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Abstract: 15 

Microbially induced calcite precipitation (MICP) is one of the most effective 16 

mechanisms to achieving self-healing abilities in cementitious composites. However, 17 

there has only been limited understanding of the effect of the MICP process on the 18 

mineralogy and microstructure of the cementitious matrix closely mixed with the 19 

healing products. This study systematically assessed the effect of biomineralization on 20 

the localised cementitious binders at micro and atomic level combining different 21 

characterisation techniques (i.e. XRD, FTIR and μCT). The results show that, in 22 

addition to the formation of CaCO3 polymorphs that close the crack space, the MICP 23 

process will also modify the phase assemblages near the healed cracks. For the first 24 

time we observed that when the most common source of calcium for the MICP process 25 

(calcium hydroxide) is limited, ettringite and C-S-H can also act as the providers of the 26 

calcium for the biomineralization process to take place. The detailed microstructure 27 

characterisations support that, apart from the dense thin layer (around 0.5 mm) of 28 

healing products formed on the surface of the cracks, loose particle-like calcium 29 

carbonate crystals can also form in pores and voids, suggesting that healing can also be 30 

generated in deeper sections of the crack. The outcomes of this study advance the 31 

fundamental understanding of the MICP process in Portland cement binders, and will 32 

also assist the further evaluation of the durability performances of these self-healed 33 

cementitious composites. 34 

Jo
urn

al 
Pre-

pro
of

mailto:x.ke@bath.ac.uk
mailto:K.Paine@bath.ac.uk
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 37 

1 Introduction 38 

Cementitious composites, such as concrete and mortar, are widely used in infrastructure 39 

due to their high strength, versatility, low cost, and thermal resistance. However, 40 

inevitably, cracks can form during the service life of these composites due to surface 41 

drying, shrinkage, thermal cracking, overloading etc. [1,2]. These cracks allow the 42 

ingress of ions, such as Cl- and CO3
2-, that can impair the structural capability either 43 

through chemical attack of the cementitious matrix and/or by contributing to corrosion 44 

of reinforcing steels [3]. It has been calculated that in the UK £40bn is spent annually 45 

on the maintenance of infrastructures [4]. To save or even eliminate the cost on 46 

maintenance, cementitious composites that can self-heal have been widely investigated. 47 

Several types of self-healing mechanisms have been described in recent years, 48 

including (i) simulated autogenous healing using materials like superabsorbent 49 

polymers [5] and admixtures [6] that can accelerate the formation of cementitious 50 

products in the crack, and (ii) autonomous healing using materials encapsulated in 51 

carriers [4,5] or embedded in vascular networks that can be released to fill the crack 52 

[9,10].  53 

The use of microbially induced calcite precipitation (MICP) is one such autonomous 54 

healing approach and is achieved by embedding bacteria-based self-healing agents in 55 

the cementitious composite. When a crack occurs, these agents will be activated, 56 

resulting in chemical and bio-chemical reactions that form calcium carbonate in and 57 

around the crack. Different carriers for encapsulating the bio-agents have been 58 

investigated, including lightweight aggregate [11], microcapsules [12], glass capillaries 59 

[13], and hydrogel [13]. The bio-agents include bacteria (bacterial cells or bacterial 60 

spores), and growth media that consists of nutrients for promoting the growth of 61 

bacteria, and additional calcium sources. The bacteria used may be either ureolytic or 62 

non-ureolytic. The mechanisms by which calcium carbonate is formed as a result of 63 

MICP have been described in detail elsewhere [14–16, 17,18] based largely on 64 

observations in controlled microbiological experiments. However, there remains some 65 

Jo
urn

al 
Pre-

pro
of



uncertainty as to the precise mechanisms that take place in the much more multifaceted 66 

and dynamic cement environment that contains multiple compounds. 67 

Initial research on bacteria-based self-healing cementitious compounds was based 68 

around a premise that the additional calcium sources added to the mix proportions (such 69 

as calcium lactate and calcium acetate) would be converted directly to calcium 70 

carbonate through oxidation aided by bacterial activities [17]. This may be true when 71 

these compounds are encapsulated and are not made available to the bacteria until after 72 

cracking has occurred. However, it is possible that they do need to undergo some initial 73 

dissolution first. On the other hand, it has become increasingly common to add the 74 

calcium salts directly to the cementitious composite at the mixing phase; particular in 75 

research utilising ureolytic bacteria [12], but more recently using non-ureolytic bacteria 76 

too [19]. Consequently, the calcium salt will take part in cement hydration reactions 77 

and alter the composition of the hydration products. In such situations, it is less clear 78 

how the calcium present in the various hydration products is used in MICP reactions. 79 

It has been suggested that the most likely calcium-based hydration product used in 80 

MICP is calcium hydroxide [20]. Indeed, Tan et al [19] have demonstrated that the 81 

addition of calcium nitrate during mixing increases the quantity of calcium hydroxide 82 

present in a cement mortar, and that the calcium hydroxide present in the mortar does 83 

decrease as healing takes place. Furthermore, they showed that when mortars were 84 

carbonated, and calcium hydroxide was not present, little self-healing took place. 85 

Furthermore, Zhang et al [21] have suggested that cementitious composites contain 86 

sufficient calcium sources for bacteria without the need for additional calcium sources, 87 

suggesting that the hydration products in an otherwise normal cement composites are 88 

sufficient for MICP reactions. 89 

Where additional calcium sources are used for bacteria-based self-healing concrete, 90 

calcium carbonate forms as the healing product. However, visual observations have 91 

shown that the use of different calcium sources and bacteria result in the formation of 92 

the different morphologies of calcium carbonates, with spherical, rod-shaped, irregular, 93 

and blocky particles of calcium carbonate observed in various studies [22,23]; often 94 

relating to the three main polymorphs of calcium carbonate: aragonite, calcite and 95 

vaterite.  96 
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Principally, it is known that the surface structures of the bacteria can influence mineral 97 

polymorph ratio and the crystal morphology of minerals precipitated by MICP [24]. 98 

