the RF ratios may also be influenced by the continuation of hydration and 315 

carbonation within the sample matrix. In order to investigate the influence of this 316 

factor, a set of control samples was cast with the same mix design shown in Table 317 

3. Without pre-cracking, these samples were subjected to the same healing regime 318 

as the pre-cracked samples. The revised RF ratios normalized with respect to the 319 

control samples are shown in Fig. 7. The figure indicated that the revised RF ratios 320 

also reduced with increasing crack width. The increase of RF ratios due to the 321 

hydration or carbonation of samples was negligible, revealing that the recovery of 322 

RF ratio was mainly attributed to the formation of phases within the cracks during 323 

the healing process as the hydration and carbonation reactions within the sample 324 

matrix only played a minor role in the recovery of the RF ratios. 325 

 326 

 327 

3.2. Progress of healing observed via optical microscopy 328 

 329 

Fig. 8 shows the progress of crack healing within samples with various crack 330 

openings under the CO2/water regime they were subjected to for up to 10 cycles. 331 

These images indicated that two types of crack healing occurred among these 332 

samples, identified as (i) internal healing (i.e. at crack widths > 100 µm) and (ii) 333 

mixed healing (i.e. at crack widths < 100 µm). 334 

 335 

The “internal healing” of cracks usually took place when the crack width was 336 

greater than 100 µm. In this scenario, the healing products initially formed at the 337 



inner sections of the cracks, accompanied with a small amount of precipitation on 338 

the surfaces or the edges of the cracks, as seen in Fig. 8(a). The adequate crack 339 

widths within these samples allowed the diffusion of CO2 into the interior sections 340 

of the cracks, without sealing the top layer at early stages. Another type of healing 341 

identified as “mixed healing” took place in samples with crack widths of < 100 µm. 342 

This process involved a combination of surface and internal healing as healing 343 

products were observed both at the edges and inner sections of the cracks, as 344 

shown in Fig. 8(b). Accordingly, the healing products started to grow on the top 345 

layer and inner sections of the cracks simultaneously. As healing progressed, the 346 

top layer of the crack was eventually sealed as the crack opening was not too wide, 347 

meanwhile also enabling the filling of the internal regions of the cracks with healing 348 

products. This combined mechanism defined “mixed healing” as a more favorable 349 

form of healing in RMC samples due to the higher healing efficiency achieved 350 

when compared to “internal healing”. This was in line with the results shown in Fig. 351 

7, where samples with smaller crack widths achieved greater RF ratios due to their 352 

better healing performance. 353 

 354 

This difference in the healing pattern could be attributed to the difficulty in covering 355 

the top layer of the cracks with larger widths in samples undergoing “internal 356 

healing”, although the healing products still formed around the edges. This led to 357 

the precipitation of the healing products only at the inner sections of the cracks. 358 

Nevertheless, longer durations may be needed for the formation of healing phases 359 

and stiffness recovery in samples containing MgO with a lower reactivity. 360 

 361 

 362 

3.3. Crack formation after reloading 363 

 364 

Selected samples were subjected to reloading after the completion of the healing 365 

process, by following the same procedure performed earlier in pre-loading. The 366 

results of this reloading process, shown in Fig. 9, revealed the formation of new 367 

cracks at different locations than those of the original/healed cracks in samples 368 



that experienced “mixed healing”. This outcome suggested that the binding 369 

strength of the products that formed during the healing process was relatively high, 370 

resulting in a similar or even higher stiffness when compared with the rest of the 371 

sample matrix. This finding was in line with the RF results shown in Section 3.1, 372 

where ≥ 100% RF ratios were recovered in pre-cracked samples after 10 cycles of 373 

healing. A similar outcome was reported in earlier studies [64], where the 374 

investigation of the influence of self-healing on the fatigue performance of SHC 375 

indicated the role of self-healing in not only healing the cracks within the matrix, 376 

but also recovering the fiber/matrix interfacial bond due to an increase in the 377 

frictional bond. This improvement could be attributed to the microstructural 378 

changes at the interface (i.e. the debonded fiber/matrix interface was enhanced 379 

through the formation of hydrate and/or carbonate phases during self-healing) [64]. 380 

