
 

 
 

 

 
Coatings 2025, 15, 152 https://doi.org/10.3390/coatings15020152 

Article 

Survey of Indigenous Bacteria as a Simplified Alternative to 

Produce Self-Healing Cementitious Matrices 

Vinicius Muller 1, Henrique dos Santos Kramer 1, Fernanda Pacheco 1, Hinoel Zamis Ehrenring 1, Roberto Christ 2, 

Victor Valiati 3, Regina Célia Espinosa Modolo 4 and Bernardo Fonseca Tutikian 1,* 

1 I� Performance—Technical Institute in Performance and Civil Construction, UNISINOS University,  

São Leopoldo 93022-750, Brazil; vmullerm1@gmail.com (V.M.); henriquekramer@edu.unisinos.br (H.d.S.K.); 

fernandapache@unisinos.br (F.P.); hzamis@unisinos.br (H.Z.E.) 
2 Civil and Environmental Engineering Department, Universidad de la Costa, Calle 58 #55-66,  

Barranquilla 080002, Colombia; rchrist@unisinos.br 
3 Biology Department, UNISINOS University, São Leopoldo 93022-750, Brazil; valiati@unisinos.br 
4 Civil Engineering and Mechanical Engineering Department, UNISINOS University,  

São Leopoldo 93022-750, Brazil; reginaem@unisinos.br 

* Correspondence: bftutikian@unisinos.br 

Abstract: The cracks in concrete serve as pathways for aggressive agents, leading to 

deterioration. One approach to addressing these cracks and enhancing structures 

durability is the use of self-healing agents, such as bacteria used to heal cracks in 

cementitious matrices. Bacteria can be found in several environments, and their 

identification and healing viability must be evaluated prior to their use in cementitious 

matrices. In this study, distinct indigenous bacteria were collected from soil in industrial 

yards associated with the cement industry. These bacteria were identified and 

incorporated in cement and mortar mixtures with 18% entrained air. X-ray diffraction 

(XRD) and scanning electron microscopy (SEM) analyses were performed to characterize 

the formed products, and compressive strength testing was conducted to evaluate the 

mechanical properties of the mortars. The identified bacteria were of the genus 

Cronobacter, Citrobacter, Bacillus, and Pseudomonas, and their potential to form self-healing 

products was evaluated with microscopic and mineral analyses. Results showed that all 

bacteria could form calcite (CaCO3) crystals, with full crack healing in some of the 

samples. Mechanical testing indicated increases in average compressive strength of up to 

108% at 28 days with respect to a reference mortar. 
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1. Introduction 

Cracking is a harmful natural process in reinforced concrete due to the limited tensile 

strength of the material [1]. Cracks allow the ingress of aggressive agents, which damage 

the material and decreases its durability [2–4]. Since concrete consumption has a 

considerable environmental impact and its production accounts for 5% to 7% of global 

CO2 emissions [5], there is a direct benefit in developing methodologies that increase the 

durability of cementitious matrices. 

Over the past few years, several techniques for repairing cracks have been 

developed, but these have been expensive and in most cases temporary [6]. These 

techniques could also require constant inspection, which would prevent their application 
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in large structures or buildings with a lack of access points [1,7]. Thus, self-healing has 

been noted as a potential sustainable recovery method for cementitious composites [6], as 

it has the potential to act from crack formation and its application would not require direct 

manual intervention [1]. 

Concrete alone is a material with self-healing potential since, over time, hydration of 

anhydrous cement grains or carbonation of calcium hydroxide (Ca(OH)2) can fill in void 

spaces and cracks [8]. This autogenous self-healing is limited to small cracks up to 0.1 mm 

in size [9] and is difficult to control with precision since it requires the presence of water. 

It also has limited scope since it relies on the availability of reactive materials in the 

cementitious matrix [8]. Autonomous self-healing is another option, in which specific 

materials with the ability to seal cracks are added to the matrix. The use of bacteria is one 

of the most promising such techniques with the additional benefit of decreasing 

environmental impact [10–12]. Bacteria incorporated in concrete can form calcium 

carbonate (CaCO3) up to four times more efficiently than the hydration of anhydrous 

cement for the purposes of filling void spaces and cracks [9,13,14]. This is known as 

microbially induced calcium carbonate precipitation (MICP), and its filler effect on void 

spaces [10] also produced decreased porosity by over 50% [15] and increased compressive 

strength by 42% [16]. 

