
1 

 

Autogenous healing of Engineered Cementitious Composites (ECC) based on 1 

MgO-fly ash binary system activated by carbonation curing 2 

 3 

Duo Zhang1, Haoliang Wu2, Victor C. Li1, Brian R. Ellis1* 4 

 5 

1. Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, 6 

Michigan, 48109, United States 7 

2. Jiangsu Key Laboratory of Urban Underground Engineering & Environmental Safety, Institute 8 

of Geotechnical Engineering, Southeast University, Nanjing, China 9 

*Correspondence: brellis@umich.edu, +1-(734) 763-5470 10 

 11 

Abstract 12 

Developing self-healing of concrete cracks represents a critical approach for extending material 13 

longevity. If demonstrated on concretes with CO2 stored through carbonation curing, self-healing 14 

can further mitigate infrastructure lifecycle emissions. In this study, the self-healing process is 15 

investigated on novel Engineered Cementitious Composites (ECC) based on binary blends of 16 

reactive MgO cement and siliceous fly ash activated by carbonation. The self-healing was 17 

observed under cyclic wetting and drying exposures and was characterized by measurements of 18 

resonance frequency, optical microscopy and X-ray computed microtomography (XCT). 19 

Thermogravimetric analysis, X-ray powder diffraction and scanning electron microscopy were 20 

employed to assist in identifying healing products and mechanisms. It was found that micro-21 

cracks could be autogenously filled in 7 wet-dry cycles, as evidenced by over 95% recovery of 22 

resonance frequency and healed crack appearance under optical microscopic observation. 23 

Nevertheless, the composite mechanical performance, particularly tensile strength and ductility, 24 

did not fully recover with respect to the uncracked specimens. The inadequate post-healing 25 

mechanical properties were consistent with XCT observations that indicated low material 26 

densities in the cracked area. Based on the chemical and microstructural characterizations, it was 27 

determined that nesquehonite crystallites were responsible for the crack filling. Although the 28 

nesquehonite filled cracks will be less permeable to invasion of reactive fluids, novel strategies 29 

are needed to establish more robust healing capability to completely restore the crack bridging 30 

and composite tensile performance. 31 
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1. Introduction 37 

Concrete is the world’s single most used construction material, with a global production 38 

of more than 10 billion tons each year [1]. Manufacturing of Portland cement (PC), the bonding 39 

ingredient predominantly used for concrete, accounts for about 5% of global anthropogenic CO2 40 

emissions [2]. The increasing need for new construction across the globe highlights the urgency 41 

for developing novel materials and manufacturing approaches that are more sustainable and less 42 

carbon intensive. One emerging strategy is to reduce the use of PC by introducing reactive MgO 43 

cement as a potential alternative binder coupled with direct CO2 sequestration through CO2-44 

curing [3, 4]. MgO cement is a low energy cementitious material that has a widely distributed 45 

feedstock and high reactivity for CO2 carbonation [5, 6]. At calcining temperatures of 700-46 

1000 °C, the hydraulic potential of MgO minerals can be preserved, and once in contact with 47 

water, MgO hydrates to form brucite (Mg(OH)2). This hydration process does not generate 48 

sufficient binding properties or strength and is therefore not capable of carrying structural loads 49 

needed for construction applications. Carbonation curing, however, can be used to activate the 50 

binding property of MgO by converting brucite to a series of hydrated magnesium carbonates 51 

(HMCs), such as hydromagnesite, lansfordite and nesquehonite [7], with varying stoichiometry 52 

of bound water, carbonate and hydroxyl components [8-10]. The chemical formulations of the 53 

reactive MgO cement can be engineered with supplementary cementitious materials and 54 

chemical/mineral additives to promote the CO2 carbonation process, which can lead to 55 

comparable or even superior concrete strengths with respect to conventional PC-based products 56 

[11]. This carbonation-formed strength is largely originated from the increase in solid volume 57 

and network binding structure through carbonate crystals [12]. In prior work, use of reactive 58 

MgO cement has mostly been applied to the production of precast concrete, which often 59 

combines PC [13-15], fly ash [16, 17], and ground granulated blast furnace slag [18] to form 60 

blended binding phases. 61 



3 

 

Engineered Cementitious Composites (ECC) is a class of ultra-ductile and highly durable 62 

construction materials [19]. Unlike the brittle concrete or tension-softening fiber-reinforced 63 

cementitious composites, ECC shows strain-hardening behavior under tension and forms 64 

multiple fine cracks rather than a single wide crack to accommodate imposed large tensile strains. 65 

