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Abstract: Concrete cracks and sulfate degradation severely compromise structural durability, 

highlighting the need for sustainable solutions to enhance longevity and minimize environmental 

impact. This study assesses the efficacy of bacterial self-healing technology utilizing Bacillus 

megaterium (BM) and Bacillus sphaericus (BS) in enhancing the resistance of concrete to sulfate 

attacks and improving its mechanical properties. Bacterial suspensions (1% and 2.5% of cement 

weight) were mixed with concrete containing silica fume or fly ash (10% of cement weight) and cured 

in freshwater or sulfate solutions (2%, 5%, and 10% concentrations). Specimens were tested for 

compressive strength, flexural strength, and microstructure (using SEM, EDS, and XRD) at various 

ages. Results indicated that 2.5% bacterial content yielded the best performance, with BM surpassing 

BS, enhancing compressive strength by up to 41.3% and flexural strength by 52.3% in freshwater-

cured samples. Although sulfate exposure initially improved early-age strength by 1.97% at 7 days, 

it led to an 8.5% loss at 120 days. Bacterial inclusion mitigated sulfate damage through microbially 

induced calcium carbonate precipitation (MICP), sealing cracks, and bolstering durability. Cracked 

specimens treated with BM recovered up to 93.1% of their original compressive strength, promoting 

sustainable, sulfate-resistant, self-healing concrete for more resilient infrastructure. 

Keywords: self-healing; bacillus megaterium; sulfate resistance; MICP; pozzolanic materials 

 

1. Introduction 

Sustainable building plays a crucial role in the modern community by focusing on reducing the 

environmental impact of construction processes while also addressing social and economic concerns 

associated with the construction industry [1–4]. Sustainable concrete is characterized by traditional 

concrete in its use of industrial, agricultural waste, or other resources [5]. Pozzolanic materials can be 

used to reduce the carbon footprint of concrete structures. that decrease the permeability of the 

concrete and, therefore, play a significant role in improving its durability and strength, lowering 

costs, and mitigating environmental effects in the manufacturing of building materials [6]. Pozzolan 

is defined as a siliceous or siliceous and aluminous material that, when mixed with lime and water, 

will set and harden like cement but has little or no binding property on its own. Amongst these can 

be found fly ash (FA), blast furnace slag (BFS), silica fume (SF), metakaolin (MK), rice husk ash (RHA), 

sugarcane bagasse ash (SCBA), wood ash (WA), and others [7]. 

Concrete is one of the most widely used building materials because of its superior mechanical 

properties, durability, and affordability when compared to alternative materials [8]. Concrete has a 

low tensile strength [9,10]. Several significant mechanical, physical, and chemical processes, such as 
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shrinkage, external loading, temperature changes, and support settlement, can increase the local 

stress in concrete, leading to cracks in the structure of the concrete [11]. One of the unavoidable 

problems of concrete is cracking. Microcracks form and merge to form a continuous network of cracks 

in the concrete [12]. Cracks make the concrete more permeable, allowing moisture and aggressive 

substances like acids, sulfate, and chloride ions to seep in. Sulfate ions penetrate the cementitious 

matrix when concrete and cement mortars are exposed to a sulfate-loaded environment during their 

service life [13].The increasing sulfate ion concentration is transported into the concrete’s inside, 

where it interacts chemically with the hydrated cement products [14]. 

The primary cause of degradation in sulfate attack was shown to be a two-stage distress process 

on the concrete matrix. The first stage, known as chemical sulfate attack, is caused by the interaction 

of sulfate ions with portlandite (CH) to form gypsum, which then interacts with tricalcium aluminate 

(C3A) to produce ettringite precipitates in the pores of concrete. In the second stage, concrete swells, 

cracks, and spalls as a result of expanding forces linked to ettringite caused by high crystallization 

pressure [15]. Concrete is susceptible to damage from sulfate salt crystallization in this type of sulfate-

induced degradation, known as physical sulfate attack (PSA) [16]. These factors destroy the concrete 

matrix, cause corrosion in the reinforcing, and shorten the lifespan of the structure [17].To extend the 

lifespan of concrete structures, many methods for maintenance and restoration have been developed. 

Time has seen extensive usage of traditional techniques such as sealing, grouting, stitching, 

grouting, chemical injection, and carbon fiber reinforcement. However, these techniques have distinct 

drawbacks as they can be time-consuming, especially when dealing with larger or more complex 

cracks. Furthermore, inconsistencies in the traditional crack healing methods can be ascribed to a 

variety of factors, including labor skill, material quality, and ambient circumstances. Moreover, these 

techniques are ineffective for deep and tiny cracks and frequently fix large cracks [18].Repairing 

agents can be costly and environmentally dangerous [19].Moreover, using cement is necessary for 

the traditional process of concrete crack healing, which is responsible for increasing the footprint of 

carbon dioxide (CO2) [20].Lastly, traditional methods may need periodic maintenance and 

reapplication of healing agents to maintain long-term efficacy. 

The attention of researchers is currently being attracted to self-healing concrete, which is thought 

to be a durable repair technique [21,22]. Concrete that heals itself has similar characteristics of the 

human body, including the ability for wounds and injuries to heal themselves without external 

intervention [23,24]. In the last ten years, research on self-healing cementitious composites has 

significantly increased. Two common self-healing methods are widely used for concrete self-healing: 

autogenous and autonomous. The autogenous technique aims to enhance the natural mechanism of 

crack healing. The capacity for autogenous healing is limited in every concrete structure [25]. This 

technique includes only the material’s original components due to their specific chemical structure 

and promotes healing under environmentally favorable systems [21]. Furthermore, due to its 

inherent properties, concrete has micro-reservoirs with irregularly distributed unhydrated cement 

particles, which promote self-healing [26]. The French Academy of Sciences made the first 

observation of the autogenous self-healing technique in 1836, which was around 200 years ago [27–

35]. Researchers have been examining the efficacy of this technique for repairing cracks in pipes, 

culverts, and other water infrastructure since the early 19th century [36–38]. 

The autonomous technique, on the other hand, aims to modify concrete by incorporating 

different healing agents into the concrete matrix to allow the crack to self-heal after it forms [39]. 

Unlike traditional approaches, this technique can save costs because the repairing agents are pre-

buried in the concrete mixture and can automatically heal cracks as they appear [40]. Both techniques 

use calcium carbonate (CaCO3) material deposition onto the crack surface as their principal 

mechanism for promoting crack healing. Both artificial (autonomous) and natural (autogenous) 

processes can produce this substance. Furthermore, CaCO3 has a rough crystal morphology that 

exhibits a high propensity for surface adhesion and self-sustaining growth [40]. 