Bacteria can utilize two metabolic processes in the generation of CaCO3: 

heterotrophic and autotrophic processes [17]. The heterotrophic process is mostly used by 

bacteria and other microorganisms for CaCO3 production [18]. In this process, bacteria 

can perform urease hydrolysis [4,17,19–21], denitrification, ammonification, and 

dissimilatory sulfate reduction [21,22]. The autotrophic process, on the other hand, is 

carried out by microorganisms that use photosynthesis [17,18,21,22]. 

Most studies make use of bacteria from known databases [12,23–25] or from 

commercial enterprises that offer materials for the production of self-healing concretes 

[26]. However, a few studies have evaluated indigenous bacteria as self-healing agents 

[15,27–30]. Indigenous bacteria are native microorganisms from the location where the 

studies are conducted, which are collected, isolated, and identified. The use of indigenous 

bacteria from locations in contact with Portland cement may be a viable approach, as these 

microorganisms are adapted to an environment with chemical characteristics similar to 

those of the cementitious matrix [31,32]. This methodology increases the number of 

known bacteria suitable for use in self-healing concretes and allows the prospection of 

local bacteria. This produces economic and sustainable benefits and promotes the use of 

bio-concretes. 

Other studies have stated that the high compaction, alkaline pH, and low oxygen 

content of cementitious matrices create an unfavorable environment for the survival of 

bacteria, which, consequently, would require some form of encapsulation [31,32]. 

Common encapsulation techniques that could be used include light aggregates [33,34], 

fibers [16,34–36], and iron oxide microparticulates [37]. While efficient, such techniques 

required advanced equipment, which limited their large-scale viability [38]. Alternatively, 

studies have shown that bacterial solutions incorporated into air-entraining admixtures 

were delivered efficiently. Air microbubbles, with diameters ranging from 0.02 to 1 mm, 

can assist spore survival due to the available space [39,40]. It was observed [24] that the 

bacteria became encapsulated within the air bubbles, resulting in up to an 18% reduction 

in mortar water permeability. 

Thus, the objective of this study was to address the gap in knowledge regarding self-

healing cementitious matrices by exploring the use of indigenous bacteria. These bacteria, 

naturally occurring in soil from industrial yards with Portland cement residues, were 

identified, isolated, and incorporated into a cementitious matrix. An air-entraining 
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admixture was employed as an encapsulating agent to enhance the performance of the 

matrix. 

2. Materials and Methods 

The experimental program was conducted in four stages: soil collection and selection 

and identification of bacteria; reproduction of the selected bacteria; preparation of the 

samples; and microstructural and mechanical analysis of the mortars. The entirety of the 

experimental study is summarized in the flowchart of Figure 1. 

 

Figure 1. Flowchart of the experimental study. 

2.1. Materials 

The binder used in this study was high early strength (HE) Portland cement as 

defined by standard ASTM C150:2022 [41]. This type of cement was used because it does 

not contain pozzolanic materials, preventing autonomous self-healing through 

pozzolanic reactions. Bacteria were selected from soil exposed to Portland cement and 

followed the procedure of Section 2.3. For protection, bacteria were encapsulated in the 

air-entraining admixture Centrament Air 200® manufactured by MC-Bauchemie (Bo�rop, 

Germany). The amount of admixture added was set as the intermediate value between 

the minimum content (0.20% relative to the cement mass) and the maximum content 

(0.50% relative to the cement mass), as recommended by the manufacturer. The admixture 

was added to the bacteria solution before the mixture. The aggregate was quar� pit sand, 

the most common type in the region where this study was conducted. 

The cement and aggregate physical properties are shown in Table 1. The chemical 

composition of cement is shown in Table 2. 

Table 1. Physical properties of cement and aggregate. 

Material Property 

Sand 

Dry specific mass 2.56 g/cm3 

Maximum characteristic size 4.75 mm 

Fineness modulus 3.49 

Cement 

Blaine specific surface 4400 cm2/g 

Fineness (#200) 0.08% 

Fineness (#325) 0.40% 

Se�ing time 
Initial 160 min 

Final 210 min 

Water content for normal consistency paste 29.1% 

Mechanical compressive strength 

1 day 26.3 MPa 

3 days 39.4 MPa 

7 days 45.7 MPa 

28 days 53.4 MPa 
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Table 2. Chemical composition of cement used in this study. 

Compound Mass Fraction (%) 

Al2O3 4.44 

SiO2 18.52 

Fe2O3 3.14 

CaO 61.05 

MgO 3.64 

SO3 2.85 

Loss on ignition (LOI) 3.19 

Free CaO 1.99 

Insoluble residue 1.01 

Equivalent alkali content 0.62 

2.2. Mix Ratio 

The mix ratio was based on previous studies [42,43] and properly adjusted to the 

entrained air content needed to protect the bacteria. The mix ratio is shown in Table 3. 