The tight crack width is an intrinsic material property of the ECC and can be autogenously 66 

maintained within specific ranges irrespective of loading or deformation. This is a unique feature 67 

of ECC, which maintains low material permeability even at cracked states. Tight crack width and 68 

ultrahigh ductility collectively make ECC highly durable and resilient under static and impact 69 

loading conditions, leading to reductions in life-cycle carbon emissions and cost [20]. The high 70 

binder content in ECC offers a substantial opportunity for utilization of reactive MgO cement 71 

combined with CO2 curing and has motivated the development of a novel version of ECC built 72 

upon the MgO-fly ash-CO2 system [21, 22]. This novel MgO-ECC attains a tensile strain 73 

capacity of more than 5% and sequesters ~30% CO2 by mass of MgO within 24 hours, offering 74 

new infrastructure applications for the carbonated MgO cement. 75 

Cracking is one of the main forms of deterioration in concrete structures [23]. Cracks can 76 

be generated at nearly every stage of material service life, potentially due to effects such as 77 

shrinkage, mechanical loading, and thermal gradients. Above 0.1 mm, cracks could drastically 78 

accelerate the ingress of harmful species that lead to premature material and structural 79 

deterioration [24]. As one of the emerging strategies countering such deterioration, self-healing 80 

of concrete cracks has been increasingly studied. Typically, self-healing occurs when mineral 81 

precipitation takes place in open cracks due to processes such as continued cement hydration 82 

and/or carbonation [25, 26], secondary reactions of chemical/mineral additives [27-29], and 83 

bacterial mineral precipitation [30-32]. Besides the binder composition and water availability, 84 

tight crack width strongly promotes self-healing ability. The maximum width for cracks to be 85 

able to fully heal varies with concrete types, but is generally below 150 μm [33, 34]. This creates 86 

a challenge for conventional concrete in which crack widths are normally difficult to reliably 87 

control. The ECC materials, however, provide an opportunity for concrete self-healing, 88 

particularly due to the autogenously tight crack width, typically below 60 μm irrespective of 89 

imposed strains.  90 

The recently developed ECC based on reactive MgO-fly ash blends shows a promise in 91 

establishing self-healing ability. The average width of the multiple micro-cracks formed under 92 
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uniaxial tension measured less than 60 μm [21, 22]. The ECC’s matrix contains a high volume of 93 

reactive MgO, which is not fully reacted during the accelerated CO2 carbonation. The unreacted 94 

MgO and its hydration products create the potential for subsequent dissolution and precipitation 95 

in micro-cracks that may facilitate the self-healing process. In an effort to understand the self-96 

healing capability of the MgO-based ECC after carbonation curing, this study employed 97 

experimental techniques at multiple scales to assist in characterizing the healing process and 98 

products. The outcome of this study complements current understanding regarding durability of 99 

the carbonated MgO-ECC material and provides additional insights for lifecycle analysis of 100 

energy consumption and carbon emissions. 101 

 102 

2. Experiment program 103 

2.1. Materials and specimen preparation 104 

Reactive MgO (MAGOX premium grade, Premier Magnesia, LLC) and Class F fly ash 105 

(Headwaters Resources Inc) were used to form a binary system for ECC. Table 1 shows 106 

chemical compositions of the raw materials. Polyvinyl alcohol (PVA) fibers (supplied by 107 

Kuraray Ltd) with 1.2% oil coating were used and the fiber properties are shown in Table 2. To 108 

ensure adequate workability of the fresh ECC mixture, sodium hexametaphosphate (SHMP, 109 

chemical formula: Na(PO3)6) and superplasticizer (SP, ADVA190, W.R. Grace & Co.) were 110 

used. All mixtures were prepared with deionized water. 111 

Table 1. Chemical compositions of reactive MgO and fly ash. 112 

Chemical composition MgO (%) Fly ash (%) 

SiO2 0.31 52.19 

Al2O3 0.2 22.23 

SO3 - 2.16 

MgO 95.76 0.93 

P2O5 - 0.11 

K2O - 2.56 

TiO2 0.01 1.01 

Fe2O3 0.13 13.49 

CaO 0.81 3.40 

LOI at 950 °C 2.75 1.01 

 113 
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Table 2. Physical properties of PVA fiber. 114 