The bacterial-based method has demonstrated the most promising findings among all self-

healing techniques because of its long-term efficacy [41–43].The capability of bacteria to convert 
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vegetative bacterial cells into spores is responsible for this long-term effectiveness, which ensures 

viability for more than 200 years and is responsible for this prolonged efficiency in crack repair 

[44,45].Water ingress causes bacteria in a fresh crack to activate from their dormant state. They then 

multiply and precipitate minerals like calcite (CaCO3), which finally seals the crack. The bacteria 

enter a hibernation stage after the crack heals. A later-formed crack is filled by the bacteria when they 

have reactivated. As a result, bacteria have a healing effect that lasts for a long time. That process is 

called microbially induced calcium carbonate precipitation (MICP). Thus, there is a significant 

reduction in the penetration of moisture, other environmental agents, and aggressive chemicals into 

the concrete. Therefore, microbial self-healing concrete technology has become a research hotspot in 

recent years with the goals of (I) decreasing repair costs, (II) reducing environmental degradation, 

(III) enhancing concrete durability, and (IV) improving concrete properties [46–48]. 

Numerous abiotic and biotic factors can influence self-healing because it is a biological process 

[49,50]. Important biological parameters that influence bacterial growth include the number of cells, 

age, and the physiological state of the bacteria. Environmental factors like pH and temperature have 

an impact on these parameters [51]. For survival, most bacteria need a suitable pH and temperature, 

except spore-forming bacteria. Bacteria can only survive as spores in environments with pH values 

greater than 12; they cannot germinate in these conditions [52]. Normally, concrete has a pH of 

between 12 and 13 [53], but during mixing, the exothermic cement hydration causes the pH to rise to 

13 and 90 °C, which may have an effect on bacterial survival and nutritional availability [53–55]. 

Different implementation approaches are needed to maintain microorganisms in concrete due to their 

short survival period and environmental influences. There are two suitable methods to improve the 

efficacy of self-healing bacteria: encapsulation or direct inclusion. It has been shown that 

encapsulation performs more effectively, particularly because of concrete’s alkaline nature and 

temperature. However elevated pH values over 12 may reduce the efficiency of bacteria, and the 

process of concrete hydration may cause the number of bacteria to decrease [56]. The germination of 

bacteria may also be reduced by extended exposure to an alkaline environment. Carrier technology 

emerges as a solution to these problems. Investigation into carrier technologies is essential [56]. These 

technologies include zeolite, ceramsite, hydrogel, microcapsules, and lightweight aggregates. 

Furthermore, some methods may cause an unequal dispersion of self-healing factors since they have 

a relatively low density of the carrier relative to cement paste. Achieving a smooth integration of the 

self-healing concrete system requires the capsule’s mechanical durability to endure internal forces 

during the mixing process. 

Researchers have used various spore-forming bacillus strains, including Bacillus sphaericus [57–

59], Bacillus pasteurii [60–62],Bacillus megaterium [63–65], and Bacillus Subtilis [66,67] to create self-

healing concrete [68].The self-healing of cement-based materials may be enhanced by the use of many 

different nutrients, such as calcium acetate [69], sodium citrate [70], calcium formate [71], and other 

calcium acid salts like succinate, oxalate, malate, and glyoxylate [62]. 

Pooja Kanaujia et al. [72] studied the effects of variations in sulfate concentrations on the 

compressive strength, flexural strength, weight analysis, density loss, and visual appearance of 

concrete specimens of various grades as they deteriorated over time. The concrete grades M-25, M-

30, and M-35 were utilized for experimental studies. Concrete samples were submerged in sulfate 

solutions with varying concentrations (4.0, 5.0, and 6.0 pH). As the concrete grade was raised from 

M-25 to M-35, a decrease in the loss of compressive strength was observed. The density and weight 

analysis findings further confirm flexural and compressive strength reduction. Concrete blocks 

showed signs of discoloration after being submerged in a sulfate solution at 4.0, 5.0, and 6.0 pH for 

75 and 90 days. It looked like concrete flakes and resembled mold growth. 

In their study, Arun Kumar Parashar et al. [73], provide an overview of the effect of different 

Bacillus family bacteria concentrations ranging from 100 CFU to 10^8 on concrete’s durability and 

strength characteristics. It was concluded that bacterial presence in concrete enhanced its mechanical 

properties and decreased the permeability of water by filling in voids. Also, out of all the bacterial 

concentrations, the one with the most significant results was 10^5, cells/mL. 
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The effect of these microorganisms on the strength and durability of the concrete was 

investigated by Nidhi Nain et al. [74], using energy dispersive spectroscopy, split tensile strength, 

and compressive strength testing. Bacillus megaterium was the microorganism used, and its 

concentration was 10^8 cells/ml. According to the results, utilizing Bacillus megaterium bacteria in 

concrete enhanced its split tensile strength by 18.29% and its compressive strength by 22.58% 

compared to control concrete. The bacteria of the genus Bacillus megaterium provide concrete more 

strength and durability. 

Joshi et al. [75], in their research, examined cement performance using exposure regimes in a 

sulfate environment for mortar prisms and concrete cubes. The calcium, urea, and nutritional broth 

medium concentrations were 25 mM w/v, 2% w/v, and 1.3% w/v, respectively. Compared to the 

control, the compressive strength of test types of cement treated and cured with bacterial solutions 

indicated BAT and BST increased. The test cement that was cured by spraying it with a bacterial 

solution showed a 16% increase in compressive strength, whereas the treated test cement showed a 

35% increase compared to the control test cement. 

Research Significance 

This work involves a rigorous mechanistic investigation of sustainable self-healing concrete 

systems through systematic characterization of Bacillus megaterium and Bacillus sphaericus-induced 

calcium carbonate precipitation under sulfate-rich conditions utilizing high-end microstructural 

analysis (SEM-EDS-XRD) complemented by multiscale mechanical testing to quantitatively establish 

structure-property relationships among microbial metabolic activity, further innovating through the 

incorporation of industrial waste products (silica fume/fly ash) to create an optimized eco-efficient 

material system that addresses simultaneously three major gaps in current state-of-the-art research: 

(1) quantitative measurement of enhancement of sulfate resistance through biocementation, (2) 

partial understanding of stability of healing products under chemical attack, and (3) limited 

systematic study of recovery of mechanical properties for cracked as compared to uncracked 

conditions, thus providing both a fundamental understanding of microbial concrete chemo-

mechanics and practical solutions for durable, eco-efficient infrastructure. This research examined 

the effect of bacteria type, content, curing type, and pozzolanic material type on self-healing 

properties using Bacillus megaterium and Bacillus sphaericus at 0%, 1%, and 2.5% by cement weight. 

Microstructural analysis was performed using SEM, EDS, and XRD, and the specimens’ resistance to 

sulfate attack was also investigated. 