Table 3. Mix ratio with respect to mass for production of mortars. 

Cement Sand Water 1/Cement (w/c) 

Air-Entraining Admixture 

(with Respect to Mass of 

Cement) 

Entrained Air Content 
2 

Cement Consumption 

1.0 1.0 0.4 0.35 18% 709.9 kg/m3 

1 All water was replaced with bacterial solution. 2 Determined from the methodology of standard 

ABNT NBR 16887, 2020 [44]. 

2.3. Bacteria Survey 

The bacteria selection procedure was based on a previous study [45] and consisted 

of isolating samples from soil. More specifically, samples were collected from soils already 

exposed to cement, which increased the likelihood that the bacteria had a degree of 

resistance to some of the chemical conditions found within the cementitious matrix 

[31,32]. Five samples were collected from two types of soil (A and B) in industrial yards 

that were in contact with Portland cement. Soil type A was sandy and was collected from 

around a cement silo in a prefabricated element concrete plant yard in Porto Alegre/Brazil. 

Soil type B was clayish and was collected from around a coarse aggregate stack in a 

concrete plant in Novo Hamburgo/Brazil. In all cases, samples were collected from a 

drilling depth of 5 cm. Each drill hole was designated in accordance to soil type and 

numbered in sequential order, as shown in Figure 2. 

  
(a) (b) 

Figure 2. Sample collection from soil types (a) A and (b) B. 
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Following collection, a 2 g portion of each sample was individually suspended in 25 

mL of calcium lactate solution at 37 °C for 24 h to promote bacterial growth. The calcium 

lactate solution was taken from previous studies [42,46] in which it had demonstrated 

positive results and allowed bacteria selection. It consisted of deionized water with 

contents of 8 g/L of calcium lactate and 1 g/L of yeast extract. Streak plating was used to 

isolate the bacteria with a calcium lactate agar medium with the same composition as the 

solution but with the addition of 16 g/L of agar. Plates were incubated at 37 °C for 24 h 

and visually inspected to determine colonial morphology [27]. Subsequent and repetitive 

streakings were conducted until isolated colonies were obtained. 

After isolating the colonies, bacteria identification and morphological analysis were 

conducted [47]. These consisted of catalase, motility, urease, oxidation, fermentation, bile 

esculin, TSI, and citrate tests followed by separation of thick-cell-wall bacteria with Gram 

staining [48]. Bacteria with equal results in biochemical and Gram staining had their 

duplicates discarded. Selected bacteria had their DNA extracted with the salting-out 

method following Wizard Genomic DNA Purification Kit® (Madison, WI, USA) Promega 

protocol. The concentration and quality of the genome DNA were estimated with 

Nanodrop™ UV–VIS spectrophotometry (Thermo Scientific™, Wilmington, DE, EUA). 

Products from DNA extraction were used to amplify the region of gene 16S rRNA in a 

segment of approximately 1200 pb with a PCR technique and primer forward 27F (5′ 

AGAGTTTGATCCTGGCTCAG 3′), primer reverse MHR1 (5′ 

CCTTGTTACGACTTCACCC 3′), and added cytokine (C) at position 5′ [49]. The PCR 

sample was composed of 1 µL extracted DNA, 4 µL Master Mix Fire Pool (Ludwig Biotech 

Ltd.a.) reagent solution, 1 µL primer forward, 1 µL primer reverse, and 13 µL ultrapure 

water. Amplification was conducted with a thermocycler operating with the following 

conditions: initial denaturation (4 min at 94 °C), 38 denaturation cycles (1 min each at 94 

°C), annealing (40 s at 55 °C), extension/elongation (90 s at 72 °C), and final elongation (5 

min at 72 °C). 

Amplicon quantification was conducted with Nanodrop™ UV–VIS 

spectrophotometry (Thermo Scientific™, Wilmington, DE, USA). PCR verification was 

performed with electrophoresis (45 min at 90 V) in a 1% agarose gel with GelRed (Biotium, 

Hayward, CA, USA) nucleic acid fluorescent dye and 100 bp DNA Ladder Invitrogen™ 

base pair size marker after amplification. Results were visualized under UV light with a 

transluminator. Purification made use of Shrimp Alkaline Phosphatase (SAP) and 

exonuclease with Exo I enzyme (New England Biolabs, Ipswich, MA, USA) with a ratio of 

0.3 µL of Exo I enzyme and 0.8 µL of SAP enzyme for each 10 µL of PCR product. The 

procedure was conducted for 20 s at 37 °C, 15 min at 85 °C, and kept at 12 °C until removal 

from the thermocycler. Sequencing was conducted by Advancing Enterprise through 

Genomics MACROGEN in the Republic of South Korea. Each sample was sequenced in 

both sense and antisense directions. 