Length 

(mm) 

Diameter 

(μm) 

Elongation 

(%) 

Density 

(kg/m3) 

Young’s 

modulus (GPa) 

Tensile strength 

(MPa) 

8 39 6 1300 42.8 1600 

 115 

Two mix proportions were considered (M70 and M50, see Table 3), representing high 116 

and low MgO dosages (70% and 50% by binder mass), respectively. The fiber dosage was kept 117 

at 2% by volume. An SHMP-SP solution was prepared by pre-mixing the two chemicals with 118 

mixing water in two steps: (1) add SHMP to the mixing water and stir at 38 rpm at 85 °C for 5 119 

min using a magnetic stirrer, and (2) add SP to the SHMP solution and stir in the same condition 120 

for an additional 1 min. The mixing of ECC was conducted in a 4-L mortar mixer. All solid 121 

ingredients, i.e., reactive MgO and fly ash, were mixed under dry condition for 2 min at a rate of 122 

16 rpm. The SHMP-SP solution was added to the dry mixture and was mixed at 24 rpm for an 123 

additional 3 min. The PVA fibers were then added and mixed for another 5 min to obtain a 124 

uniform ECC mixture. The fresh ECC was cast into dogbone-shaped molds (see Fig. 1) and 125 

vibrated for 3 min for compaction. Four specimens were prepared for each composite 126 

formulation and the average is reported. 127 

Table 3. Mix proportions of reactive MgO-based ECC (mass ratio). 128 

Batch ID MgO Fly ash Water SHMPa SP PVA Fiberb 

M70 0.7 0.3 0.60 0.060 0.0073 2.0 

M50 0.5 0.5 0.52 0.052 0.0073 2.0 

aSHMP was 10% by water mass; 129 

bPVA fiber content was by volume (%) 130 

 131 

 132 

Fig. 1. Dimensions of dogbone-shaped specimen for uniaxial tension test. 133 

 134 
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After casting, specimens were kept at room temperature for 20 hours before demolding.  135 

The specimens were air dried for an additional 4 hours to achieve a desirable interior moisture 136 

condition for CO2 diffusion, leading to a 24-hour pre-carbonation hydration age. Carbonation 137 

was conducted in a pressure vessel continuously filled with CO2 gas at a constant pressure of 0.2 138 

MPa [21]. As MgO carbonation is a high water absorbing process [4], the internal relative 139 

humidity was kept at a minimum of 90% by setting a tray of deionized water below the 140 

specimens. ECC specimens were weighed before and after CO2 carbonation to estimate mass 141 

gain induced by the CO2 uptake process. Detailed procedures and calculations for CO2 uptake 142 

can be can be found in [21]. 143 

 144 

2.2. Pre-loading and self-healing 145 

After the curing process, specimens were left to cure in air for 14 days to allow further 146 

MgO hydration and strength development. The length of 14 days was experimentally chosen in 147 

lieu of the conventional 28 days due to the low hydraulicity of MgO cement, which leads to 148 

comparable mechanical binding properties at the two ages. At 14 days, specimens were pre-149 

tensioned to strains of 1%, 1.5% and 2% to generate micro-cracks. An Instron® instrument 150 

(ElectroPlus™ E10000 Linear-Torsion Model) with a loading capacity of 10 kN was used at a 151 

loading rate of 0.5 mm/min. The tensile deformation was captured by two linear variable 152 

displacement transducers mounted at the 80 mm range in the middle of the dogbone-shaped 153 

specimens. After achieving the strain level, residual cracks with typical opening widths (30-52 154 

μm [21]) were selectively marked on each specimen to assist in locating the same crack via 155 

optical microscopy for crack surface observation during the healing process. The profile of 156 

residual cracks in MgO-ECC, including crack numbers and width, can be found in [21]. 157 

Self-healing was enabled by a cyclic wetting and drying treatment of the ECC specimens. 158 

The pre-loaded specimens were fully immersed in deionized water for 1 day, followed by 159 

another day of natural drying in air (RH ~50±5%, temperature ~23±2 °C) to form 1 cycle. 160 

Resonance frequency (RF) and specimen mass were used to evaluate the self-healing process. RF 161 

was measured at the end of each drying step and specimens were weighed under saturated-162 

surface-dry condition at the end of each wetting step. Optical microscopy observation was 163 

conducted using an Infinity X-21 Optical Microscope (resolution: 10μm, model: Hirbor CX-164 