The overall results indicated that the improved fiber/matrix bonding at the healed 381 

cracks led to the formation of new cracks at different locations instead of the 382 

original ones [64]. 383 

 384 

 385 

4. Further Explanations and Discussion 386 

 387 

In the pre-loaded samples with various crack widths, the phases that formed during 388 

the healing process revealed different morphologies at different crack widths, when 389 

observed closely (Fig. 10). This variation in the morphology of carbonate crystals 390 

was an indication of the formation of different types of healing products within the 391 

cracks, highlighting that the crack width may play a major role in determining the 392 

properties of the formed phases. Therefore, to elucidate the relationship between 393 

crack width and type of phases that formed as a result of the healing process, 394 

samples with different crack widths were manually prepared by following the 395 

procedure outlined in Figs. 4 and 5. The healing products observed in each sample 396 

with different crack widths were studied closely via microstructural analysis 397 

(Section 4.1), while the carbonation depths of samples with various crack widths 398 

were also measured to explain the variations in healing products along the sample 399 



depth (Section 4.2). The relationship between the self-healing behavior, stiffness 400 

(strength) recovery and crack width (depth) of RMC-based samples was also 401 

clarified based on relevant previous experimental outcomes and data presented in 402 

the literature [48, 53] (Section 4.3). Finally, a model explaining the variation in 403 

healing products observed in RMC-based samples was also proposed to present 404 

a detailed analysis (Section 4.4). 405 

 406 

 407 

4.1. Formation of phases at different crack widths in RMC-based samples 408 

 409 

A clarification of the relationship between different crack widths and types of 410 

healing products was performed via the use of SEM-EDX, for which samples with 411 

4 ranges of crack widths (i.e. < 50 µm, 50-100 µm, 100-150 µm and > 200 µm) 412 

were generated according to the procedure outlined in Fig. 4. After the completion 413 

of 10 cycles of healing under CO2/water conditioning, the newly formed phases 414 

within each crack were analyzed through microstructural analysis (Fig. 11). Fig. 415 

11(a)-(d) shows the microstructural images of the healing products that formed at 416 

the edges and inner sections of cracks with different widths. When the crack width 417 

was < 50 µm, the formation of HMC crystals with different morphologies were 418 

observed, whose type depended on the location of healing. Accordingly, the 419 

morphologies of the healing products observed at the edges (i.e. section ranging 420 

from the top surface to a depth of ~1 mm) of cracks varied from those observed at 421 

the inner sections (Fig. 11(a)). The morphologies of crystals formed at the edges 422 

of cracks hinted the formation of needle-like nesquehonite (Fig. 11(a1)), whereas 423 

those forming around the inner sections revealed the formation of rosette-like 424 

hydromagnesite (Fig. 11(a2)) [37, 39, 42, 65]. The elemental mapping of these two 425 

types of crystals, presented in Fig. 12(a) and (b), illustrated the presence of Mg, O 426 

and C, confirming that these healing products observed after 10 cycles of healing 427 

under CO2/water conditioning were HMC phases. 428 

 429 



In the case of crack widths ranging between 50 and 100 µm, a similar distribution 430 

of healing products as those presented earlier in Fig. 11(a) was observed. The 431 

variation in the morphologies of the formed HMCs was also similar, where 432 

nesquehonite was observed at the edges (Fig. 11(b1)) and hydromagnesite 433 

dominated the inner sections (Fig. 11(b2)). When the crack width increased to 100-434 

150 µm (Fig. 11(c)), nesquehonite was still the major healing product at crack 435 

edges (Fig. 11(c1)). However, a different scenario was revealed at the inner 436 

sections of these cracks (Fig. 11(c2)-(c4)), where a combination of 437 

hydromagnesite and nesquehonite was identified, indicating that these two types 438 

of HMCs were intermixed with each other at greater crack widths (100-150 µm). 439 