For example, Zhang et al. [25] have reported that different healing products are due to 99 

dissimilar conditions for the bacteria used; and have argued that bacteria under anoxic 100 

condition produce more aragonite than calcite. Furthermore, even where the same 101 

polymorph of calcium carbonate is formed, Reeksting et al. [26] have reported that the 102 

bacteria affect the morphology and have identified that calcite precipitated by ureolytic 103 

bacteria present homogenous inorganic crystal morphologies, whereas non-ureolytic 104 

bacteria produce a more ‘organic-like’ calcite. 105 

Others have suggested that the availability and the form of the calcium in the 106 

cementitious composite is responsible for differences in the morphology of the calcium 107 

carbonate formed. Whilst differences in crystal polymorph formation can occur with 108 

the same bacteria when the calcium source is altered [25]; there appears to be little in 109 

the way of correlation between the calcium source and the crystal polymorph formed 110 

across the swathe of research on bacteria-based self-healing concrete [27]; suggesting 111 

that this is a complex issue affected by a range of external and internal factors including 112 

pH, cement composition, healing regime, and temperature to name just a few. 113 

A number of spectroscopic techniques have been used to investigate the components of 114 

healing products. The main spectroscopic techniques that have been used on self-115 

healing concrete include: (i) X-ray diffraction (XRD), (ii) Fourier transform infrared 116 

spectroscopy (FTIR), (iii) Raman spectroscopy and (iv) micro-computed tomography 117 

(CT) scan. For example, Zhu et al. [28] evaluated the healing products via FTIR, where 118 

the typical C-O and C-C stretching vibration of CaCO3 were observed on the bacteria-119 

based sample, evidencing the formation of CaCO3 resulting from MICP. Wang et al. 120 

[29] obtained CT scan images of bacteria-based self-healing mortar and successfully 121 

simulated the distribution of healing products. They determined that the healing 122 

products were randomly spread not concentrated in the sample, and that the most-dense 123 

deposition was found on the surface of sample. Indeed, studies, have suggested that 124 

healing deep within a crack may not be possible because precipitation rates are oxygen 125 

limited due to diffusional constraints and that surface healing results in anoxic 126 

conditions in the crack that limits aerobic bioactive self-healing [30].  127 
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However, the effects of the MICP process on the mineralogy and microstructure of the 128 

cementitious matrix closely mixed with the healing products are still largely unclear. 129 

Such understanding of the interaction between the MICP process and the cement phases 130 

will provide fundamental knowledge regarding the impact of the MICP process on the 131 

long-term mechanical and chemical performance of bacterial-healed concrete 132 

composites, and will be of benefit to those attempting to model MICP in cementitious 133 

composites [31,32]. The aim of this study was to develop such understanding, and in 134 

particular, examine the role of different calcium sources on the interactions between the 135 

MICP process and the cement hydration products. In this study, three different types of 136 

bacterial-based self-healing cement mortar were assessed, representing the three major 137 

types of bacterial based self-healing cement composites [19][33]. For the mortar 138 

samples investigated in this work, the calcium salts were either directly added (calcium 139 

nitrate) at the mixer, such that they could play a role in the formation of hydration 140 

products, or were added in an encapsulated form (calcium acetate) so that they were 141 

only released into the cement composite after the crack had formed in the hardened 142 

stage. The effects of biomineralization on the localised cementitious binders at micro 143 

and atomic level were then assessed using XRD, thermogravimetric analysis, FTIR and 144 

μCT. 145 

2 Materials and methods 146 

2.1 Bacterial strain 147 

Bacillus cohnii DSM 6307 provided by German Collection of Microorganisms and Cell 148 

Culture (DSMZ) was selected as the bacterial species for study. The process for 149 

preparation of the spores was as described by Tan et al. [19], and spores were freeze-150 

dried and stored at 4°C prior to use. 151 

 152 

2.2 Growth media 153 

Two types of growth media (GM) were used in this study:  154 

(i) a combination of calcium acetate (C₄H₆CaO₄) and yeast extract (GM-CA),  155 

(ii) a combination of calcium nitrate and yeast extract (GM-CN).  156 
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All materials were supplied by Sigma-Aldrich Corporation. GM-CA was encapsulated 157 

in lightweight aerated concrete granules (ACG), while M-CN was directly added at the 158 

mortar mixer without encapsulation.  159 

 160 

2.3 Aerated concrete granules (ACG) 161 

The ACG used in this study were commercially supplied by Cellumat SA Belgium. The 162 

ACG were sieved to a particle size conforming to 0/4 mm as defined in BS EN 12620. 163 

ACG had a water absorption capacity of 120% as determined in accordance with BS 164 

EN 1097-6, and a loose dry bulk density of 354 kg/m3 (BS EN 1097-3).  165 

 166 

2.4 Encapsulation process 167 

Both the bacterial spores and GM-CA were encapsulated in the ACG prior to use. 168 

Bacterial spores and GM-CA were encapsulated separately to prevent early germination 169 

of bacteria due to the presence of yeast extract in GM-CA. Two types of ACG 170 

containing growth media (ACGM) were made: one with a low quantity of calcium 171 

acetate (ACGM1) and one with a higher quantity (ACGM2). The vacuum chamber was 172 

used with two-entry valves with one connected to a reservoir and another connected to 173 

the vacuum channel under 0.8 bar as previously described by Tan et al. [19]. Full details 174 

of the content and coatings for ACGS, ACGM1 and ACGM2 are given in Table 1. 175 

The ACG containing bacterial spores (ACGS) were formed by suspending 12.5×1010 176 

cfu (colony forming units) in 14 ml distilled water in the reservoir. Under vacuum these 177 

were absorbed by 12g of ACG. After encapsulation, they were surface dried in an 178 

environmental chamber at 50% RH and 20°C for 24 hours and then coated with PVA 179 