For each isolated sequence, consensus was obtained from sense and antisense strands 

with Staden Package 2.0 open-source software (h�p://staden.sourceforge.net/). Sequence 

reliability was evaluated visually with a complete chromatogram obtained from 

ChromasPro commercial software (h�p://www.technelysium.com.au). A five-sequence 

consensus was generated and automatically aligned on ClustalW program running 

MEGA 7 software [50] and post-edited on BioEdit 5.0.9 freeware [51]. After alignment, 

each 16S rRNA gene sequence was used as a query in comparison with sequences 

available in NCBI Genbank with BLAST tool. In all cases, BLAST produced matching 16S 

rRNA sequences with good coverage (≥80%) and identification (>98%) and suggested that 

nucleotide sequences from soil samples corresponded to the 16S region of the bacterial 

genome. 
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2.4. Sample Production 

Isolated bacteria were inoculated separately in calcium lactate solution. The 

inoculums were cultivated in a shaker kept at 165 rpm and 37 °C, for 24 h [42]. The 

cultivated bacterial solution was used as a replacement for water in the mortar mixture 

without further dilution or micro-organism count [43,44]. 

Mixing was performed in a mechanical mixer and followed the procedures of 

standard ABNT NBR 7215:2019 [52]. Cement and all calcium lactate solutions were mixed 

for 30 s at 140 rpm ± 5 rpm. Fine aggregate was gradually added over 30 s, and the 

materials further mixed for 30 s at 285 ± 10 rpm. The mixer was turned off, and the mortar 

allowed to rest for 1 min 30 s, followed by one further mixing of 1 min at 285 rpm ± 10 

rpm. Test bodies of cylindrical and prismatic shapes were then molded for each bacteria 

sample as shown in Table 4. It is emphasized that, as this study used a mix ratio applied 

in other studies [42], a reference mortar without bacteria was not used for visual 

verification. 

After molding, test bodies were kept in a controlled environment at 23 °C ± 2 °C and 

relative humidity above 95%. 

Table 4. Dimensions and characteristics of test bodies of this study. 

Shape Dimensions 
Number of Test 

Bodies per Bacteria 
Analysis Conducted on Test Body 

Prismatic 1 4 cm × 4 cm × 16 cm 3 
Visual analysis of self-healing and X-ray 

diffraction (XRD) 

Cylindrical 2 5 cm × 10 cm 1 Scanning electron microscopy (SEM) 

Cylindrical 2 5 cm × 10 cm 6 Compressive strength 

1 Molded in accordance with standard NBR 13279:2005 [53] with a CA 60 steel bar 5 mm in diameter 

positioned as reinforcement to control the amount of cracking. 2 Molded in accordance with 

standard NBR 7215:2019 [52]. 

2.5. Cracking and Self-Healing 

Self-healing was tested on prismatic test bodies 7 days after molding. Cracks were 

mechanically induced by a three-point flexural test with a load of 100 N/s until at least 

one crack was visible. For the cylindrical test bodies, a smaller cylinder measuring 2 cm × 

3 cm was extracted from one of each sample at 7 days for microstructural evaluation of 

self-healing. The smaller cylindrical test body was subjected to diametric compression to 

induce cracking. To prevent fragmentation, the entire test body was wrapped in adhesive 

tape as per previous studies [54]. The remaining original cylindrical test bodies were used 

for compressive strength tests and were not subjected to cracking. 

Following cracking, all test bodies were stored in a controlled environment at 23 °C 

± 2 °C and relative humidity above 95% until reaching the assigned age for analysis. The 

conditions for self-healing were the same as in other studies [55] and assumed that 

bacteria within the cementitious matrix would be in contact with both oxygen and water, 

which would promote their metabolism and increase healing capacity as shown 

previously [56]. To this end, the prismatic test bodies were acclimated with the crack 

facing up to further promote contact with oxygen and humidity. This also removed 

variations in calcium carbonate (CaCO3) deposition due to crack placement. 

2.6. Post-Healing Evaluation 

Crack sealing was monitored with an optical microscope. A large crack was 

identified in each prismatic test body and inspected at 0 days, 7 days, 14 days, and 28 days 

after cracking. 
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The morphology of the healing compounds formed in the cracks was determined 

with scanning electronic microscopy (SEM) on the small cylinder samples. Cracked 

samples were kept in the controlled environment for 28 days and dried in an oven at 40 

°C for 7 days. The adhesive tape was removed, and the two halves formed from the 

diametric compression separated. The internal surface of the cracks was metalized with 

gold and analyzed with a Zeiss SEM model EVO MA 15 with an acceleration of 15 kV. 