When the crack width was further extended to > 200 µm, a different outcome was 440 

observed, where nesquehonite prevailed both at the edges (Fig. 11(d1)) and inner 441 

sections (Fig. 11(d2)) of the cracks. 442 

 443 

 444 

4.2. Assessment of carbonation depth in RMC-based samples 445 

 446 

Fig. 13 shows the carbonation depth of samples with various crack widths 447 

calculated according to the equation shown in Fig. 6. The carbonation depth 448 

generally increased with the growth of crack width, hinting a higher extent of 449 

carbonation and a lower pH. This increase in carbonation depth was attributed to 450 

the accessibility of the sample matrix in the interior regions of the cracks to CO2 451 

and water as the crack opening was larger. At these larger widths, a wider diffusion 452 

channel was provided for the ingress of CO2 and water, enabling a further degree 453 

of reaction with the surrounding cement matrix. An increase in the pH values and 454 

an associated reduction in the degree of carbonation was observed at greater 455 

crack depths, which was an indication of the limited CO2 diffusion as crack depth 456 

increased. This was because while the top layers and the edges of the cracks were 457 

directly exposed to high concentrations of CO2, resulting in a greater extent of 458 

carbonation and a lower pH; it took a longer time for CO2 and water to access the 459 

inner regions of the cracks. Earlier studies [66] also reported the direct relationship 460 



with carbonation depth and time, explaining the changes observed in the 461 

carbonation degree and hence pH of the prepared samples. Furthermore, the rapid 462 

formation of HMCs on the outer edges and top layers of the cracks led to the 463 

sealing of crack surfaces under a high CO2 concentration, which was also 464 

observed in previous studies [36]. This resulted in the isolation of the inner regions 465 

from further access to CO2 and water, increasing the time it took for carbonation to 466 

take place at the inner sections of the cracks. 467 

 468 

 469 

4.3. Relationships among the self-healing behaviors, stiffness (strength) 470 

recovery and crack width (depth) in RMC-based samples 471 

 472 

Previous research [56, 67] has shown that RMC samples subjected to accelerated 473 

CO2 curing similar to the conditions presented in this paper still contained large 474 

amounts of uncarbonated MgO and brucite (Mg(OH)2) even after 28 days of curing. 475 

This led to a large amount of Mg2+ ions remaining within the sample matrix, which 476 

is a prerequisite for healing. Accordingly, when the RMC-based SHC samples 477 

prepared in this study were subjected to CO2/water conditioning, the original solid 478 

phases within the cracks acted as preferential locations for heterogeneous 479 

nucleation (i.e. the seeding of the nuclei of new phases into the original/existing 480 

phases) [68]. During the healing process, the reaction of leached Mg2+ ions with 481 

the dissolved CO2 in the presence of water on the surface of the crack led to the 482 

initial deposition of HMCs (i.e. nesquehonite) once the ion concentrations on the 483 

surface/outer edges of the cracks reached the saturation point. The formation of 484 

these phases acted as nucleation sites for the subsequent precipitation of 485 

carbonates, enabling the rapid sealing of the top layer of the cracks via the 486 

formation of healing products, as reported earlier in [48]. Similarly, the internal 487 

sections of the cracks underwent healing, during which the precipitation of HMCs 488 

such as nesquehonite, hydromagnesite or a mixture of both, was observed. The 489 

formation of these phases at the internal sections initially started when the 490 

saturation point was reached due to a rise in the ion concentrations, followed by 491 



further precipitations on the existing phases that acted as nucleation seeds for the 492 

formation of new carbonate phases, enabling the internal healing of the cracks. 493 

Closer observations of the phase formations revealed that the degree of healing 494 

as well as the type of phases that formed within each crack directly depended on 495 

the crack widths. 496 

 497 

The rapid recovery of RF after only a few healing cycles was attributed to the 498 

formation of elongated nesquehonite needles on the top surfaces and the outer 499 

edges of the cracks. Accordingly, the formation of nesquehonite enabled the 500 

densification of the sample microstructure, thereby increasing the overall stiffness 501 

of RMC samples. This was because the conversion of the main hydrate phase in 502 

RMC systems, brucite (i.e. density of 2.37 g/cm3) [69], into nesquehonite (i.e. 503 

density of 1.85 g/cm3) [70] resulted in an expansion of the solid volume by a factor 504 

of ~2.3. This outcome was in line with the findings of previous studies [71], where 505 

the enhancement of the stiffness of RMC-based samples subjected to accelerated 506 