2. Experimental Work 

2.1. Experimental Outline 

The main objective of the present work is to examine the effects of bacteria type, content, curing 

type, and pozzolanic materials type on self-healing properties using Bacillus megaterium and 

Bacillus sphaericus. Which was added with different contents (1% and 2.5% by cement weight). This 

section describes the materials used in concrete mixes, the casting method, the type and content of 

bacteria used, how to prepare them, and the conditions for curing concrete specimens. It also includes 

tests conducted on different concrete specimens. The experimental program included pouring 24 

concrete mixes containing different pozzolanic materials (silica fume or fly ash) at a percentage of 

10% by cement weight. The concrete specimens were treated with fresh water and sulfate solutions 

at different concentrations of 2%, 5%, and 10%, as shown in Figures 1 and 2. compression and flexural 

tests were conducted on concrete specimens loaded to failure at 7, 28, 56, and 120 days. compression 

tests were also performed on pre-cracked specimens at 65 % of ultimate load after the 28-day 

treatment period at 56 and 120 days. 
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Figure 1. Outline of the experimental work. 

 

Figure 2. Flow chart for concrete mixes, where M: Mix, BM: Bacillus Megaterium, and BS: Bacillus Sphaericus. 

2.2. Materials 

Ordinary Portland Cement (CEM-I 42.5 N) was utilized in this research, according to ESS 4756-

1/2013 [76]. Table 1 shows the mechanical, chemical, and physical properties of cement. The cement 

content is 400 kg/m3 for all mixtures. Dolomite was used as coarse aggregate with a nominal 

maximum size of 10 mm, washed, and allowed to dry before use. Its specific weight was 2.81, and its 

bulk density was 1.66 t/m3. Locally available natural siliceous sand that had a specific weight of 2.49, 

a bulk density of 1.78 t/m3, and a fineness modulus of 2.65 was used as fine aggregate according to 

ESS 1109/2021 [77]. The sieve analysis results for the fine and coarse aggregates are shown in Figure 

3. In the mixing process, clean drinking water was used. Fly ash and silica fume from Sika Egypt 

Company were brought in for use as a mineral admixture in this study. The physical properties of fly 

ash and silica fume used are described in the datasheet of the manufacturer, which is displayed in 

Tables 2 and 3. For all mixtures, the silica fume and fly ash/cement ratio was 10% for all mixes. This 

study utilized a high-range water reducer superplasticizer concrete admixture called Sika Viscocrete-
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3425. This is a third-generation homogeneous concrete superplasticizer. According to ASTM-C-494-

2020, types F and G meet superplasticizer requirements [78]. Table 4 displays the properties of the 

superplasticizers utilized in this research; the superplasticizer/cement ratio was 0.50%. The source of 

calcium lactate, which has the chemical formula C6H10CaO6, was Oxford Lab Fine Chem LLP. The 

ratio of cement to calcium lactate was 0.50%. 

 

Figure 3. The sieve analysis for aggregate, (a) Sand, and (b) Gravel. 

Table 1. Physical, Mechanical, and Chemical Properties of Portland Cement. 

Properties 
Composition of chemicals 

(%) 

The mechanical and physical properties of Portland 

cement 

Property results 

Fe2o3  2.8 Specific Gravity 3.15 

Al2o3 3.4 Specific surface area 3550 

Sio2 21.24 Initial setting time (min) 150 

MgO  3.1 Final setting time (min 250 

Cao  63.2 compressive strength 7-day (MPa) 34 

  compressive strength 28-day (MPa) 55 

Table 2. Properties of Silica Fume. 

Property Results 

Color Grey powder 

Specific gravity 2.2 

Composition A latently hydraulic blend of active ingredients 

Shape of particles spherical (very small particles) 

Surface area (𝑐𝑚2/𝑔𝑚) 170000 

Bulk Density 320 kg/𝑚3 

Particle size, 𝜇𝑚 8 

Table 3. Properties of fly ash. 

Property Results 

Color Light grey powder 

Specific Gravity 2.23 

Composition Alumina silicate 

Shape of particles Spherical 

Surface area (𝑐𝑚2/𝑔𝑚) 49700 

Bulk Density 300 kg/𝑚3 

Particle size, 𝜇𝑚 34 
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Table 4. Properties of the superplasticizers used. 

Property Results 

Color Clear liquid 

Dry Material Content (%) 40% by weight 

Density (Kg/lt) 1.08 

pH-Value 4.0 

This study used two ureolytic bacterium types from the Bacillus family, Bacillus Megaterium 

(BM) and Bacillus Sphaericus (BS), as indicated in Table 5. Both of these types of gram-positive 

bacteria were selected for the study since they do not have an adverse effect on human health. 

Through the mineralization process, Bacillus Megaterium and Bacillus Sphaericus can precipitate 

(CaCO₃) when provided with a calcium source. Both types are capable of producing spores that can 

survive harsh environments and activate in the presence of water. From the Microbiological 

Resources Centre (MIRCEN), Faculty of Agriculture, Ain Shams University in Egypt, Bacillus 

Megaterium and Bacillus Sphaericus were obtained. A bacterial suspension was used to replace the 

mixing water partially. 

Table 5. Types of bacteria used. 

Type Name Code Designations Form 

1 
Bacillus Sphaericus 

(BS) 
EMCC 1253. 

DSM 396 – NCTC 

9602. 
Solution 

2 
Bacillus Megaterium 

(BM) 
ATCC 14581 

BCRC 10608 – CCM 2007 – CCUG 1817 – CIP 

66.20 – DSM 32. 
Solution 

2.3. Growth of Bacterial Culture 

The procedure described by Elmahdy et al. [79,80] was followed to prepare the bacterial cell 

suspension. The bacterial stock is obtained from the Microbiological Resources Centre and stored in 

the fridge until used sterilely. To create the culture medium, thirteen grams of powdered nutritional 

broth were dissolved in one liter of distilled water, containing 5.0 g/l peptone, 5.0 g/l sodium chloride, 

1.50 g/l yeast extract, and 1.5 g/l HM peptone B#. The pH was adjusted to 7.2± 0.2 for optimal Bacillus 

growth. All instruments were autoclaved before use, and Using an autoclave device, the container 

containing the culture media was sterilized at 121°C and a pressure of 1.5 bar for 20 minutes, then 

allowed to cool. This process ensured the media was contaminant-free. Using a loop, bacteria were 

extracted from the fridge and put into the growth media flask in an AURA HZ 48 laminar flow 

cabinet. The flasks were incubated for three days at 150 rpm and 30°C, resulting in turbidity that 

indicated bacterial growth and sporulation. After microscopic examination, bacterial cells were 

isolated and diluted appropriately with distilled water. Solid media recorded the bacterial colonies, 

diluted to a concentration of (2×10 to the ninth) CFU/ml. All activities were conducted at the Faculty 

of Veterinary Medicine, Zagazig University, Egypt. Figure 4 shows the basic steps for preparing a 

bacterial cell suspension. 
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Figure 4. Fundamental steps to prepare a bacterial cell suspension. 