(polyvinyl acetate) to obtain a waterproof protective layer. This was carried out by 180 

mixing the ACG with 50% by mass of PVA in a Kenwood Major Titanium Mixer with 181 

a K-Blade. To prevent any adhesive between ACG particles, the mixing proceeded until 182 

the PVA was slightly surface dried. The PVA used was a commercial product supplied 183 

by BOSTIK Ltd. PVA was chosen because it is a slightly water-soluble materials and 184 

presents in the form of thin film on the particle, which may be resistant to mixing water 185 

to some extent. Whilst upon the crack occurrence, PVA is more likely to be broken and 186 
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dissolved to efficiently release bio-agents. Moreover, PVA is cheap and easily operable, 187 

which benefits the future industrial application. Coating was necessary as shown by 188 

previous studies summarised in the state-of-the-art [34]. In the procedures of casting of 189 

mortar or concrete, mixing water may bring bio-agents out from the carrier, or water 190 

ingress into the granules could lead to premature activation of the bio-agent during the 191 

mixing process or whilst uncracked in service. Therefore, coating was used to create a 192 

protective shell for the encapsulated carrier. 193 

ACGM1 and ACGM2 were formed by dissolving 2.66 g or 4.55 g calcium acetate, 194 

respectively, together with 1 g yeast extract in 13 g of distilled water. The resulting 195 

solutions were then absorbed by 11 g ACG. As with the ACGS, these were then dried 196 

at 50% RH and 20°C for 24 hours before being coated with 50% by mass of PVA using 197 

the same procedure as for ACGS. 198 

After coating with PVA, both the ACGS and ACGM were stored separately in air-tight 199 

polythene bags until required. 200 

. 201 

Table 1 Detailed quantities of bacteria spores, calcium acetate, and yeast extract in 202 

ACGS, ACGM1 and ACGM2. 203 

ACG INITIAL 

MASS (g) 

INGREDIENTS COATING TOTAL 

MASS (g) 

Bacterial 

spores (cfu) 

Calcium 

acetate (g) 

Yeast 

extract (g) 

PVA (g) 

ACGS 12 12.5×1010 0 0 6 18 

ACGM1 11 0 2.66 1 5.5 20.1 

ACGM2 11 0 4.55 1 5.5 22 

Note: The bacterial spore powder was assumed to have effectively zero mass; ACGM1 and ACGM2, 204 
which were used in different mixes, contained different amount of calcium acetate. The amount of PVA 205 
was 50% (w/w) of plain ACG.  206 

 207 

2.5 Preparation of mortar prisms 208 

The mix proportions for all mortars are shown in Table 2. The cement used was a 209 

Portland limestone cement (CEM II/A-L 32.5R) conforming to BS EN 197-1. The sand 210 
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was a standard sand conforming to BS EN 196-1. The water used was local tap water, 211 

and the self-healing agents were as described above.  212 

Four types of mortar were prepared following the mix proportions given in Table 2, and 213 

triplicate prisms were cast for each mortar. “CEM II” was a standard cement mortar, 214 

whilst all three others were bacteria-based self-healing mortars. CN contained GM-CN 215 

which was dissolved in mixing water and added directly into mortar matrix. CAL and 216 

CAH were mixes that used ACGM1 and ACGM2, representing the low (CAL) and 217 

hight (CAH) calcium acetate addition in the mix design respectively. 218 

 219 

Table 2 Mix proportions for all four mortars, CEM II, CN, CAL, and CAH 220 

Mortar 

ID 

Cement 

(g) 

Water 

(g) 

Sand 

(g) 

ACGS 

(g) 

Calcium 

nitrate(g) 

YE (g) ACGM (g) 

CEM II 92.0 46.0 276.0 0.0 0.0 0.0 0.0 

CN 92.0 46.0 260.0 5.3 4.6 1.0 0.0 

CAL 92.0 46.0 207.0 5.3 0.0 0.0 20.2g ACGM1 

CAH 92.0 46.0 207.0 5.3 0.0 0.0 22.0g ACGM2 

Note: Mortar CEM II was a standard cement mortar with water to cement ratio of 0.5. For mortar CN, 221 
the growth media (calcium nitrate and yeast extract) were directly added into mortar matrix.  222 

 223 

Mixing was based on the method described in BS EN 196-1 with some slight 224 

differences to account for the wider range of ingredients used. For example, ACGS and 225 

ACGM were added at the same time as the sand whilst for CN, the calcium nitrate and 226 

yeast extract were dissolved in the mixing water prior to the addition to the mixer.  227 

For each mix, mortar prisms of size 40 mm × 40 mm × 65 mm were cast. To conserve 228 

bacterial spores, only the lower layer (20 mm thickness) was cast as self-healing while 229 

the upper layer was the CEM II mix in all cases. After casting, the prisms were cured 230 

in an environmental room (20°C, 40% RH) for 24 hours and then demoulded. Prisms 231 

were continuously placed under water until an age of 28 days at which point they 232 

underwent the crack creation process.  233 

 234 
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2.6 Sample conditioning and testing methods 235 

2.6.1 Crack creation 236 

At the age of 28 days, all prisms were dried at room temperature (20°C) for 24 hours. 237 

Following this, the top third of each mortar prism was wrapped with carbon fibre 238 

reinforced polymer to prevent complete rupture of the prism during cracking (Figure 239 

1). A 1.5 mm deep notch was sawn at mid-span to generate an initiation point for crack 240 

Prisms were then subjected to three-point bending to generate the crack, using a 30 kN 241 

Instron static testing frame over a span of 60 mm with the load applied at the mid-point 242 

of the prism. The load was applied at a rate of 0.2 mm/minute, and the crack width was 243 

measured by a crack mouth opening displacement (CMOD) attached to the bottom of 244 

the prism either side of the notch. Loading was stopped when the crack width reached 245 

approximately 1 mm which meant that after elastic rebound, upon removal of the load, 246 

the residual cack width would be approximately 500 µm. Marks were made on selected 247 

parts of the crack with a permanent marker pen to facilitate the visual observation of 248 

healing via the optical microscope. 249 
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 250 

Figure 1 Crack generation via three-point bending test on prism mortar attaching by CMOD, 251 

showing the location of the control and bacteria layers, and the carbon fibre reinforced polymer. 252 

 253 

2.6.2 Healing 254 

After cracking, all prims were subjected to a wet/dry healing regime as previously 255 

described in Tan et al. [19]. This consisted of an incubation system containing two 256 

tanks. Mortars were placed on a metal mesh in the upper tank, the metal mesh was about 257 

10 mm above the bottom of tank, which allowed water to flow around all sides of prisms. 258 