CO2 curing was reported. Furthermore, the formation of needle-like nesquehonite 507 

was proven to have a higher contribution to strength and stiffness than rounded or 508 

tabular crystals due to its 3D structure [36]. 509 

 510 

The stiffness recovery of samples is highly related with the success of self-healing 511 

of cracks, whose width and depth also play an important role in the self-healing 512 

efficiency (i.e. reflected by the volume of healing phases that form within the crack). 513 

Previous studies [72] reported that the self-healing efficiency of PC systems 514 

subjected to water/air cycles significantly relied on the crack depth. Within these 515 

samples, precipitation of phases took place rapidly near the top surface of the 516 

crack, which inhibited the further formation of phases at greater depths, leading to 517 

a non-uniform self-healing pattern throughout the crack depth. A similar outcome 518 

was reported in RMC-based systems subjected to wetting and drying cycles, in 519 

which the healing efficiency was reduced and dominated by the lower densities of 520 

healing products at the inner sections [49]. Alternatively, when subjected to 521 



bacterial conditioning, RMC samples revealed a ~78% increase in the amount of 522 

crystals that formed at the top surface of cracks when compared to the bottom [48]. 523 

 524 

In terms of strength and strain recovery, RMC-based samples with smaller cracks 525 

presented a similar tensile strength recovery than their counterparts containing 526 

larger cracks after 10 cycles of water/CO2 curing healing [53]. On the other hand, 527 

samples with larger cracks revealed a better performance than those with smaller 528 

cracks in strain recovery. After 10 cycles of healing, all the pre-cracked samples 529 

outperformed those that were not subjected to any pre-loading with regards to their 530 

final tensile strength and strain. These results were associated with the formation 531 

of hydrate/carbonate crystals that formed between the fiber and the matrix, 532 

enhancing their bond and overall mechanical performance [64]. 533 

 534 

 535 

4.4. A model explaining the healing phase variations in RMC-based samples 536 

 537 

Another factor that is known to  influence the precipitation of HMCs is pH [73, 74]. 538 

Since the bicarbonate ion (HCO3-) prevails instead of CO32- in low pH environments, 539 

the nucleation rate of Mg2+ and CO32- was greatly restricted as CO32- ions generally 540 

existed in the form of HCO3- [74]. Previous studies [75] reported the presence of 541 

HCO3- and OH- bands when nesquehonite was analyzed under Raman 542 

spectroscopy. In the case of internal healing, when compared to cracks with small 543 

widths, the relatively larger cracks (> 200 µm) resulted in a higher extent of 544 

carbonation and lower pH due to the broader transport path provided for the 545 

diffusion of CO2. This facilitated the abundant formation of HCO3- ions that favored 546 

the precipitation of nesquehonite (Mg(HCO3)(OH)∙2H2O), as shown in Equations 547 

1-3. This mechanism was also valid for the healing of the crack surfaces and outer 548 

edges, where nesquehonite was identified as the main HMC phase that formed 549 

during the healing process due to the widespread presence of HCO3- in the low pH 550 

environment enabled by the continuous diffusion of CO2. 551 

 552 



MgO + H2O → Mg(OH)2 (Brucite) ↔ Mg2+ + 2OH-           (1) 553 

 554 

CO2 (excessive) + OH- ↔ HCO3-             (2) 555 

 556 

Mg2+ + HCO3- + OH- + 2H2O → Mg(HCO3)(OH)·2H2O          (3) 557 

 558 

Alternatively, when the crack width was relatively small (< 50 µm), CO32- ions 559 

became dominant in the inner sections of these cracks as compared to HCO3- ions, 560 