2.4. Mix Design and Specimen Preparation 

The quantities of each ingredient required to produce 1 m3 of concrete were determined utilizing 

the absolute volume approach. Table 6 shows proportions of the concrete mixes. The ratio of dolomite 

to sand in all concrete mixes was 2:1 by weight, the ratio of fly ash and silica fume to cement was 

10%, the ratio of water to cement was 0.4, the ratio of superplasticizer to cement was 0.50%, the ratio 

of calcium lactate to cement was 0.50%, and the cement content was 400 kg/m3. We added two ratios 

of bacteria (1% and 2.5% of cement weight) to the concrete. A portion of the mixing water was 

substituted with bacterial suspension, and The control mix specimens were prepared in the identical 

manner without the addition of bacteria. 

All concrete mixtures have a specific mixing method that needs to be used sequentially. The dry 

materials (sand, dolomite, and cement) were thoroughly mixed in a mechanical horizontal pan mixer. 

The mix is combined at a low speed for two minutes after introducing the required quantity of fly 

ash or silica fume with calcium lactate. Then, water and superplasticizer are added to the mixture 

gradually, and it continues to mix for approximately five minutes to ensure that everything is 

uniformly distributed. Water is introduced to bacterial mixtures first, followed by adding BM or BS 

bacteria simultaneously. Then, in accordance with ASTM C-192/C192M, After pouring three layers 

of concrete into molds, the layers are compacted for thirty seconds using a mechanical vibrator [81]. 

The samples were taken out of their mold and began curing following a day of casting in order to get 

them ready for testing. All of the sample mixing stages are depicted in Figure 5. 

2.5. Curing Procedure 

The next day after pouring the concrete specimens, the molds were removed from the concrete 

specimens, and the mix type and casting date were written on each sample. Then the curing phase 

began, where the concrete specimens were immersed in different curing conditions with fresh water 

and magnesium sulfate solution at different concentrations (2%, 5%, and 10%). The specimens were 

removed from the curing water and left to dry according to the timing of conducting compression 

and flexural tests at the different ages of 7, 28, 56, and 120 days. 

Table 6. The proportions of the concrete mixes. 

Mix 
Types of 

bacteria 
Bacteria/cement(%) Nutrient/cement(%) 

Bacteria 

kg/𝒎𝟑 

Nutrient 

kg/𝒎𝟑 

Silica 

Fume 

kg/𝒎𝟑 

Fly Ash 

kg/𝒎𝟑 

Sand 

kg/𝒎𝟑 

Dolomite 

kg/𝒎𝟑 

M0 - 0.0% 0.00% 0 0 40 - 618 1236 
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M1 BM 1.0% 0.50% 4 2 40 - 618 1236 

M2 BM 2.5% 0.50% 10 2 40 - 618 1236 

M3 BS 2.5% 0.50% 10 2 40 - 618 1236 

M4 - 0.0% 0.00% 0 0 40 - 618 1236 

M5 BM 1.0% 0.50% 4 2 40 - 618 1236 

M6 BM 2.5% 0.50% 10 2 40 - 618 1236 

M7 BS 2.5% 0.50% 10 2 40 - 618 1236 

M8 - 0.0% 0.00% 0 0 40 - 618 1236 

M9 BM 1.0% 0.50% 4 2 40 - 618 1236 

M10 BM 2.5% 0.50% 10 2 40 - 618 1236 

M11 BS 2.5% 0.50% 10 2 40 - 618 1236 

M12 - 0.0% 0.00% 0 0 40 - 618 1236 

M13 BM 1.0% 0.50% 4 2 40 - 618 1236 

M14 BM 2.5% 0.50% 10 2 40 - 618 1236 

M15 BS 2.5% 0.50% 10 2 40 - 618 1236 

M16 - 0.0% 0.00% 0 0 - 40 618 1236 

M17 BM 2.5% 0.50% 10 2 - 40 618 1236 

M18 - 0.0% 0.00% 0 0 - 40 618 1236 

M19 BM 2.5% 0.50% 10 2 - 40 618 1236 

M20 - 0.0% 0.00% 0 0 - 40 618 1236 

M21 BM 2.5% 0.50% 10 2 - 40 618 1236 

M22 - 0.0% 0.00% 0 0 - 40 618 1236 

M23 BM 2.5% 0.50% 10 2 - 40 618 1236 

 

Figure 5. Steps of the sample mixing. 

2.6. Creation of Cracks 

To identify the ultimate load in all mixes, cubic specimens measuring 100 x 100 x 100 mm were 

removed from the curing process after seven days of curing (three specimens were loaded till failure 

in each concrete mix) utilizing a hydraulic testing machine with a 2000 KN capacity. Nine cubes (three 

for loading until failure and six for cracking at 65% of the ultimate load) and two beams for loading 

till failure were extracted out of each mix after the 28-day treatment period. Visual inspection reveals 

minor cracks that appear in some loaded samples after loading, as shown in Figure 6. After that, the 

pre-cracked specimens were put back into the curing process, where bacteria started to precipitate 

calcium carbonate and seal the cracks. Six cubes (three without pre-cracking and three pre-cracking 

after 28 days) and two beams were extracted from each mix after 56 days of treatment and loaded till 
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failure. The following samples have been extracted from each mix for loading until failure after 120 

days of treatment: 6 cubes (3 cubes without pre-cracking and 3 cubes pre-cracking after 28 days). 

 

Figure 6. (a) Specimen before cracking. (b) Specimen after cracking. 

A stereo-microscope equipped with the OLYMPUS SZ 61 camera system was utilized to visually 

monitor the healing and progression of cracks. In the experiment, artificial cracks that were measured 

in samples of varying sizes, as shown in Figure7 (a), with each specimen having a different crack 

width at 7 and 120 days of age. The experimental device that was used to visually measure the cracks 

is depicted in Figure 7 (b). The microscope was at the Faculty of Agriculture’s Seed and Tissue 

Pathology lab at Mansoura University. 

 

Figure 7. (a): Creation of visible cracks, and (b): The experimental device for measuring visible cracks. 

2.7. Compressive Strength Test 

The compressive strength of concrete specimens was measured after 7, 28, 56, and 120 days from 

the date of casting in accordance with BS EN 12390-3:2019 [82]. At every age of testing, three 100 x 

100 x 100 mm specimen cubes were evaluated for each concrete mix. The average value of three 

concrete specimens was calculated for each concrete mix. The mixes ‘ strength was determined 

utilizing a hydraulic testing machine with a 2000 KN capacity at various ages. in the engineering 

faculty’s concrete lab at Zagazig University. 