The mineral composition of healing products was evaluated with X-ray diffraction 

(XRD). Healing material was collected with a sterilized needle after 28 days in storage. 

The XRD apparatus was a PANanalytical brand Empyrean model with interval angle 

from 5° to 75°, time of 1 s, and step of 0.05. The effect of bacteria on compressive strength 

was evaluated at 7 days and 28 days on cylindrical test bodies as recommended by 

standard ABNT NBR 7215:2019 [52]. 

3. Results and Discussion 

3.1. Bacterial Survey 

All collected soil samples contained bacteria capable of growth in calcium lactate 

medium. Following isolation, 10 distinct bacteria were found for analysis. Biochemical 

tests and duplicates decreased the bacteria to five isolated bacterium (IB) samples for use 

in the cementitious matrix. Molecular identification up to the genus level and collection 

location are shown in Table 5. Specific determination of the five bacteria was not possible 

due to the high genetic similarity between species of each genus. 

Table 5. Molecular identification of selected and isolated bacteria. 

Bacteria Soil Phylum Class Order Family Genus 

IB1 A-II Proteocteria Gammaproteocteria Enterobacterales Enterobacteriaceae Cronobacter 

IB2 A-V Proteocteria Gammaproteocteria Enterobacterales Enterobacteriaceae Cronobacter 

IB3 B-I Firmicutes Bacilli Bacillales Bacillaceae Bacillus 

IB4 B-II Proteocteria Gammaproteocteria Enterobacterales Enterobacteriaceae Citrobacter 

IB5 B-IV Proteocteria Gammaproteocteria Pseudomonadales Pseudomonadaceae Pseudomonas 

Regarding the identified isolated genera, Bacillus (IB3) is known to have several 

species of bacteria able to produce spores with resistant and adequate structure for use in 

cementitious matrices [31,57]. Consequently, it has already been used in several self-

healing studies of concretes and mortars [37,42,46,55,58–61]. On the other hand, 

Pseudomonas (IB5) is a genus found in humid conditions [62], and its diverse metabolisms 

have allowed it to be used in several different environments [48]. Pseudomonas metabolism 

is classified as chemoorganotrophic with several sources of carbon for nutrition, which 

allowed it to thrive in a calcium lactate solution [63]. Similar to Bacillus, Pseudomonas has 

been used for the self-healing of cracks in cementitious matrices [64,65]. 

The genera Cronobacter (IB1 and IB2) and Citrobacter (IB4) are both from the 

Enterobacteriaceae family. This family is commonly found in the intestinal tract of humans 

and other animals, and some species are linked to infections [66,67]. These genera had less 

potential for self-healing, and their presence in the collected soil samples were likely a 

result of contamination from animal urine and feces [68]. Enterobacteriaceae metabolism is 

cited as glucose conversion into acid or acid conversion into gas, such as nitrate into nitrite 

[67]. Some studies were able to isolate several bacteria that could precipitate calcium 

carbonate (CaCO3) from an organic source of calcium (calcium acetate) such as Salmonella. 

Thus, it was possible for Enterobacteriaceae to grow with calcium lactate as a source of 

carbon, and, as such, Citrobacter and Cronobacter were selected for self-healing in this study 
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3.2. Crack Sealing 

Figure 3 shows cracks and self-healing progression from test bodies incorporating 

IB1 and IB2 Cronobacter spp. isolated from Soil A. 

 

 
(a) (b) 

Figure 3. Crack healing progression on test bodies at 0 days, 7 days, 14 days, and 28 days of age 

with Soil A bacteria (a) IB1 Cronobacter sp. and (b) IB2 Cronobacter sp. 

Figure 3 shows that no crack was sealed throughout the time periods of this study. 

However, crystals were found on other test body faces not assigned for analysis. Figure 4 

shows healing products formed on a crack on the side face of a test body incorporating 

IB2 Cronobacter sp. over the same ages. Crystals could be seen on the crack at 7 days of age 

and increased in quantity at 14 days. However, the amount of crystals decreased at 28 

days, demonstrating a partial loss of healing products. Reductions in healing products 

over time were observed in previous studies and were a�ributed to their composition, 

crack characteristics, and presence of water [55]. The healing product observed in Figure 

4 had white coloration, a possible indicative of calcium carbonate (CaCO3) [69], and 

matched the results of other studies [55,58]. 
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Figure 4. Healing product formation on the side face of a test body incorporating IB2 Cronobacter sp. 

at 7 days, 14 days, and 28 days. 