due to the increase in pH. The high pH values were associated with the low 561 

carbonation degrees caused by the limited diffusion of CO2 within these smaller 562 

crack widths, favoring the formation of hydromagnesite (Mg5(CO3)4(OH)2·4H2O) 563 

(Equations 1, 4 and 5) as opposed to nesquehonite in the interior sections. As 564 

expected, a “transitional” crack width, where the concurrent formation of 565 

nesquehonite and hydromagnesite was observed due to the co-existence of CO32- 566 

and HCO3- within the cracks, could be identified. The conversion of 567 

hydromagnesite into nesquehonite with a further reduction in the pH of the solution, 568 

as reported earlier [48], could also result in the formation of a mixture of 569 

nesquehonite and hydromagnesite. The relationship between the formation of 570 

different types of HMCs and crack width as well as depths was revealed in Fig. 14, 571 

highlighting the variation in phase formations with respect to the physical 572 

properties of the cracks. 573 

 574 

CO2 (insufficient) + 2OH- → H2O + CO32-            (4) 575 

 576 

5Mg2+ + 4CO32- + 2OH- + 4H2O → Mg5(CO3)4·(OH)2·4H2O         (5) 577 

 578 

 579 

5. Conclusions 580 

 581 

The results of this study have indicated the effective use of CO2/water conditioning 582 

in the healing of cracks within reactive magnesia cement (RMC) based binders via 583 



the production of hydrated magnesium carbonates (HMCs). Introduction of a high 584 

concentration (10%) of CO2 enabled the rapid healing of cracks and improved the 585 

overall stiffness of pre-cracked samples within a short period of time. The healed 586 

cracks revealed a higher stiffness than the surrounding matrix under reloading, 587 

which resulted in the formation of new cracks. The recovery of sample stiffness 588 

was associated with the densification of sample microstructure via the formation 589 

of HMCs. Depending on the crack width, the initial precipitation of these carbonate 590 

phases led to the sealing of the crack surfaces, creating a barrier for the continuous 591 

diffusion of CO2 and water into the inner sections of the cracks. 592 

 593 

The major healing products within the cracks of the RMC-based SHC samples 594 

subjected to CO2/water conditioning were recognized as two commonly observed 595 

HMCs, namely nesquehonite and hydromagnesite. The formation of these phases 596 

relied on the pH within the cracks, which was influenced by the physical properties 597 

(i.e. width and depth) of the cracks. Nesquehonite was the main phase observed 598 

in cracks with large widths and at the edges of all cracks, independent of their 599 

width, due to the low pH environment enabled by the continuous access to CO2 600 

within these regions. Alternatively, hydromagnesite was identified as the main 601 

carbonate phase in the internal sections of cracks with smaller widths due the 602 

lower degree of carbonation (i.e. higher pH) within these regions. The analysis of 603 

different crack widths reveled a transitional crack width where the concurrent 604 

formation of nesquehonite and hydromagnesite was observed. 605 

 606 

Overall, the findings presented in this study clearly highlighted that the progress of 607 

the healing process within RMC-based SHC samples is highly dependent on the 608 

crack width and depth, which influence the degree of carbonation and the type of 609 

final phases that control the mechanical performance. Further studies will look into 610 

the effect of the binder components by evaluating the influence of their chemical 611 

and physical properties on the self-healing efficiency of RMC-based samples. 612 

 613 

 614 
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List of Tables 

 
 

Table 1 Chemical composition (wt.%) of RMC and FA 

 
 

Binder MgO CaO SiO2 Fe2O3 Al2O3 K2O TiO2 Others 

RMC 97.0 1.3 1.3 0.2 0.2 - - - 

FA 0.8 1.2 58.6 4.7 30.4 1.5 2.0 0.8 



Table 2 Physical properties of PVA fibers 

 
 

Length (mm) 12 

Diameter (μm) 39 

Density (kg/m3) 1300 

Nominal tensile strength (MPa) 1600 



Table 3 Mix design proportions (kg/m3) of RMC-based SHC samples prepared in 

this study 

 

 