The lower tank was filled by water and connected to the upper tank by two pipes. These 259 

two pipes were automatically operated to drain water and release water from the upper 260 

tank to the lower tank, which created a wet-dry cycle of 16 h wet and 8 h dry healing 261 

regime for prisms. Cracked prisms were placed in the healing regime for a total of 84 262 

days. 263 
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2.6.3 Sample preparation prior to characterisation  264 

To investigate the differences between the mortar in the vicinity of crack and the 265 

original mortar matrix, after 84 days, samples were taken from two different locations 266 

on each mortar containing bacteria. As illustrated in Figure 2 (A), samples labelled 267 

‘Mortar ID-ref’ were taken by drilling a core of 15 mm diameter and 20 mm depth from 268 

the main matrix (10 mm from the mid-point), whilst samples labelled ‘Mortar ID-heal’ 269 

were collected by drilling three cores, of size of 6 mm diameter × 20 mm depth, from 270 

the centre of the crack. The drilling process was carried out by an electro drill with 271 

power of 80W, extracting powder within the cylinder-shaped core drill and following 272 

manual collection of all the solid samples removed by the drilling process. At least 5-6 273 

g of samples were collected from the centre of the crack for each sample assessed. 274 

Given that the crack was only 0.5 mm wide, it should be noted that although the ‘Mortar 275 

ID-heal’ samples would contain the healing products in the crack and surface products 276 

resulting from the healing activities, they would also contain cement mortar within the 277 

vicinity of the crack.  278 

Following collection, the drilled cores were then gently crushed and sieved to a 279 

maximum size of 0.1 mm to remove most of the aggregate particles. They were then 280 

further ground into fine powder and stored in sealed polythene bags until testing using 281 

XRD, TGA, and FTIR as described below. 282 

Monolithic samples were also prepared for microstructure inspection with CT. To 283 

reduce damage to the samples, the cracked prisms were first cut to approximately 40 284 

mm cubes with the crack still at the centre point. These were then embedded in clear 285 

epoxy resin which was supplied by Industrial Plaster Ltd. These prisms were then cut 286 

into approximately 20 mm wide pieces containing the crack as shown in Figure 2 (B). 287 

 288 
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 289 
 290 

Figure 2 Illustration of sampling methods from bacterial-based self-healed mortar (A) 291 

powdered samples for XRD, TGA and FTIR; (B) monolithic samples for CT. 292 

 293 

2.6.4 Testing methods 294 

Visualisation of crack-filling 295 

Visualisation of crack filling was carried out using a Leica M205C light microscope. 296 

Optical microscopic images were taken on pre-marked parts of the crack at the age of 297 

0, 14, 28, 56, and 84 days of healing to determine the healing performance. A healing 298 

ratio was calculated by Equation (1), 299 

𝑅𝑊 =
𝑊0−𝑊1

𝑊0
× 100%                                                                                                  (1) 300 

where W0 was the initial crack width at 0 day, W1 was the crack width after the relevant 301 

period of healing. 302 

 303 

X-ray diffraction 304 

X-ray diffraction (XRD) analysis of powdered samples from the mortar matrix itself 305 

(Mortar ID-ref) and the healed interfaces (Mortar ID-heal) was carried out using a 306 

Bruker D8 Discover instrument, with Cu Kα radiation and a nickel filter. The tests were 307 

conducted with a step size of 0.02° and a counting time of 0.5 s/step, from 5° to 70° 2θ 308 

for all samples. 309 
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 310 

Thermogravimetric analysis 311 

Thermogravimetric analysis (TGA) of all powdered samples was carried out in a 312 

NETZSCH STA 449F3 Jupiter instrument. Within this instrument, a thermocouple 313 

placed close to sample was used to recognize the temperature of sample. In each case, 314 

a small amount of powdered sample (~15 mg) was used. The temperature was increased 315 

from 30 °C to 1000 °C at a rate of 10 °C/minute under nitrogen flow at 60 mL/min. 316 

Afterwards the sample was slowly cooled to 30 °C. 317 

 318 

Fourier transform infrared spectroscopy 319 

A PerkinElmer Frontier Mid Fourier transform infrared spectroscopy (FTIR) 320 

spectrometer with an attenuated total reflection (ATR) attachment was used for 321 

characterising the organic and inorganic chemical bonding information. Powdered 322 

samples were mounted onto the diamond ATR crystal, and spectra were taken in the 323 

transmission mode from 600 to 2000 cm−1 wavenumber at a resolution of 4 cm−1. For 324 

each sample scan, 40 accumulation was applied for accuracy and noise reduction. 325 

 326 

Scanning electron microscope 327 

Scanning electron microscope (JSM 6480LV, JEOL, Welwyn, UK) was used to determine the 328 

morphologies of healing products at 84 days of healing. The healed mortar sample blocks 329 

(without cutting, to avoid damaging the microstructures) were dried at 50 °C for 72 hours and 330 

then placed under vacuum for 24 hours prior to the SEM imaging.  The representative samples 331 

were tested at accelerating voltages ranging from 10 kV to 20 kV. 332 

 333 

Micro-computed tomography 334 

The microscale pore structures of at the healing interfaces were characterised using the 335 

Xradia 510 Versa micro-computed tomography (μ-CT). The sample size used for 336 
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measurements was 20 mm × 40 × mm × 40 mm as indicated in Figure 2B. A power 337 

setting of 140 kV and 71 μA was used. The conical X-ray beam was emitted as the 338 

specimen rotates through 360 degrees. The μ-CT raw data were then collected by 339 

1004×1012×1024 projection images that were recorded by a CCD camera with an array 340 

of 1024×1024 pixels. Therefore, a 3D voxel size was 50 μm × 50 μm × 50 μm. The 341 

acquisition time for one projection was about 2.2 second. The total time acquisition of 342 

the scan was 1h 41min and 37s (time). Fourier transform was performed on the acquired 343 

projection value to obtain the two-dimensional distribution of the attenuation 344 

coefficient, and then the CT value of each sample was calculated and converted to the 345 

colour scale. Scale bars are visible along the bottom of each image. 346 

 347 

3 Results and discussion 348 

3.1 Visualisation of crack-filling 349 

The initial crack was measured immediately after cracking via optical microscopy, and 350 

then after 14, 28, 56, and 84 days of healing. Five points were marked on the crack, 351 

including three on the top surface, and two on each side surface 3 mm close to the top 352 

surface. The crack widths of these points were measured over healing progress. The 353 

mean values of initial crack width, final crack width, and healing ratio are given in 354 