50470RZ) to capture the crack appearance under the air-dried condition. The total number of 165 
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wetting and drying cycles was determined by the evolution of specimen mass and RF, with 166 

cyclic exposure being terminated when measurements of two adjacent cycles showed a 167 

difference less than 10%. 168 

The post-healing tension behavior was assessed to understand the effect of self-healing 169 

on ECC mechanical performance. Tension tests followed the same protocol as the pre-loading 170 

process described above.  171 

 172 

2.3. Characterization of self-healing products 173 

Self-healing is a consequence of a series of physiochemical reactions taking place 174 

between matrix materials and ambient environments. Therefore, characterizing the chemical 175 

evolution of the matrix material and differentiating it from the healing products is critically 176 

important for understanding the mechanisms of the healing process. Samples were extracted 177 

from both matrix material and crack-healing products. For the matrix materials, roughly 10 g of 178 

solid sample was saw cut and manually ground to pass a 75μm sieve, whereas the healing 179 

products collected from the healed cracks were in the form of fine powders (below 75μm) and 180 

could be directly characterized. The powdered samples were dried in a vacuum desiccator for 7 181 

days using silica gel to remove free water without affecting the bound water that partially forms 182 

the binding system.  183 

Thermogravimetric analysis (TGA) coupled with its first derivative (DTG) was used to 184 

differentiate healing products from matrix materials. Built upon the different decomposing 185 

temperatures where bound water and CO2 are released, TGA/DTG can provide insights into how 186 

the healing products were formed regarding the continuing hydration and carbonation processes. 187 

A TA Instruments TGA (SDT650 model) was used for this characterization. Approximately 10 188 

mg of the powdered sample was mounted to a ceramic crucible and was heated from room 189 

temperature up to 900°C at a rate of 10°C/min. The furnace was purged with pure N2 gas at a 190 

flow rate of 80 ml/min during the heating ramp. Sample mass was continuously recorded and 191 

was converted to mass loss curves and DTG curves for phase identification.  192 

The mineralogy of the healing products was characterized using X-ray diffraction (XRD) 193 

on the powdered samples collected from the healed cracks. A Rigaku SmartLab XRD with CuKα 194 

radiation source was used for the measurement. The X-rays were generated at 40 mA and 45 kV, 195 

and the diffraction patterns were captured in 5-70° 2θ with a step size of 0.02° 2θ. MDI Jade 196 
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2010 equipped with PDF2004 database was used for mineral phase determination and the results 197 

were cross-verified using X’Pert HighScore Plus. The micromorphology of the healing products 198 

was observed using a scanning electron microscope (SEM). The images were taken using a Joel 199 

IT500 SEM at an accelerating voltage of 10 kV and a magnification at 4000X. 200 

As the optical and SEM observations were limited to the material surface, X-ray 201 

computed microtomography (XCT) was used to visualize the interior micro-cracks after the 202 

healing process [35]. A ~12.7-mm cube specimen comprising cracks was cut from the pre-loaded 203 

dogbone-shaped specimens before the wetting and drying cycles. The cube specimen went 204 

through the same cyclic wet-dry conditions for self-healing and was air dried for 24 hours before 205 

scanning. The XCT scan was conducted at a tube voltage of 69 kV and a tube current of 147 μA. 206 

 207 

 208 

3. Results and discussion 209 

3.1. Mass gain, resonance frequency and optical observation 210 

In carbonated MgO-fly ash systems, mass gain is essentially driven by continuous hydration of 211 

MgO cement and potential reactions of fly ash, although the reaction degree of fly ash tends to 212 

be low due to the weak alkalinity of hydrated MgO. Fig. 2 describes the mass evolution of MgO-213 

ECC during the self-healing process, in which mass gain was observed for both mixes up to 7 214 

wetting and drying cycles. The rate of ECC mass increase was high during the first few cycles 215 

and gradually slowed down attaining a total mass change of 1.3% for the M70 mix and 1.0% for 216 

the M50 mix at Cycle 7. The higher mass gain in the former is mainly attributed to the high MgO 217 

content that takes up more free water through the post-carbonation hydration. Atmospheric 218 

carbonation may also contribute to the mass gain, but to a comparatively lesser extent due to the 219 

low CO2 concentration and short period of air exposure. The clear trend of ECC mass increase 220 

suggests that the binding phases of the MgO-fly ash blends are still reactive when exposed to the 221 

wetting and drying cycles, which is a positive indication of the self-healing capability of this 222 

material.  223 
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Fig. 2. ECC mass gain during wetting and drying cycles. 225 