2.8. Flexural Strength Test 

According to BS EN 12390-5:2019 [83], concrete flexural specimens were subjected to a three-

point loading test on 70 × 70 × 280 mm concrete beams after 28 and 56 days of casting. The average of 

the concrete samples for each mixture was calculated. At different ages, the flexural strength of 

concrete mixes was determined by utilizing a hydraulic testing machine with a 1000 kN capacity in 

the concrete lab of the engineering faculty at Zagazig University. 

2.9. Microscopic Analysis Tests 
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SEM is used to examine sample surfaces because it provides a clear, high-quality stereoscopic 

image with extensive information about the sample’s microstructure. The effect of biological calcium 

carbonate precipitation on the concrete sample was investigated using SEM. The test was performed 

in Egypt at the Faculty of Agriculture at Mansoura University with an electronic microscope type 

JEOL JSM-651OLVthat has a magnification of 300,000x. To examine the samples, different 

magnifications were used, including 4000Xand 5000X. The following details explain the sample 

preparation process: concrete specimens were obtained from the cracked specimens’ deepest core 

following a compressive strength test at 120 days of age. These samples were placed on holders using 

carbon adhesive after being dried at 70°C until they achieved a constant weight. The dried specimens 

were coated with gold using a sputter coating evaporator to increase clarity and microstructure 

surface imaging. The elements of the precipitation of specimens were determined using the Oxford 

X-Max 20 EDS device, which was connected to the SEM. 

X-ray diffraction examined the anhydrous and hydrated cement phases at 120 days to analyze 

and examine cementitious materials. The specimens were carefully pulverized utilizing a tubular 

aerosol suspension chamber and were then put on glass fiber filter paper. The experiment was 

conducted at the Housing and Building National Research Center using the Philips X’ Pert Pro 

Diffractometer MPD PW 3050/60. 

3. Results and Discussion 

3.1. Specimens Without Pre-Cracking 

3.1.1. Compressive Strength 

Figures 8–13 present the compressive strength results of specimens without pre-cracking at 7, 

28, 56, and 120 days, which examine the effects of bacterial content and type, pozzolanic material 

type, and curing type. The impact of bacterial content on self-healing concrete’s compressive strength 

after being cured in freshwater and sulfate solution with different concentrations at different ages is 

shown in Figures 8 and 9. The compressive strength of the bacterial mixes increased compared to the 

control mixes at ages 7, 28, 56, and 120 days when concrete samples were cured in freshwater and 

sulfate solution at different concentrations of 2%, 5%, and 10%. The compressive strength of mix M1, 

which is a 1% bacteria BM, increased by 7.52%, 7.81%, 9.71%, and 11.3% compared to the control mix 

M0. The compressive strength of mix M2, which contains 2.5% bacteria BM, was increased over the 

control mix M0 by values of 19.09%, 26.91%, 37.41%, and 41.3%, respectively. The compressive 

strength of mix M3 containing 2.5% bacteria BS increased over the control mix M0 by 11.23%, 20.55%, 

31.63%, and 37.39%, respectively. According to previous findings, concrete samples with a bacteria 

content of 2.5% achieved the best compressive strength results. The higher the bacterial content, the 

higher the compressive strength. The use of bacteria has a positive effect on increasing the 

compressive strength of the samples. The reason for the increase in compressive strength is the 

precipitation of calcium carbonate, which fills the pores in concrete and causes the size of the pores 

to decrease. [84–86]. 
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(A) (B) 

  

(C) (D) 

Figure 8. Impact of bacterial content on the compressive strength of concrete for uncracked specimens for silica 

fume at 7, 28, 56, and 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

  

(A) (B) 
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(C) (D) 

Figure 9. Impact of bacterial content on the compressive strength of concrete for uncracked specimens for fly ash 

at 7, 28, 56, and 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

As illustrated in Figure 10, the type of bacteria (BM and BS) employed in this study has an effect 

on the compressive strength behavior under different environmental conditions and ages for 

uncracked specimens. The compressive strength at 7, 28, 56, and 120 days was 19.09, 26.91, 37.41, and 

41.3% higher for the mix M2 containing 2.5% bacteria BM than that of the control mix M0, 

respectively. Comparing M3, which contained 2.5% of BS bacteria, to the control mix M0, compressive 

strength increased by 11.23%, 20.55%, 31.63%, and 37.39%. The compressive strength of concrete 

changed noticeably according to the type of bacteria present. Results for the Bacillus megaterium 

type generally show a more noticeable improvement than those for the Bacillus sphaericus type. 

Bacillus megaterium enhanced the production of CaCO₃ to fill voids, which caused a great 

improvement in compressive strength. The main cause of the higher compressive strength seen in 

BM mixes over others is the higher content of CaCO₃. [79,87,88]. 

  

(A) (B) 
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(C) (D) 

Figure 10. Impact of bacterial type on the compressive strength of concrete for uncracked specimens for silica 

fume at 7, 28, 56, and 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

Mineral admixtures can be added to concrete to enhance the compressive strength. The type and 

ratio of mineral admixtures to choose from to improve the quality of construction in concrete are 

important considerations. [89]. In this study, we used mineral admixtures, including fly ash (FA) and 

silica fume (SF). They are industrial by-products. According to previous studies, the amount of 10% 

of fly ash and silica fume has a greater effect on the strength of concrete. 

As shown in Figure 11, the compressive strength of control mix M0, which includes 0% bacteria 

with silica fume, increased by 7%, 10.74%, 11%, and 6% at different ages, in comparison to control 

mix M16, which contained 0% bacteria with fly ash. The compressive strength of mix M2, which 

includes 2.5% bacteria BM with silica fume, showed increases of 6.19%, 8%, 9.31%, and 4.6% at 7, 28, 

56, and 120 days, respectively, when compared to mix M17, which contained 2.5% bacteria BM with 

fly ash. It is evident that the outcomes showed the same trend for the mixtures treated with sulfate 

solution at different concentrations. Under different environmental conditions at various ages, silica 

fume generally shows a more noticeable improvement in results than fly ash because of its high 

reactive pozzolanic property, large surface area, high SiO₂ content, and fine particles; then it fills the 

pores of concrete and reduces porosity [90]. The primary cause of strengthening the bond between 

cement paste and aggregate is the use of silica fume to enhance the strength of concrete. Cement 

hydration product Ca(OH)₂ can react with silica fume to produce a C-S-H gel with higher strength 

[91]. Fly ash participates in the secondary cement hydration process and produces fewer cement 

hydration products in the early stage due to its low activity. In the early stage, there is less chemical 

reaction, which causes the concrete’s compressive strength to decrease. In the later stage, as cement 

hydration products continue to form, the pozzolanic reaction is accelerated and promoted, 

significantly boosting the final strength of concrete [89]. 