Table 3, where the mean and the standard deviation of the crack width were obtained 355 

from the 15 marked points (5 points× triplicate mortars =15 points in total). Figure 3 356 

illustrates the healing ratios (RW), calculated by Equation (1), for all mortars throughout 357 

the healing period. 358 

The CEM II mortar did not show any crack closure over the entire healing period, 359 

leading to RW = 0% at 84 days. In contrast, the bacteria-based mortars demonstrated 360 

significant healing capacity with RW values between 98 to 99% after 84 days. 361 

Noticeably, CAL had a slightly lower degree of healing at early ages (7 to 56 days) but 362 

ended with a similar value to CAH at 84 days. As per the visual observation, CN 363 

illustrated the highest degree of healing, where complete crack closure was achieved at 364 

56 days, beyond which further crystals were continuously formed on the top of healed 365 

crack until 84 days. In comparison, CAL and CAH had a rather thinner healing layer, 366 
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and cracks did not heal completely while some minor gaps remained. Despite the slight 367 

healing difference between the three types of bacteria-based mortar assessed, it is 368 

important to note that around 90% of the crack width at the mortar surface was healed 369 

during the initial 7 days of the healing process. 370 

 371 

Table 3 Mean values of initial (Wo) and final crack width (W1) of all mortars and the 372 

calculated healing ratio (RW) 373 

Prisms Initial crack width 

(W0, mm) 

Final crack width            

(W1, mm) 

Healing ratio                        

(RW, %) 

CEM II 0.41 ± 0.04 0.41 ± 0.05 0% ± 4% 

CN 0.52 ± 0.03 0.01 ± 0.01 99% ± 1% 

CAL 0.43 ± 0.03 0.01 ± 0.01 98% ± 1% 

CAH 0.41 ± 0.04 0.01 ± 0.01 98% ± 2% 

 374 

375 
Figure 3 Change in crack width healing for all mortars exposed for 84 days to a wet/dry 376 

environment 377 

  378 
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 381 
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 382 

Figure 4 Examples of the progression of crack healing for each mortar type. Images 383 

shown are not presented in unified scale, only as an indication of the healing processes.  384 

 385 

3.2 X-ray diffraction 386 

Figure 5 shows the XRD patterns of the cores taken from the matrix but away from the 387 

cracks (mortar ID-ref) and from the interface between the healed products and the 388 

matrix samples (mortar ID-heal). Note that only one sample was taken from CEM II as 389 

there was no healing. All samples indicated overall similar crystalline phases, mainly 390 

calcite (ICDD # 05-0586, CaCO3), calcium hydroxide (ICDD # 04-0733, Ca(OH)2), 391 

ettringite (ICDD # 41-1451, Ca6Al2(SO4)3(OH)12·26H2O), calcium silicate hydrate 392 

(ICDD # 033-0306) and quartz (ICDD # 33-1161). The presence of quartz was most 393 

probably due to a small fraction of sand particles passing the sieve. Compared to CEM 394 

II, all the bacteria-based samples (in both “-ref” and “-heal” locations) showed a higher 395 

amount of calcite.  396 

Furthermore, the bacteria-based “-ref” samples showed higher portlandite content in 397 

comparison with CEM II, while the bacteria-based “-heal” samples showed lower 398 

portlandite content, as highlighted in the two rectangles in Figure 5. The increase of 399 

portlandite content in the bacteria-based “-ref” samples is likely due to the presence of 400 

the additional Ca2+ sources (calcium nitrate or calcium acetate); while the decrease of 401 

portlandite content in the bacteria-based “-heal” samples is likely associated with the 402 

bacteria healing process where Ca2+ sourced from the portlandite was consumed to form 403 

CaCO3.  404 

 405 

CAH 
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 406 
Figure 5 XRD of powdered samples taking from bacterial-based self-healed mortar, where “-407 

ref” refers to samples taken away from the healed crack and “-heal” refers to samples taken 408 

from the healed crack. Et- ettringite, CH- portlandite, Q- quartz, Cc-calcite, C-CSH. 409 

 410 

XRD results of CAL, CAH, and CN at lower Bragg angles are illustrated in Figure 6, 411 

corresponding to the 2θ ranging from 5 to 20 in Figure 5.  For the three bacteria-based 412 

samples assessed, it appears that the inclusion of the additional calcium source, either 413 

calcium nitrate or calcium acetate, did not affect the formation of ettringite ((ICDD # 414 

41-1451, Ca6Al2(SO4)3(OH)12·26H2O). However, for samples taken from the healing 415 

region, a significantly reduced quantity of ettringite was observed, suggesting that the 416 

MICP process may have used Ca2+ from the ettringite phase to form CaCO3 and thus 417 

destabilised the ettringite. Between the three different samples assessed, CN-H and 418 

CAH-H showed similar levels of ettringite reduction, while CAL-H showed even more 419 

significant ettringite reduction. This is interesting and is most likely due to the lower 420 

amount of additional calcium source in the CAL sample, thus forcing the bacteria to 421 

seek an additional calcium source for MICP activities.  422 

As shown in Figure 6A, monocarboaluminate (ICDD # 41-0221, Ca4Al2(CO3)(OH)12 423 

5H2O) formed in CEM II as a result of the presence of limestone in the starting material 424 

[35]. When calcium nitrate was added as Ca2+ source, the monocarboaluminate phase 425 
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disappeared while a small amount of nitrate AFm (mono nitrate calcium aluminate) was 426 

detected in CN-ref, corresponding to a small reflection peak at around 2θ = 10° [36]. 427 

This may be due to the directly added calcium nitrate (Ca(NO3)2) reacting with C3A 428 

from the cement and forming nitrate AFm (Ca4Al2(NO3)2(OH)12·xH2O). However, in 429 

CN-heal, this reflection peak shifted towards higher Bragg angles at 2θ = 11°. 430 