 226 

Fig. 3. Linear regression between resonance frequency and pre-loaded strain. 227 

 228 

As a typical approach to evaluate the mechanical integrity of solid materials, RF has been 229 

widely used for assessing concrete damage, e.g., micro-cracks induced by freeze-thaw cyclic 230 

exposure. RF has also demonstrated capability of evaluating self-healing processes of ECC [25, 231 

36, 37], with a higher RF value often indicating more robust crack filling and higher mechanical 232 

integrity after self-healing. Pre-loading poses a significant impact on RF, which is linearly 233 

correlated to the pre-loaded strains as shown in Fig. 3. The reductions in RF values with respect 234 

to the uncracked specimens (pre-loaded strain at 0%) verified the formation of micro-cracks 235 

induced by the pre-tension. Note that the RF measurement was conducted at the unloaded state 236 

and therefore reflected the formation of residual cracks rather than the loaded cracks at the 237 

imposed strains. Fig. 4 plots the evolution of RF values versus the number of wetting and drying 238 
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cycles. The RF values were observed to increase rapidly at early cycles of wetting and drying, 239 

and progressively approach a plateau after Cycle 6. This suggests that the cracks in ECC were 240 

being effectively filled up as the specimens went through the wetting and drying process. As the 241 

changes in ECC mass gain and RF value between Cycles 6 and 7 were within 10%, the cyclic 242 

exposure was terminated at Cycle 7. The RF ratio was calculated following Eq. 1 [38] and is 243 

graphically presented in Fig. 5.  244 

 245 

RF ratio =  

��
��
�����


����
�����
        (1)  246 

 247 

where RFprecracked and RFuncracked are the RF values measured on the pre-cracked and uncracked 248 

ECC specimens after 7 cycles, respectively. 249 

The results of the RF ratios shown in Fig. 5 suggest that both ECC mixes were nearly 250 

completely healed after 7 wetting and drying cycles. The M70 specimens, with a higher MgO 251 

content, attained comparatively higher RF ratios due to the subsequent MgO hydration that 252 

promotes mineral precipitation in crack openings. Nevertheless, both mixes displayed over 95% 253 

RF recovery, indicating that the amount of MgO used in the ECC formulations is adequate for 254 

enabling the ability to self-heal. 255 

 256 

Fig. 4. Evolution of resonance frequency indicating the recovering process of mechanical integrity as a 257 

function of wetting and drying cycles, (a) M70, and (b) M50. 258 

 259 
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 260 

Fig. 5. RF ratios restored to above 95% after self-healing, (a) M70, and (b) M50. 261 

The evolution of ECC RF values could be verified through observations of the crack 262 

surface via optical microscopy. Fig. 6 shows the appearance of the crack surface with respect to 263 

the number of wetting and drying cycles. The healing products were found to progressively fill in 264 

the crack openings with visual confirmation of complete crack sealing by Cycle 7 for both mixes. 265 

This observed crack closure after 7 cycles is consistent with the RF results. Mineral precipitation 266 

within the cracks would result in a concomitant reduction in crack permeability and potentially 267 

retard ingress of detrimental ions and reactive fluids likely to cause further material degradation. 268 

In this regard, investigations of post-healing material permeability would be needed to further 269 

understand self-healing efficiency in the carbonation-cured system. 270 

 271 

Fig. 6. Crack surface appearance during wetting-drying process under optical microscopy. (a) M70, and 272 

(b) M50. 273 
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 274 

 275 

Fig. 7. Uniaxial tensile stress-strain relation of post-healing ECC specimens. (a) M70, and (b) M50. Pre-276 

loaded ECC maintain strain-hardening and ductile behaviors after healing, but with lower tensile strength 277 

and strain capacity compared to uncracked reference. 278 

 279 

3.2. Post-healing tensile properties 280 

The purpose of developing self-healing in construction materials is to (1) seal cracks with 281 

solid mineral precipitates in order to retard the pathways for permeation of external detrimental 282 

ions and (2) restore material mechanical performance and mitigate composite damages induced 283 

by the presence of cracks. In conventional concrete, compressive strength is the main criterion of 284 

mechanical performance. In the design framework of ECC (which has radically different 285 

applications than conventional concrete), however, tensile strength and ductility represent the 286 

key mechanical performance parameters. The composite tensile performance relies on a 287 

combination of fiber, matrix and fiber/matrix interfacial properties, and appears less affected by 288 

the physical crack packing effect. Therefore, despite the evidence of filled cracks supported by 289 