Figures 12 and 13 illustrate the effect of curing type on the compressive strength of concrete, 

demonstrating the significant impact of the curing environment on compressive strength. In the early 

stages, the compressive strength of the bacterial and control samples increased marginally when 

exposed to sulfate. 
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(A) (B) 

  

(C) (D) 

Figure 11. Impact of pozzolanic material type on the compressive strength of concrete for uncracked specimens 

at 7, 28, 56, and 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

  

(A) (B) 
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(C) (D) 

Figure 12. Impact of curing type on the compressive strength of concrete for uncracked specimens for silica fume 

at 7, 28, 56, and 120 days: (A) at 0% bacteria, (B) at 1% bacteria BM, (C) at 2.5% bacteria BM, and (D) at 2.5% 

bacteria BS. 

In comparison to control mix M0, which was cured in freshwater, the compressive strength of 

control mix M8, which was cured in a 5% sulfate solution concentration, increased by 1.97% at 7 days 

as a result of the continuous penetration of sulfate ions into the cementitious matrix. The production 

of expansive compounds such as gypsum, CaSO₄·2H₂O, and ettringite, which aid in filling holes and 

voids and so increasing microstructural density, is responsible for this increase in compressive 

strength [92,93]. When comparing the samples cured in freshwater to those exposed to sulfate 

solution for later ages, a gradual decrease in strength was observed. The compressive strength of 

control mix M8, which was cured in 5% sulfate solution concentration, decreased by 7.51%, 8.23%, 

and 8.5% compared to control mix M0, which was cured in freshwater at 28, 56, and 120 days, 

respectively. This strength loss could be a consequence of increased sulfate penetration, leading to 

more expansion products accumulating in the pores of the samples. A slight improvement in 

compressive strength of 3.14% in M6, which contains 2.5% bacteria BM and is cured in 2% sulfate 

solution concentration, was observed when compared with M2, which includes 2.5% bacteria BM 

and is cured in freshwater at 7 days, and then a gradual decrease of 3.96%, 4.04%, and 5.69% in 

strength was observed at 28, 56, and 120 days, respectively. 

The bacterial samples did not exhibit a significant decrease in strength when exposed to sulfate, 

indicating that the bacteria are effective in mitigating the negative effects of sulfate by precipitating 

calcite, which fills the pores in the concrete. Sulfate ion penetration into the cementitious matrix was 

thereby greatly decreased. The formation of harmful reaction products that can lead to concrete 

deterioration was also reduced by the minimum infiltration of sulfate ions. A similar conclusion is 

reached by other researchers [75]. The compressive strength of mix M10, which contains 2.5% bacteria 

BM, increased by 24.48%, 28.2%, 37.49%, and 41.46% at different ages, as compared to the control mix 

M8 at a 5% sulfate solution concentration. The results showed that adding bacteria to concrete 

improved its compressive strength under different curing conditions, demonstrating the positive 

effect of bacterial activity. 

  

(A) (B) 
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Figure 13. Impact of curing type on the compressive strength of concrete for uncracked specimens for fly ash at 

7, 28, 56, and 120 days: (A) at 0% bacteria, (B) at 2.5% bacteria BM. 

3.1.2. Flexural Strength 

The flexural strength results for specimens without pre-cracking are presented in Figures 14–19. 

The flexural strength tests were conducted on several mixes of various pozzolanic materials, bacterial 

contents, and types at 28 and 56 days under different environmental conditions. 

The effect of bacterial content on the flexural strength results for uncracked specimens at 28 and 

56 days is illustrated in Figures 14 and 15. The mix M1, which included 1% bacteria BM, had a flexural 

strength that was 15.85% higher at 28 days and 17.32% higher at 56 days than the control mix M0 

when cured in freshwater. In comparison to M0, the flexural strength of M2 increased by 51.83% and 

52.31% when using 2.5% bacteria BM, and the flexural strength of M3 increased by 49.39% and 50.23% 

when using 2.5% bacteria BS. According to previous results, a bacterial content of 2.5% gives the 

highest flexural strength results by increasing the amount of CaCO₃ that precipitates, which improves 

flexural strength. [94,95]. 

  

(A) (B) 

 
 

(C) (D) 

Figure 14. Impact of bacterial content on the flexural strength of concrete for uncracked specimens for silica fume 

at 28 and 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1456.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1456.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 45 

 

  
(A) (B) 

  

(C) (D) 

Figure 15. Impact of bacterial content on the flexural strength of concrete for uncracked specimens for fly ash at 

28 and 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

According to Figure 16, the results indicate that the flexural strength changes with variations in 

bacterial type from BM to BS. The flexural strength of BM types generally has better performance 

than that of BS types. At 2% sulfate, M6 used 2.5% bacteria BM, which improved flexural strength by 

52.42% and 54.34% compared to the control mix M4, and M7 used 2.5% bacteria BS, which increased 

flexural strength by 50.31% and 52.43% compared to the control mix M4 at 28 and 56 days, 

respectively. When compared to the control mix M12 at 28 and 56 days, respectively, the flexural 

strength of M14 increased by 57.67% and 58.41%, which contains 2.5% bacteria BM, and the flexural 

strength of M15 increased by 53.56% and 54.24%, which contains 2.5% bacteria BS at 10% sulfate. 

These results, depending on the mechanical properties of compressive strength and flexural strength, 

demonstrate that BM is the best because it produces more CaCO₃, which fills voids and enhances 

mechanical properties. 

  

(A) (B) 
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(C) (D) 

Figure 16. Impact of bacterial type on the flexural strength of concrete for uncracked specimens for silica fume 

at 28 and 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

The effect of pozzolanic material type on the difference in flexural strength results of uncracked 

specimens at 28 and 56 days is shown in Figure 17. At 5% sulfate, the flexural strength of the control 

mix M8, which contains 0% bacteria with silica fume, is increased more than that of the control mix 

M20, which includes 0% bacteria with fly ash, by 3.43% and 4.71% at 28 and 56 days. Compared to 

mix M21, which contained 2.5% bacteria BM with fly ash, the flexural strength of mix M10, which 

includes 2.5% bacteria BM with silica fume, increased by 4.76% and 4.86% at 28 and 56 days, 

respectively. At 10% sulfate, compared to the control mix M22, which contains 0% bacteria with fly 

ash, the flexural strength of the control mix M12, which includes 0% bacteria with silica fume, 

increased by 3.84% and 5.07% at 28 and 56 days, respectively. Compared to M23, which contains 2.5% 

bacteria BM with fly ash, the flexural strength of M14, which includes 2.5% bacteria BM with silica 

fume, increased by 4.73% and 4.92% at 28 and 56 days, respectively. 