According to Balonis et al. [36], this peak may refer to nitrite AFm 431 

(Ca4Al2(NO2)2(OH)12·xH2O) or modified nitrate AFm. In CN-heal, due to the activities 432 

of bacteria, some constituents in the mortar matrix may have decomposed or been 433 

synthesised. It is also possible that the metabolism of the bacteria may have affected 434 

the crystal structure of the AFm phase, causing disruption to its basal spacing. The 435 

results shown in Figure 6B and Figure 6C support these hypotheses, as the reflection 436 

peak corresponding to the nitrate AFm is absent from the samples with calcium acetate 437 

as the calcium source, while broadening of the reflection peak corresponding to the 438 

monocarboaluminate phase can be observed.  439 

 440 

 441 
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 442 

 443 

Figure 6 XRD of powdered samples taken from bacteria-based self-healed mortar at 444 

lower Bragg angles, where the red line represents CEM II , black line represent samples 445 

taken from the surface of the matrix but away from the healed cracks (noted as “-ref” 446 

in Figure 5), and blue line represents samples taken from the centre of the healed cracks 447 

(noted as “-heal” in Figure 5). (A) sample CN, (B) sample CAH, (C) sample CAL. Et- 448 

ettringite, CH- portlandite, Q- quartz, Cc- calcite, C- CSH, Mc- monocarboaluminate. 449 

 450 

3.3 Thermogravimetric analysis 451 

Thermogravimetric analysis (TGA) curves for all samples are shown in Figure 7. For 452 

comparison purposes the TGA result of CEM II is shown in all figures and represents 453 

the typical behaviour of a Portland-limestone cement mortar, i.e. between 100 °C to 454 
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200 °C, there was a loss of mass corresponding to the dehydration of C-S-H and 455 

ettringite [37] and a second dehydration peak corresponding to the dehydration of 456 

monocarboaluminate phase [37]; decomposition of portlandite occurring at 450 °C [37]; 457 

and finally a mass loss within the temperature range of 600 to 800 °C corresponding to 458 

the decarbonisation of CaCO3. 459 

For CN samples, CN-ref illustrated higher amount of mineral decomposition at all 460 

temperature ranges, except for the peak ranging from 600 to 800 °C. This range 461 

corresponds to the decomposition of calcium carbonate which was almost the same as 462 

that in the CEM II sample. It was also noticed that the second dehydration peak, 463 

corresponding to the dehydration of monocarboaluminate [37] in CEM II, was missing 464 

from CN-ref and CN-heal. This is consistent with the observations made in XRD. The 465 

small dehydration peak at around 70 °C and 110 °C may correspond to the first and 466 

second dehydration peak stage of nitrate AFm [38]. Furthermore, reduction of nitrate 467 

and condensation of hydroxyl may have occurred at approximately 250 °C and 680 °C, 468 

respectively [38]. Both CN-ref and CN-heal illustrated the presence of nitrate AFm, 469 

suggesting that bacterial activity may have limited impact on the decomposition of 470 

nitrate AFm during the healing period. 471 

Given the detailed differences between CN-ref and CEM II, it can be argued that CN-472 

ref contained more cement hydration products than REF, potentially suggesting a 473 

higher degree of reaction. This is most likely related to the addition of calcium nitrate 474 

in sample CN. Calcium nitrate is commonly used as an accelerator in concrete [39], and 475 

it has been suggested by Abdelrazig et al. [40] that the additional calcium ions can 476 

contribute to the precipitation of sulfate and hydroxide, forming gypsum and calcium 477 

hydroxide.  478 

However, it cannot be discounted that the differences seen in CN-ref may also due to 479 

the presence of YE and ACG. The ACG is derived from aerated cement paste, therefore, 480 

ACG contains a considerable amount of hydration products including C-S-H, 481 

portlandite, and calcite. Consequently, all mortars containing ACG showed higher 482 

quantities of cement hydration products than CEM II due to the partial replacement of 483 

sand with ACG. Because the CN mortar had less standard sand replaced by ACG than 484 

CAH and CAL, it was less impacted by the added ACG. 485 
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Similar trends were observed from CAH and CAL as shown in Figure 7 (B) and (C). 486 

The “-ref” samples in both cases contained significantly larger quantities of C-S-H, 487 

ettringite, monocarboaluminate, and portlandite than the respective ‘-heal’ samples. 488 

This may suggest that these minerals were possibly consumed and converted to healing 489 

products over the healing period. Furthermore, CAH-ref and CAL-heal had more 490 

ettringite, C-S-H, monocarboaluminate, and portlandite than CEM II; due to the 491 

presence of both ACG and calcium acetate. The effect of the ACG will have been as 492 

described above for the CN samples. 493 

The calcium acetate on the other hand, unlike the calcium nitrate, was encapsulated and 494 

should have been present as a pure compound. However, distinguishing of this phase is 495 

challenging as the decomposition temperatures of this phase overlap with the other 496 

cement hydration products [41]. For example, the loss of one molecule of water from 497 

the hydrate occurs at around 180 to 220°C, overlapping with the dehydration of 498 

monocarbonate; further decomposition to CaCO3 takes place at between 340 and 480°C, 499 

overlapping with the dehydration of portlandite; and the final decomposition of CaCO3 500 

to CaO will occur at the same time as other carbonate phases presented in the cement 501 

phases, such as monocarbonate and calcite [42]. Therefore, the quantity of CaCO3 given 502 

in the TGA results of ‘-ref’ samples can also be partially derived from calcium acetate. 503 

However, unlike the CN samples, both the “-ref” and “-heal” samples for CAH and 504 

CAL had similar CaCO3 contents to the CEM II and this may be attributed to the 505 

presence of the calcium acetate. 506 

 507 
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 510 

Figure 7 Thermogravimetric (top) and differential thermogravimetric (bottom) results 511 

of bacterial-based self-healed mortars (A) sample CN, (B) sample CAH, (C) sample 512 

CAL. 513 

 514 

3.4 Fourier transform infrared spectroscopy 515 

FTIR results of all samples containing self-healing components (CAH-ref, CAH-heal, 516 

CAL-ref, CAL-heal, CN-ref, and CN-heal) are shown in Figure 8. For semi-quantified 517 

comparison purposes, the results shown in Figure 8 have been normalised by the total 518 

transmission areas.  519 

First of all, the FTIR results evidenced the presence of CO3
2- in all “-heal” and “-ref” 520 

samples, corresponding to the calcite present in all samples, as would be expected 521 