RF ratios and optical microscopy, the post-healing tensile performance of ECC specimens must 290 

also be assessed. Uniaxial tension tests were conducted on the specimens after Cycle 7 following 291 

the same protocol as that used in pre-loading. Fig. 7 presents the tensile stress-strain relations of 292 

the ECC specimens pre-loaded to different strains, together with the uncracked ECC reference 293 

after 7 wetting and drying cycles. The tensile strengths and strain capacities are compared in 294 

Table 4. It was found that with higher pre-loaded strains specimens tended to exhibit low first-295 

crack strengths and strain capacities. For M70, the first-crack strength decreased from 4.04 MPa 296 
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for the uncracked reference, to 2.40 MPa at a pre-loaded strain of 2%. The post-healing ultimate 297 

strength and strain capacity were also reduced by 42% and 34%, respectively. Likewise, M50 298 

ECC followed the same trend after healing, showing up to 31% and 24% lower ultimate tensile 299 

strength and strain capacity, respectively, at an imposed pre-loaded strain of 2%. Despite the 300 

reductions in tensile strength and ductility, all post-healing ECC specimens displayed typical 301 

strain-hardening and ductile characteristics with tensile strain capacity over 2% as depicted in 302 

Fig. 7.  303 

 304 

Table 4. Uniaxial tensile properties of post-healing ECC specimens. 305 

Specimen ID and pre-

loaded strains 

First-crack 

strength (MPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain 

capacity (%) 

M70 

Pre-loaded 0% 4.04 ± 0.13 5.76 ± 0.71 4.21 ± 0.55 

Pre-loaded 1.0% 3.80 ± 0.22 4.85 ± 0.18 3.20 ± 0.13 

Pre-loaded 1.5% 3.11 ± 0.14 4.51 ± 0.24 4.05 ± 0.21 

Pre-loaded 2.0% 2.40 ± 0.09 3.34 ± 0.32 2.78 ± 0.17 

M50 

Pre-loaded 0% 3.93 ± 0.21 6.13 ± 0.62 4.31 ± 0.14 

Pre-loaded 1.0% 3.68 ± 0.15 5.04 ± 0.35 3.34 ± 0.11 

Pre-loaded 1.5% 2.83 ± 0.04 4.85 ± 0.51 3.82 ± 0.18 

Pre-loaded 2.0% 2.14 ± 0.31 4.22 ± 0.63 3.27 ± 0.33 

 306 

 307 

Fig. 8. Tensile elastic stiffness of post-healing ECC specimens. 308 

 309 

Elastic stiffness is a commonly used metric for identifying material resistance to elastic 310 

deformation. The post-healing tensile elastic stiffness of ECC specimens is shown in Fig. 8, in 311 
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which a decreasing trend of the tensile elastic stiffness with the pre-loaded strains was identified. 312 

The reduction in tensile elastic stiffness appeared more severe in the M50 ECC, where 2% pre-313 

loaded strain was found to reduce the post-healing stiffness by over 50% compared to the 314 

uncracked reference. The post-healing tensile performance suggests that the healing products 315 

generated during the wetting and drying cycles were not effective in bridging the cracks under 316 

tension, although the crack openings were likely filled up as evidenced by the RF and optical 317 

microscopy. 318 

 319 

3.3. Identification of healing products 320 

The mechanical testing and RF measurements suggest that the ‘healed’ cracks behave 321 

differently in forming the tensile integrity compared to the matrix materials in the carbonated 322 