Confirming that in the flexural strength test, the effect of silica fume was still higher than that of 

fly ash. Due to their finer particles than cement grains, silica fume particles may efficiently fill the 

micro-voids in bulk paste and the transition zone. As a result, the microstructure becomes denser due 

to enhanced physical packing, and because of its high silicon dioxide content and extreme fineness, 

silica fume is extremely reactive and easily participates in pozzolanic reactions. Moreover, the 

accelerated pozzolanic reaction and efficient micro-filling action of silica fume result in improved 

bond strength between the paste and aggregate. On the other hand, the fly ash did not significantly 

improve the properties of concrete as silica fume did because of its weak pozzolanic activity and 

insignificant micro-filling ability. 

  

(A) (B) 
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(C) (D) 

Figure 17. Impact of pozzolanic material type on the flexural strength of concrete for uncracked specimens at 28 

and 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

Figures 18 and 19 depict the flexural strength reduction of concrete specimens cured in various 

sulfate concentrations compared to the concrete specimens cured in freshwater. The flexural strength 

of control mix M8 cured in a 5% sulfate solution concentration decreased by 4.59% at 28 days and 

5.35% at 56 days compared to control mix M0 cured in freshwater. The M12 control mix flexural 

strength, which was cured in a 10% sulfate solution concentration, showed a greater decrease than 

the M0 control mix cured in freshwater by 12.33% and 12.91% at 28 and 56 days, respectively. The 

main reason for strength loss is the diffusion of SO₄²⁻ ions into the concrete pore structure, which then 

reacts with the hydrated products to form ettringite. The volume of the solid phase is greatly 

increased by the formation of ettringite. The needle-like nature of ettringite crystals causes significant 

stress, which results in macroscopic manifestations such as concrete expansion and cracking, with a 

few coarse cracks appearing on the surface. However, the bacterial specimens performed extremely 

well when exposed to sulfate. The biogenic precipitation of CaCO₃ crystals significantly decreased 

sulfate ion access inside the cementitious matrix. In the presence of bacteria, the flexural strength of 

mixes M1, M2, and M3 increased by 15.85%, 51.83%, and 49.39% at 28 days and 17.32%, 52.31%, and 

50.23% at 56 days, respectively. The flexural performance of the concrete appears to be improved by 

the addition of bacteria, possibly as a result of the bacteria’s ability to repair microcracks. 

  

(A) (B) 
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(C) (D) 

Figure 18. Impact of curing type on the flexural strength of concrete for uncracked specimens for silica fume at 

28 and 56 days: (A) at 0% bacteria, (B) at 1% bacteria BM, (C) at 2.5% bacteria BM, and (D) at 2.5% bacteria BS. 

  

(A) (B) 

Figure 19. Impact of curing type on the flexural strength of concrete for uncracked specimens for fly ash at 28 

and 56 days: (A) at 0% bacteria, (B) at 2.5% bacteria BM. 

3.2. Specimens with Pre-Cracking 

3.2.1. Compressive Strength 

The compressive strength of uncracked and pre-cracked concrete specimens cured in freshwater 

and sulfate solution, with different pozzolanic materials and variable bacterial content and type, at 

56 and 120 days, is displayed in Figures 20–31. 

The effect of bacterial content on the compressive strength of pre-cracked specimens in 

comparison to uncracked specimens treated in fresh water and sulfate solution at 56 and 120 days is 

depicted in Figures 20–23. When the bacteria content increased to 1.0% BM, 2.5% BM, and 2.5% BS 

for mixes M1, M2, and M3, the compressive strength of pre-cracked specimens undergoing 

freshwater curing increased significantly, increasing by 57.51%, 106.62%, and 96.72% at 120 days, 

respectively, in comparison to the sample without any bacteria. This suggests that bacteria play a 

crucial role in enhancing the healing of cracks and restoring the mechanical properties of concrete. 

This trend was also observed in specimens cured in a sulfate solution. 

For instance, at 56 days, the compressive strength of the reloaded cracked samples was 57.33%, 

81.19%, 92.10%, and 89.45%, respectively, compared to the unloaded samples. At 120 days, it was 

63.70%, 90.14%, 93.14%, and 91.20%, respectively, in mixes M0, M1, M2, and M3. As the bacterial 

content increases due to the increase in CaCO₃, the recovery ratio of the compressive strength after 
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reloading on pre-cracked specimens in comparison to uncracked specimens of the same mix 

increases, as shown in [64,96,97]. 

  

(A) (B) 

  

(C) (D) 

Figure 20. Impact of bacterial content on concrete compressive strength for uncracked specimens and pre-

cracked specimens for silica fume at 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% 

sulfate. 

  

(A) (B) 
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(C) (D) 

Figure 21. Impact of bacterial content on concrete compressive strength for uncracked specimens and pre-

cracked specimens for silica fume at 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 

10% sulfate. 

  

(A) (B) 

  

(C) (D) 

Figure 22. Impact of bacterial content on concrete compressive strength for uncracked specimens and pre-

cracked specimens for fly ash at 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% 

sulfate. 
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(A) (B) 

  

(C) (D) 

Figure 23. Impact of bacterial content on concrete compressive strength for uncracked specimens and pre-

cracked specimens for fly ash at 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% 

sulfate. 

Figures 24 and 25 illustrate how the type of bacteria affects the compressive strength of pre-

cracked specimens in comparison to uncracked specimens treated in fresh water and sulfate solution 

at 56 and 120 days. In comparison to uncracked specimens of the same mix at 56 and 120 days, the 

compressive strength test results for the reloaded cracked specimens containing bacteria BM showed 

an increase in strength over the specimens containing bacteria BS. 

The compressive strength of reloaded cracked specimens utilizing bacteria BM at a 2% sulfate 

solution is 91.89% and 92.78% of the ultimate compressive strength at 56 and 120 days, respectively, 

for M6. Reloaded cracked specimens with bacteria BS have a compressive strength of 89.28% and 

90.75% of ultimate compressive strength at 56 and 120 days, respectively, for M7. According to the 

results, Bacillus Megaterium belongs to the Bacillus family and has the ability to reduce voids and 

increase compressive strength. The bacterial colonies that form and the precipitation of calcite that 

fills the voids in the concrete, which enhances the density of the concrete, are the causes of the increase 

in compressive strength. Additionally, the calcite precipitation caused by bacteria and the layer of 

calcite deposited on the sample surface fill the pores in the concrete. [65,87,98,99]. 
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(A) (B) 

  

(C) (D) 

Figure 24. Impact of bacterial type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for silica fume at 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

  

(A) (B) 
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(C) (D) 

Figure 25. Impact of bacterial type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for silica fume at 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

Continuous hydration was the main mechanism 56 days after the casting date, when the 

pozzolanic reaction had been finished, because the concrete had a considerable portion of unhydrated 

particles of cement at the early stages. [100]. In comparison to uncracked specimens of the same mix 

at 56 and 120 days, the results showed that the reloaded cracked specimens containing silica fume 

had higher compressive strength than those containing fly ash, as shown in Figures 26 and 27. 