It should be noted that all prismatic test bodies were stored in the same orientation, 

with the main crack facing up, and a pa�ern emerged of healing products appearing in 

the lower part of the prisms. Furthermore, results from SEM and XRD confirmed calcium 

carbonate formation in all test bodies. Thus, it was possible that calcium carbonate formed 

from MICP on the top face crack before 7 days of age but lacked adhesiveness to the 

cementitious matrix. Consequently, it was hypothesized that water condensation on the 

top face crack could have percolated from gravity and carried and deposited crystals at 

the lower part of the prisms. Other studies [70] have demonstrated that calcium carbonate 

as calcite had higher adhesiveness to cement hydrates than aragonite. Thus, it was also 

possible that crystal structure also influenced the stability of healing products inside the 

cracks. Another possibility would be calcium carbonate solubility in percolating water, 

which would carry crystals to the lower part of the prism and eventually out of the test 

body. However, this was an unlikely scenario since most studies considered calcium 

carbonate to have low water solubility [69]. 

Figure 5 shows cracks and self-healing progression from test bodies incorporating 

bacteria IB3 Bacillus sp., IB4 Citrobacter sp., and IB5 Pseudomonas sp. from Soil B. 
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(a) (b) 

 

(c) 

Figure 5. Crack healing progression on test bodies at 0 days, 7 days, 14 days, and 28 days of age 

with Soil B bacteria (a) IB3 Bacillus sp., (b) IB4 Citrobacter sp., and (c) IB5 Pseudomonas sp. 

As for test bodies incorporating Soil A Cronobacter spp. bacteria, no healing products 

were noted in the top face cracks, but white healing products, likely calcium carbonate, 

were found on the lateral faces and lower portions of the samples. Figure 6 shows one of 

the IB3 Bacillus sp. test bodies where white crystals were observed on the lateral face at 14 

days and increased over time to completely fill the crack at 28 days. Similarly, Figure 7 

shows healing products on the bo�om face of a test body incorporating IB4 Citrobacter sp., 

while Figure 8 shows localized crystals in the cracked face of a test body incorporating IB5 

Pseudomonas sp. Since the location and formation of healing products on mortars 
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incorporating Soil B bacteria were equivalent to the ones with Soil A, the same proposed 

explanations of their occurrence could also be surmised. 

 

Figure 6. Crack healing on the lateral face of a test body incorporating IB3 Bacillus sp. at 14 days and 

28 days. 
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Figure 7. Crack healing on the bo�om face of a test body incorporating IB4 Citrobacter sp. at 14 days 

and 28 days. 

 

Figure 8. Localized healing crystal formation on a test body incorporating IB5 Pseudomonas sp. at 14 

days and 28 days. 

3.3. Morphology and Mineral Composition of Healing Products 

Figures 9a–13a show the exposed crack surface of test bodies with IB1 Cronobacter sp. 

Images were obtained from the separation of the two halves of the fractured small 

cylindrical prism. The exposed crack surface was white in color, and the whitest spots 

identified visually (indicated by the black arrows in the figures) were selected for SEM 

analysis to verify the morphology of the formed products, with selected images shown in 

Figures 9b–13b. 
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(a) (b) 

Figure 9. (a) Exposed crack face of test body with IB1 Cronobacter sp. and (b) SEM image of selected 

locations marked with black arrows. 

 

 

 

(a) (b) 

Figure 10. (a) Exposed crack face of test body with IB2 Cronobacter sp. and (b) SEM image of selected 

locations marked with black arrows. 
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(a) (b) 

Figure 11. (a) Exposed crack face of test body with IB3 Bacillus sp. and (b) SEM image of selected 

locations marked with black arrows. 

 

 

 

(a) (b) 

Figure 12. (a) Exposed crack face of test body with IB4 Citrobacter sp. and (b) SEM image of selected 

locations marked with black arrows. 
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(a) (b) 

Figure 13. (a) Exposed crack face of test body with IB5 Pseudomonas sp. and (b) SEM image of 

selected locations marked with black arrows. 

All SEM images of Figures 9b–13b presented crystal structures with distinct 

morphologies. Figure 9b shows needle-shaped crystals filling a pore in the cementitious 

matrix. This was observed in other studies [71] and was attributed to ettringite formation 

from cement hydration. This phenomenon decreased matrix porosity and increased 

compaction, which could be viewed as detrimental to the survival of encapsulated bacteria 

present in the pores. The presence of ettringite in entrained air pores was also observed in 

samples with IB2 Cronobacter sp. This was unsurprising since, as a product of cement 

hydration, it was likely that the same result should be observed in all other mortars. 