MgO-ECC. As such, understanding the constituents of the crack healing products would be 323 

useful in identifying new strategies for promoting the robustness of self-healing. TGA coupled 324 

with DTG was therefore used to characterize the chemical composition of the healing products 325 

and matrix materials. As depicted in Fig. 9a, the DTG curves of the matrix materials displayed 326 

two major peaks at temperatures of ~90 °C and ~390 °C, corresponding to the dehydration and 327 

decarbonation processes, respectively [39]. As the binding properties of the carbonated MgO-fly 328 

ash system are attributed to a combination of hydrated magnesium carbonates (HMC) with 329 

varying stoichiometry, thermal decomposition of different phases were overlapping and formed 330 

two wide peaks on the DTG curves. Generally, the HMCs begin to dehydrate at ~50-100 °C, and 331 

fully convert to anhydrous magnesium carbonate at 300 °C [40]. Hydroxyles, however, can 332 

sustain higher temperatures and lose bound water up to 350 °C [41]. Fig. 9b shows TGA/DTG 333 

results of samples extracted from the healed cracks. Healing products from the two mixes 334 

displayed nearly identical mass loss and DTG curves, amounting to a total mass loss of ~70% 335 

from room temperature to 900 °C. This is substantially higher than the mass loss of matrix 336 

materials, suggesting that large amounts of water and CO2 were bound during the healing process. 337 

Accordingly, the dehydration and decarbonation peaks on the DTG curves showed higher 338 

intensities compared to that of matrix materials shown in Fig. 9a. The high mass loss intensities 339 

indicate that the healing products potentially contain a high percentage of HMCs.  340 
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 341 

Fig. 9. TGA and DTG for (a) matrix materials, and (b) healing products extracted from filled cracks. 342 

 343 

Fig. 10. XRD pattern of healing products extracted from filled cracks. N: nesquehonite, H: 344 

hydromagnesite. 345 

Due to the peak overlapping of different HMCs on DTG curves, XRD analysis was used 346 

to identify minerals present in the crack healing products, as shown in Fig. 10. Peaks of 347 

nesquehonite were predominantly identified for both mixes. Hydromagnesite was also detected, 348 

but at significantly lower intensities. Note that the formation of nesquehonite (chemical formula: 349 

MgCO3‧3H2O) from MgO binds ~71% H2O and CO2 per nesquehonite mass, which correlates 350 

well with the TGA mass loss of self-healing products shown in Fig. 9b. This verifies the 351 

formation of nesquehonite amongst the HMCs in the crack opening and indicates that 352 

nesquehonite is a key contributor to the self-healing identified through optical microscopy and 353 

RF observations. 354 

 355 

3.4. SEM and XCT images 356 



16 

 

Experimental results obtained from TGA and XRD suggested that the crystalline 357 

nesquehonite filling up the crack openings is responsible for the RF recovery of ECC specimens 358 

after the wetting and drying cycles. However, nesquehonite precipitation did not completely 359 

restore the cracked ECC, particularly when the healed composite materials were subjected to re-360 

loading, even though complete crack healing was identified under the optical microscopy. 361 

Therefore, visualizing the microstructural morphology and crack interior structure would assist 362 

in understanding the healing mechanism. Fig. 11 shows the reconstructed XCT image of the 363 

ECC specimen after 7 wetting and drying cycles when the cracks were found to have fully healed 364 

under optical microscopy. The crack planes, however, were clearly visible in the reconstructed 365 

XCT data, indicating a poor healing state throughout the specimen interior. This could be 366 

attributed to two factors: (i) the nesquehonite crystallites filling in the cracks were not as dense 367 

as the matrix material, hence having a comparatively lower X-ray attenuation that presents as a 368 

lighter grayscale coloration in reconstructed images; (ii) self-healing was limited to the material 369 

surface, and the interior cracks remained open even after the crack surface healed. Although the 370 

two factors were both likely, the former may play the primary role in preventing full healing of 371 

the crack. This is evidenced by the recovered RF values in Fig. 4, which would otherwise remain 372 

at low levels if there was inconsistent healing between the crack surface and interior. 373 

Additionally, differences between the crack surface and interior are not observed in the 374 

reconstructed XCT data. The low material density of the healed cracks accounts for the low first-375 

crack strengths in the pre-loaded ECC specimens compared to the uncracked reference. To 376 

further exam the micromorphology of healing products, SEM images were taken of the cross 377 

section containing healed cracks (see Fig. 12). The microstructure of healing products appeared 378 

as elongated needle-like crystallites, consistent with the typical micromorphology of 379 

nesquehonite [7]. No flake brucite crystallites or spherical fly ash particles were observed in the 380 

healing products under SEM, which verifies the XRD data that identified nesquehonite as the 381 

primary crack-healing product. 382 
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 383 