(CEM II containing calcite). The main characteristic peaks of C-S-H were located in 522 

the range between 900 and 1100 cm-1, corresponding to the Si-O-T (T= Si, Al or cations) 523 

bond of the chain-type silicate structure in the C-S-H gel [43]. Three peaks were 524 

illustrated in all samples within this range as highlighted in Figure 8, at wavenumbers 525 

961 cm-1, 1050 cm-1 and 1088 cm-1 respectively. The IR band at 961 cm-1 corresponds 526 

to the stretching vibration of the Si-O-Ca bond in the C-S-H gel [44], while the IR band 527 
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at 1050 cm-1 and 1088 cm-1 both correspond to the Si-O-Si stretching vibration in the 528 

C-S-H gel and the quartz respectively [44]. 529 

Yu et al. [44] have previously investigated the structure of synthetic C-S-H, where the 530 

IR bands of C-S-H in the range of 980 and 1080 cm-1 were varied due to the Ca/Si ratio. 531 

Based on their results, the bands assigned to Si-O stretching vibrations (between 980 to 532 

1080 cm-1) shifted to higher wavenumbers due to the decreased Ca/Si ratio. The 533 

decrease in Ca/Si ratio was possibly resulted from the decreased polymerization or de-534 

calcification of the C-S-H gels during the aging of the cement paste. As per that all 535 

samples were at the same age, the loss of calcium in C-S-H due to biomineralization 536 

may be the main reason causing reduction in the Ca/Si ratio. 537 

Consequently, the results observed in Figure 8 suggest that the MICP in self-healing 538 

concrete might be able to utilise calcium resources from Ca-containing mineral phases 539 

other than portlandite, such as the C-S-H gels. Whilst bacteria can aid precipitation of 540 

calcite derived from the calcium ions provided by embedded calcium sources, such as 541 

calcium nitrate [19] and calcium acetate [26], it is more likely that these compounds 542 

dissolve in the matrix and increase the volume of calcium hydroxide present. Indeed, 543 

in this study, XRD and TGA results confirmed that calcium hydroxide was the 544 

hydration product most likely to be consumed and converted to calcium carbonate via 545 

microbial activities. However, the FTIR results in this study have demonstrated for the 546 

first time that the gel structure of C-S-H in the area surrounding the cracks has also 547 

been altered during the MICP processes, particularly in samples where calcium acetate 548 

was used as the calcium source. The reduction of Si-O-Ca bonds and shifting of Si-O-549 

Si bonds towards higher wavenumbers suggest that the MICP activities might have 550 

taken the calcium ions out of the Si-O-Ca bond in the C-S-H gel, resulting in a Si-rich 551 

C-S-H gel (lower Ca/Si ratios) [44]. The gel structure changes that have taken place 552 

during this is process are very similar to the carbonation of C-S-H gel [45]. However, 553 

since the samples taken at a distance to the healed cracks (the CAH-ref, CAL-ref, and 554 

CN-ref) were exposed to the same atmospheric conditions as those taken from the 555 

healed cracks, the contribution of atmospheric carbonation to the structural change of 556 

C-S-H gels in samples taken from these two regions should be similar. This indicates 557 

that the significant differences in the Si-O-T bonds between the general matrix (e.g. 558 

CAH-ref) and the healed crack (e.g. CAH-heal) are most likely attributed to the MICP 559 
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process. This also suggests that the MICP-induced nanoscale gel structure changes 560 

within the binder matrix might be comparable to an internal carbonation process.  561 

 562 

 563 

 564 
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 565 

Figure 8 FTIR results (transmission) of (A) CN-ref and CN-heal, where calcium nitrate and 566 

yeast extract were directly added into mortar matrix, (B) CAH-ref and CAH-heal, where lower 567 

amount of calcium acetate and yeast extract were encapsulated in ACG, (C) CAL-ref and CAL-568 

heal, where higher amount of calcium acetate and yeast extract were encapsulated in ACG. 569 

 570 

3.5 Scanning electron microscope (SEM) 571 

Figure 9 shows the SEM images taken from the healed crack of sample CN under low 572 

(left) and high (right) magnifications. The SEM images show that the main healing 573 

products in the vicinity of crack have a gel-like, flaky, rhombohedral morphology. The 574 

size of these crystals ranged from 1 to 50 µm. Figure 10 shows the SEM images taken 575 

of the healed crack of CAH under low (left) and high (right) magnifications. It can be 576 

seen that the healing products have a similar morphology to that identified with the CN 577 

sample. Both large rhombohedral crystals and smaller gel-like crystals were observed 578 

simultaneously in the vicinity of crack, where the rhombohedral crystals correspond to 579 

crystallised calcite.  580 

These findings are consistent with microbiological experiments carried out by 581 

Reeksting et al. [26], where MICP using calcium acetate, yeast extract, and non-582 

ureolytic bacteria, resulted in crystals forming on nutrient agar that were organic in 583 

appearance and presented gel-like crystals under SEM. Thereby these ‘gel-like’ crystals 584 
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are most likely a mixture of amorphous calcium carbonate and organic compounds 585 

produced by the bacteria as well as encased bacterial cells.  586 

However, it should be noted that in these microbiological experiments, the CaCO3 is 587 

formed primarily from the dissolution of calcium acetate, whereas as shown in the XRD, 588 

TGA, and FTIR results above, it appears that the calcium-containing minerals in cement, 589 

including calcium hydroxide, C-S-H and ettringite, can serve as the calcium source for 590 

the formation of CaCO3 through the MICP reaction as a healing product. However, it 591 

should be noted that the conversion of C-S-H and ettringite to calcium carbonate, is not 592 

necessarily favourable to crack healing since there is a loss of solid volume as these 593 

products convert to calcium carbonate.  594 

 595 

   596 
Figure 9 Healing products in CN crack at varied magnification in different location.  597 

   598 
Figure 10 Healing products in CAH crack at varied magnification in different locations 599 

 600 
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3.6 Micro-computed tomography 601 