RMC FA Water (NaPO3)6 PVA fibers 

858 368 549 55 6.5 



Table 4 RF ratios of samples with various crack widths before cracking and at 

different lengths of healing cycles, with respect to the original/unloaded samples 

 

 

Average 
crack width 

(µm) 

Original/ 
unloaded 

RF 

RF ratios at different healing cycles 

RF0 RF2 RF4 RF6 RF8 RF10 

23.4 1004 106% 105% 110% 108% 109% 110% 

30.2 966 104% 115% 117% 119% 120% 118% 

32.1 1019 87% 99% 104% 105% 110% 109% 

37.7 999 94% 101% 113% 114% 115% 115% 

38.1 1086 92% 97% 106% 106% 106% 106% 

63.4 1062 99% 105% 105% 105% 105% 105% 

64.9 1026 87% 111% 106% 105% 105% 104% 

69.8 1092 91% 101% 102% 101% 101% 101% 

70.7 1039 85% 91% 96% 101% 102% 102% 

71.1 1077 85% 91% 100% 101% 101% 101% 

74.7 1039 98% 107% 107% 107% 107% 107% 

75.7 1057 87% 110% 109% 108% 109% 108% 

78.8 1013 84% 94% 100% 103% 107% 107% 

79.7 1072 82% 105% 100% 101% 102% 102% 

79.8 1079 84% 101% 100% 102% 102% 103% 

83.6 1121 77% 86% 90% 100% 100% 100% 

88.2 1011 98% 102% 101% 102% 105% 105% 

96.7 1082 89% 103% 106% 105% 105% 106% 

112.3 1105 78% 88% 94% 91% 94% 96% 

118.0 1082 68% 86% 97% 99% 96% 102% 

120.8 1085 78% 109% 105% 103% 103% 103% 
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Fig. 1 Particle size distribution of RMC and FA
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Fig. 2 Morphology of PVA fibers used in this study 



 
                                     (a)                                                        (b) 

 
 

Fig. 3 Illustration of the uniaxial tensile test, showing (a) the dimensions of the 

dog-bone specimens and (b) the test setup



 
 

 

Fig. 4 Flow chart showing the steps involved in the preparation of samples with 

controlled crack widths 



 
 

 
Fig. 5 Representation of the healing process and the exposure of the final 

healing products for microstructural analysis and carbonation depth 

measurements



 
 

 

Fig. 6 Illustration of the measurement of carbonation depth in RMC-based 

samples



  
Note: The points located at (79.71µm, 100%) and (79.79 µm, 100%) overlap in the figure as the values are very close. 

 

 

Fig. 7 RF ratios of samples (i.e. normalized with respect to the original and 

control samples) subjected to CO2/water conditioning for up to 10 cycles
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Fig. 8 Progress of healing within the cracks of samples subjected to CO2/water 

conditioning, showing different forms of healing identified as (a) internal healing 

and (b) mixed healing 



 
 

 

Fig. 9 Formation of new cracks within healed samples subjected to reloading 

after 10 cycles of healing under CO2/water conditioning



 
 

 

Fig. 10 Morphologies of the crystals that formed within cracks of different widths 

observed under optical microscopy after 10 cycles of healing under CO2/water 

conditioning 



 



 
 

 

Fig. 11 Microstructural images of the healing products that formed at the edges 

(a1, b1, c1, d1) and internal sections (a2, b2, c2, c3, c4, d2) of cracks with 

different widths after 10 cycles of healing under CO2/water conditioning 

(a: < 50 µm; b: 50-100 µm; c: 100-150 µm; d: > 200 µm)



 
(a) 

 
(b) 

 

 

Fig. 12 Elemental mapping of the healing products that formed at the (a) edges 

and (b) inner sections of cracks after 10 cycles of healing under CO2/water 

conditioning



 
 

 

Fig. 13 Carbonation depths of samples with different crack widths after 10 cycles 

of healing under CO2/water conditioning
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Fig. 14 A schematic representation of the cross-section of cracks, showing the 

relationship between the crack widths and depths with the types of HMCs that 

formed as a result of the healing process 

 