Fig. 11. Reconstructed XCT image segmented to show porosity and micro-cracks in a fully healed ECC 384 

specimen under optical microcopy and resonance frequency measurements. 385 

 386 

 387 

Fig. 12. SEM images showing a healed crack (left) and enlarged morphology of self-healing products 388 

inside cracks (right). 389 

 390 
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Fig. 13. Illustration of self-healing process of the same crack at different healing stages from left to right. 391 

Mineral dissolution and precipitation are responsible for the healing process in carbonation cured MgO-392 

based ECC. 393 

 394 

3.5. Healing process 395 

The process of self-healing is graphically illustrated in Fig. 13, where three stages are 396 

postulated to account for the self-healing of carbonation-cured MgO-ECC. At the first stage, 397 

multiple fine cracks are created by the imposed tensile strain but are kept tight by the fibers 398 

bridging across crack openings. After exposure to the wetting and drying cycles, water fills in the 399 

cracks and facilitates (1) dissolution of Mg2+, OH- and CO3
2- ions from the matrix, (2) 400 

dissolution of CO2 from ambient air, and (3) dissolution of a small amount of Ca2+ ions from fly 401 

ash.  As water dries out, the ions crystalize and precipitate solid minerals (mostly HMCs). Given 402 

the highest thermodynamic stability of nesquehonite amongst the HMCs in MgO-fly ash-CO2 403 

systems, mineral precipitation is dominated by nesquehonite needle-shape crystallites of varying 404 

dimensions as displayed in Fig. 12. This dissolution and precipitation process (stage II) 405 

continues and progressively fills the cracks (see Fig. 6). Fly ash does not seem to affect this 406 

healing process, since reaction degrees of fly ash remained at 0 after 7 wetting and drying cycles. 407 

Furthermore, the progress of self-healing as reflected by the evolution of RF values and crack 408 

surface appearance were found to be similar for ECCs made with 50% and 30% fly ash. The 409 

absence of fly ash in the healing products potentially contributes to a lower density of the healing 410 

products compared to matrix materials. Although self-healing of the carbonated MgO cements 411 

was not capable of adequately bridging the crack openings and recovering mechanical 412 

performance under tension, the post-healing ECC specimens still possess strain-hardening 413 

characteristics. The healed material may also be less permeable to reactive fluids and have 414 

enhanced durability relative to cracked typical MgO-based concrete. Transport properties of 415 

healed ECC, particularly when exposed to aggressive environments (e.g., sulfate and acid), need 416 

to be further evaluated to address the effectiveness of self-healing and to inform material 417 

durability design and lifecycle assessment. 418 

 419 

4. Conclusions 420 
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This study examined the self-healing of Engineered Cementitious Composites (ECC) 421 

based on binary blends of reactive MgO cement and fly ash. Wetting and drying cycles were 422 

applied as the healing condition. Conclusions are discussed below: 423 

(1) Cracks in the MgO-ECC can be healed in 7 cycles, with over 90% recovery of 424 

resonance frequency and fully healed crack surface as observed via optical microscopy. 425 

Specimen mass was increased by 1.3% for the ECC with 70% MgO and by 1.0% with 50% MgO, 426 

indicating continuing reactions of the MgO cement during the wetting and drying cycles. 427 

(2) The post-healing tensile performance of the MgO-ECC was not fully recovered. 428 

Specimens with higher imposed tensile strains tended to show lower tensile strengths, elastic 429 

stiffness and strain capacities after the healing process.  430 

(3) The crack opening was clearly identified by XCT imaging after 7 cycles, although 431 

optical microscopy suggested complete healing on crack surface. This was in line with the 432 

composite tensile performance, collectively indicating that the healing products were different 433 

from the matrix material and were not able to mechanically bridge the crack openings in the 434 

same manner. 435 

(4) Nesquehonite crystallites were found to be the primary mineral present in the healing 436 

products. Fly ash did not play a significant role in the process of self-healing or long-term MgO 437 

hydration. To facilitate robust post-healing tensile performance, novel strategies through matrix 438 

chemical/mineral modifications or external stimulations are needed. 439 

(5) Resonance frequency may not be accurate in reflecting and predicting composite 440 

tensile performance, particularly for MgO-based systems, although it is directly linked to 441 

mechanical integrity of materials. In the context of self-healing, characterizations with XCT and 442 

post-healing tension experiments are needed for validating the quality of self-healing in MgO-443 

based ECC. 444 
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