Other crystals observed in the SEM images of Figures 9b–13b had rectangular or 

cubic shapes. These were likely calcium carbonate (CaCO3) as observed in previous 

studies [24,59,72]. Crystal sizes varied from around 1 µm or less in Figure 10b to between 

30 µm and 40 µm in Figures 9b and 13b, although it should be noted that considerable 

variations in size were commonly noted in the same sample. Other studies have also 

observed bacterial calcite crystal formations between 1 µm [59] up to around 20 µm [72]. 

Another formation consisted of crystalized C-S-H superimposed over calcite crystals 

in a honeycomb shape, as seen in Figures 10b and 12b and also seen in other studies 

[73,74]. Since C-S-H is a product of cement hydration, it was expected to form before the 

precipitation of calcite crystals, and its superposition could indicate further hydration of 

anhydrous cement particles. This superposition could improve calcite adhesion to crack 

walls but also impede healing since C-S-H would act as a containment barrier to bacteria. 

Figure 14 shows XRD diffractograms from materials collected from the cracks. It 

should be noted that no results were presented from the samples with IB1 Cronobacter sp. 

since no visible healing products were formed or collected. 

 

Figure 14. Diffractograms from products collected after 28 days from mortars with IB2 Cronobacter 

sp., IB3 Bacillus sp., IB4 Citrobacter sp., and IB5 Pseudonomas sp. C—calcite and Q—quar�. 
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Diffractogram results showed that all samples presented characteristic calcite peaks 

(2θ ≈ 29.5°, 39.5°, and 46°) in their mineral composition. This compound has been observed 

in other studies [75,76] that utilized bacteria for crack healing, indicating the potential for 

using indigenous bacteria in cementitious matrices. Additionally, the IB3 Bacillus sp. 

sample also presented characteristic quar� peaks associated with the sand used as light 

aggregate. This was likely due to contamination when collecting the sample and was also 

noted in other studies [75]. 

3.4. Mechanical Compressive Strength 

Compressive strength was evaluated at 7 days and 28 days for all five mortar samples 

and a reference mortar. Results are presented in Figure 15. 

 

Figure 15. Compressive strength and standard deviation bars at 7 days and 28 days for reference 

mortar and mortars with IB1 Cronobacter sp., IB2 Cronobacter sp., IB3 Bacillus sp., IB4 Citrobacter sp., 

and IB5 Pseudomonas sp. 

Figure 15 shows that compressive strength increased for all mortars with bacteria 

when compared to the reference mortar at both ages. It should be noted that the reference 

mortar also had entrained air in its matrix and presented an increase in strength of 70% 

between 7 days and 28 days. This large increase was not observed in the samples 

incorporating bacteria—the largest increase observed between 7 days and 28 days was 

42% for IB2 Cronobacter sp. The smaller gain in strength between these ages for mortars 

incorporating bacteria was likely due to its rise occurring at ages earlier than 7 days. This 

was indicated from visual analysis that identified healing products being formed at very 

early ages. Other studies that incorporated bacteria directly into the matrix without 

encapsulation [47,77–80] also observed increases in strength. This was a�ributed to MICP 

in matrix pores decreasing the amount of void spaces and increasing strength. Thus, 

increases in strength could be taken as a confirmation of bacterial growth in the entrained 

air pores of the matrix. 

At 7 days, the average increase in compressive strength with respect to the reference 

mortar varied from 57% for IB5 Pseudomonas sp. to 87% for IB1 Cronobacter sp. At 28 days, 

the largest increase in strength with respect to the reference mortar was of 108% for IB2 

Cronobacter sp. Such a large increase was unreported in other studies and was limited only 

to IB2 Cronobacter sp. for this data set. On the other hand, it should be noted that, due to 

the large standard deviation bar of IB5 Pseudomonas sp., this mortar might have had a 

similar performance to the reference mortar at 28 days. 

Regarding increases in strength for the same mortar between 7 days and 28 days, IB1 

Cronobacter sp. and IB4 Citrobacter sp. presented increases of 10% and 27%, respectively. 

This agreed with other studies despite differences in mixing technique and bacterium. For 
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example, adding B. megaterium bacteria directly to the mixing water [47] was, in practical 

terms, similar to encapsulating bacteria in entrained air bubbles but produced a higher 

increase in strength (24%) in a mortar originally rated at 50 MPa. 