The microstructures of the healed CN and CAH samples were also assessed using 602 

micro-computed tomography (CT). Results of the sectioned scan images along the z-603 

axis of mortar CN and CAH are presented in coloured density distribution maps, as 604 

shown in Figures 11 and 12. The relative density represented by the chosen colour is 605 

indicated at the bottom of each image. Here, the healing products of both CN and CAH, 606 

demonstrated no significant difference to the mortar matrix. Moreover, whilst the crack 607 

was closed on the top surface with a healing layer of about 0.5 mm thickness, the crack 608 

was still visible to some extent deeper within sample. It was also shown that some less 609 

dense crystals were formed in the deeper parts of the crack. These healing products 610 

appeared to have a particle-like morphology, which can be considered as somewhat 611 

loosely distributed healing products formed in voids. These indicate that effective 612 

healing of CN and CAH may be limited to the surface of the crack, but that less densely 613 

packed healing products could be formed in the depth of the crack as well.  614 

From the CT scan images in Figure 11 and 12, it is clear that more healing products 615 

were precipitated closer to the surface, and these dense healing crystals had similar 616 

density to the mortar itself. It can be seen in Figure 11 (A) and 11 (A), that below the 617 

surface there was greater healing in the vicinity of ACG than in the other regions of the 618 

cracks, and that consequently healing can be generated locally around ACG rather than 619 

being uniformly distributed. This is consistent with the findings of Reeksting et al. [26], 620 

where it was observed that non-ureolytic bacteria produce calcite locally around cells. 621 

Moreover, as per Figure 11 (D), the middle area on the top surface demonstrated a 622 

higher degree of healing than the edge. Therefore, it can be suggested that healing 623 

started on the y axis at the middle of the surface; and then proceeded along the z axis 624 

to obtain complete top surface closure. 625 

Overall, the CT scan results confirmed that the healing products are mainly distributed 626 

on the crack surface. One of the main reasons for this is likely the necessity of oxygen 627 

for germination and growth of aerobic bacteria (such as Bacillus cohnii as used in this 628 

study). Consequently, the healing process is fastest at the surface regions due to the 629 

greater availability of oxygen and carbon dioxide from the atmosphere. However, the 630 

effective healing at the surface then prevents the further ingress of oxygen and carbon 631 

dioxide into the deeper parts of the crack, leading to hypoxia and disfunction of the 632 
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bacteria at depth, thus halting the MICP reactions. In addition, it is also possible that 633 

due to the greater availability of oxygen at the surface, the bacteria may migrate from 634 

the depths of the crack to the surface, and this would further explain the preferential 635 

healing at the crack surface. It is postulated that initially upon cracking of the ACGs 636 

the bacteria provide some localised healing where the ACG was ruptured by the crack 637 

as evidenced in the CT scans. But then, as the oxygen concentrations fall, there is a 638 

migration of bacteria to the surface. 639 

The comparison between CN and CAH mortar indicates that CN had slightly thicker 640 

surface healing layer than CAH which is consistent with the visual observation results 641 

(Figure 4). However, it should be noted that the healing within the depth of the crack 642 

showed that CAH produced more powder like substances (which appear blue in density 643 

distribution images) than the CN mortar. This is likely to have been caused by the 644 

different encapsulation pathway: in CAH, the calcium acetate was encapsulated in ACG 645 

to and would have led to more localised precipitation of calcite, whereas in CN the 646 

calcium nitrate was directly added to the cement mortar and was therefore more evenly 647 

distributed.  648 
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 649 

Figure 11 Sectioned CT scan images of sample CN, (A) and (B) show selected images along Z-axis parallel to the XY plane, (C), (D) and (E) 650 

show images along the X-axis parallel to the ZY plane near the artificial open notch (scanned from bottom to notch surface). 651 

Jo
urn

al 
Pre-

pro
of



 652 

Figure 12 Sectioned CT scan images of sample CAH, (A) and (B) show selected images along Z-axis parallel to the XY plane, (C), (D) and (E) 653 

show images along the X-axis parallel to the ZY plane near the artificial open notch (scanned from bottom to notch surface). 654 
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4 Conclusion 655 

This research investigated the effect of microbially induced healing on the localised 656 

mineralogy, chemical bonding, and microstructures of three different bacteria-based 657 

mortars. The impact of using different calcium sources for non-ureolytic bacteria, 658 

calcium nitrate and calcium acetate, were also compared. The results demonstrate that 659 

the MICP process can alter the phase assemblages of the cement matrix intimately 660 

mixed with the calcium carbonate healing product. The main source of calcium ions for 661 

MICP is derived from calcium hydroxide, and the addition of calcium salt, such as 662 

calcium nitrate, can increase the formation of calcium hydroxide in the cement matrix. 663 

When the quantity of calcium hydroxide presented in the cement matrix is limited, 664 

ettringite and C-S-H become potential calcium sources for MICP. XRD results showed 665 

a clear reduction in ettringite around the crack interface, whilst FTIR showed evidence 666 

of a decalcification process in the C-S-H gels at the healed interfaces, resulting in the 667 

formation of more silica-rich C-S-H gels. However, since conversion of C-S-H and 668 

ettringite to calcium carbonate likely leads to a loss of solid volume, there may have 669 

been no effective contribution to healing as a result of these processes. The effects of 670 

healing time on the physical and chemical evolution of the cement binders have not 671 

been investigated in this study, but is identified as an area for potential further research. 672 

While the healing products were largely generated on the surface, with the formation 673 

of dense healing products with a thickness of about 0.5 mm, loose particle-like crystals 674 

were formed in pores and voids. This suggests that healing can be triggered, albeit at a 675 

lower efficiency, in deeper sections of the crack. The use of ACG as a means for 676 

encapsulating the bacteria led to localised healing around the ACG at the expense of 677 

healing elsewhere. This was exacerbated when the calcium source was also included in 678 

ACG, which was principally in response to the difference between mortars using 679 

calcium acetate and calcium nitrate. The directly added calcium source, calcium nitrate 680 

in this study, caused an apparent increase of calcium hydroxide formation in the mortar 681 

matrix and a greater spread of the MICP product, whilst calcium acetate samples had 682 

more locally formed calcite around the ACG. To summarise, direct addition of calcium 683 

nitrate in this study revealed generally greater healing performance than calcium acetate. 684 

 685 
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