Continuing the analysis on the increase in strength between 7 days and 28 days, the 

reference mortar in this study presented an increase of 9.6 MPa. This indicated that the 

hydration process was still ongoing and the reference mortar had not reached its 

maximum strength at 7 days [81]. Consequently, it was to be expected that increases in 

strength of similar magnitude would be observed in the other mortars. However, the only 

increase in strength exceeding or approximate to the reference mortar was of 14.5 MPa for 

IB2 Cronobacter sp. This indicated that although bacteria increased the average strength of 

the mortar, within each type of mortar, they might have had a detrimental effect on the 

natural cement hydration between 7 days and 28 days. 

Some studies reported decreases in compressive strength due to the addition of 

nutrients in the mortar mix [82]. This was not observed in this study despite calcium 

lactate and yeast extract being used. On the other hand, the specific use of calcium lactate 

was also proven to yield a small increase in strength at 28 days [83]. This suggested that 

the addition of yeast extract might be what affected mortar compressive strength 

development in this study. 

The average increase of 87% in IB1 Cronobacter sp. with respect to the reference mortar 

at 7 days indicated MICP and increased matrix density, and this behavior was also 

expected to extend to 28 days. However, an amount of stagnation in the increase in 

strength was observed instead in other mortars. This was likely a result of bacterial 

activity only at early ages, at which point the local environment was not suitable for their 

survival. Thus, excess nutrients were left with detrimental effects to strength at later ages. 

This result pointed to a need for further investigations in this subject. 

Results from morphology, mineral composition, and compressive strength are 

summarized in Table 6 for a comparative analysis. 

Table 6. Summary of results of this study 

Sample Soil 1 Genus 

Increase in Compressive Strength (%) 

Visual Analysis 2 SEM and XRD 

7 Days 28 Days 

With Respect to 

Reference 

With Respire to 

Reference 

With Respect to 7 

Days 

IB1 A-II Cronobacter +87  +10  0 No healing observed 
Calcite and e�ringite in 

entrained air pores 

IB2 A-V Cronobacter +147 +108 +42 

Crystal formation along the crack 

at 7 days, growth up to 14 days 

and reduction at 28 days 

Calcite and C-S-H 

IB3 B-I Bacillus +59 +20 +27 

Crystal formation along the crack 

at 14 days and growth up to 28 

days 

Calcite and C-S-H 

IB4 B-II Citrobacter +72 +28 +26 
Crystal formation along the crack 

at 14 days 
Calcite 

IB5 B-IV Pseudomonas +57 +21 +31 

Crystal formation along the crack 

at 14 days and growth up to 28 

days 

Calcite 

1 Soil samples A-I, A-III, A-IV, B-III, and B-V developed the same bacteria as the ones in this column. 

Therefore, they were considered duplicates and discarded from the study. 2 Except for the main 

crack, which did not present any healing in any sample, as discussed in Section 3.2. 
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4. Conclusions 

Bacteria were successfully cultured in a calcium lactate medium and isolated for use 

in self-healing applications within a cementitious composite. The isolated strains, Bacillus 

(IB3) and Pseudomonas (IB5), were previously evaluated in other studies on self-healing 

concretes. 

Microscopic analysis revealed that MICP occurred primarily in recessed regions of 

the test bodies rather than the top face cracks. The presence of whitish crystals in these 

areas at 7 days and the loss of healing products over time provided further insight into 

the dynamic nature of the healing process. Calcium carbonate (CaCO3), identified as the 

healing product, was consistent with expectations, as the bacteria metabolized the 

available calcium lactate. The morphological analysis confirmed the presence of calcite 

crystals with grain sizes ranging from 1 µm to 40 µm. 

The inclusion of bacteria in the mortar mixtures resulted in significant increases in 

compressive strength compared to the reference mortar, with gains of up to 147% at 7 

days and 108% at 28 days. Notably, Cronobacter sp. IB2 from the Enterobacteriaceae family 

exhibited the highest improvement, while Cronobacter sp. IB1 showed minimal growth, 

likely due to the presence of residual unconsumed organic nutrients in the matrix. 

While this study focused on bacteria isolated from soils in only two Brazilian cities, 

the findings underscore the importance of exploring additional geographic regions to 

broaden the understanding of indigenous bacteria for self-healing materials. Furthermore, 

the successful encapsulation of bacteria in entrained air bubbles using the culture medium 

as a replacement for mixing water presents a simplified approach for manufacturing self-

healing mortars, eliminating the need for additional encapsulating agents. 

These results contribute valuable knowledge to the field of self-healing concrete, 

providing a foundation for future research and development aimed at optimizing the use 

of indigenous bacteria in cementitious composites. 
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