The effect of healing on cracking specimens at 0% sulfate at various ages is shown in Figures 

26(A), and 27(A). The ratio between (Fcu crack)/(Fcu ult) for the control mix M0, which includes 0% 

bacteria with silica fume, is 57.33% at 56 days and 63.70% at 120 days. At 56 and 120 days, the ratio 

between (Fcu crack)/(Fcu ult) is 56.98% and 63.23%, respectively, for the control mix M16, which 

includes 0% bacteria with fly ash. Furthermore, the ratio for mix M2, which includes 2.5% bacteria 

BM with silica fume, is 92.10% at 56 days and 93.14% at 120 days, respectively. Lastly, the ratio 

between (Fcu crack)/(Fcu ult) is 91.41% and 92.53% at 56 and 120 days for mix M17, which includes 

2.5% bacteria BM with fly ash. 

  

(A) (B) 
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(C) (D) 

Figure 26. Impact of pozzolanic material type on concrete compressive strength for uncracked specimens and 

pre-cracked specimens at 56 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

  

(A) (B) 

  

(C) (D) 

Figure 27. Impact of pozzolanic material type on concrete compressive strength for uncracked specimens and 

pre-cracked specimens at 120 days: (A) at 0% sulfate, (B) at 2% sulfate, (C) at 5% sulfate, and (D) at 10% sulfate. 

The effect of curing type on the compressive strength of cracked samples compared to uncracked 

samples cured in both fresh water and sulfate solution at 56 and 120 days is depicted in Figures 28–

31. In comparison to uncracked specimens of the same mix at 56 and 120 days, the compressive 
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strength of the reloaded cracked specimens decreases as the concentration of sulfate solution 

increases when curing in different sulfate concentrations. Because of the reaction between 〖〖SO〗

_4〗^2and the hydration products in the hardened cement paste produce expansive ettringite. 

For instance, as shown in Figure28(A), the compressive strength of the pre-cracked specimens 

in comparison to uncracked specimens was 57.33%, 55.63%, 53.49%, and 49.37% for mixes M0, M4, 

M8, and M12 at 56 days, and 63.70%, 62.52%, 60.02%, and 57.27% at 120 days, respectively. The results 

also showed that compared to the specimens without pre-cracking, the reloaded cracked specimens, 

which contain bacteria, had higher compressive strength than those without bacteria when exposed 

to sulfate. The compressive strengths of the reloaded cracked specimens were 55.63% and 91.89% for 

mixes M4 and M6 at 56 days, 62.52% and 92.78% at 120 days, respectively, in comparison to the 

uncracked specimens, indicating the effectiveness of bacteria in reducing the adverse effects of sulfate 

resulting from calcite precipitation. 

  

(A) (B) 

  

(C) (D) 

Figure 28. Impact of curing type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for silica fume at 56 days: (A) at 0% bacteria, (B) at 1% bacteria BM, (C) at 2.5% bacteria BM, and (D) 

at 2.5% bacteria. 
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(A) (B) 

  

(C) (D) 

Figure 29. Impact of curing type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for silica fume at 120 days: (A) at 0% bacteria, (B) at 1% bacteria BM, (C) at 2.5% bacteria BM, and (D) 

at 2.5% bacteria BS. 

  

(A) (B) 

Figure 30. Impact of curing type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for fly ash at 56 days: (A) at 0% bacteria, and (B) at 2.5% bacteria BM. 

  

(A) (B) 

Figure 31. Impact of curing type on concrete compressive strength for uncracked specimens and pre-cracked 

specimens for fly ash at 120 days: (A) at 0% bacteria, and (B) at 2.5% bacteria BM. 

3.3. Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy (SEM) was employed to elucidate the microstructural evolution 

of the concrete mixtures, providing crucial information regarding the impact of bacterial activity, 

pozzolanic additions, and sulfate exposure on the density, durability, and self-healing potential of 
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the matrix. Figures 32 and 33 illustrate the findings using 4000X and 5000X magnifications to verify 

the precipitation of calcite. The control samples, without bacteria, M0 using silica fume and M16 using 

fly ash, possess porous microstructures with well-defined micro-cracks and voids. The presence of 

evidence for hydration products like Calcium Silicate Hydrate (C-S-H) and Calcium Hydroxide (CH) 

but the lack of calcite indicates the presence of continuous hydration but no biomineralization, and 

the poor Interfacial Transition Zones (ITZ) indicate mechanical weakness along with ineffective self-

healing. 

 

Figure 32. SEM images (4000X) for (A)M0, (B)M2, (C)M3, (D)M8,(E)M10,(F)M11,(G)M16,(H)M17,(K)M21, and 

(L)M20. 
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Figure 33. SEM images (5000X) for (A)M0, (B)M2, (C)M3, (D)M8,(E)M10,(F)M11,(G)M16,(H)M17,(K)M21, and 

(L)M20. 

In the presence of bacteria, as in M2, M3, and M17, a miraculous change is observed. These mixes 

not only show hydration products but also extensive calcite reservoirs and typical bacterial presence 

voids, which suggest microbial-induced calcite precipitation (MICP). The presence of calcite helps fill 

micro-voids and seal micro-cracks, densifying and hardening the matrix [101–104]. In particular, 

Bacillus megaterium (BM) and Bacillus subtilis (BS) were equally effective in achieving densification 

but with remnants of micro-cracking. The presence of silica fume or fly ash with bacterial activity 

enhances the pozzolanic reaction and self-healing property, and therefore, such mixes are better in 

the structural sense compared to the respective control mixes. 

Under sulfate exposure, control specimens M8 and M20 without bacteria form ettringite- and 

calcium sulfate (CaSO₄)-dominant microstructures with residual porosity and cracking. These 

anticipated sulfate reaction products are expansive and can be detrimental to long-term durability. 
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However, the presence of bacteria in sulfate-exposed mixes, such as M10, M11, and M21, is revealed 

by SEM micrographing to co-occur with ettringite and bacterially precipitated calcite. The pores and 

cracks are filled with calcite even in the case of sulfate attack, indicating that bacterial action 

minimizes sulfate-induced damage to a certain level. Though the sulfate attack still progresses, 

densification resulting from MICP and increased C-S-H growth, especially in the case of silica fume 

or fly ash, demonstrates greater resistance to degradation. 

Generally, SEM analysis reveals that bacterial ingestion, especially with sulfate, induces concrete 

matrix healing and densification. It significantly enhances microstructural integrity compared to 

control mixes. When mixed with supplementary cementitious materials, such as silica fume or fly 

ash, it enhances hydration, reduces porosity, and slows sulfate attack, with the potential for long-

term self-healing properties in concrete. 

3.4. Energy-Dispersive X-Ray Spectroscopy (EDS) 

EDS analysis provides valuable insights into the chemical composition and microstructural 

characteristics of self-healing concrete mixes, particularly when subjected to sulfate, which simulates 

extreme environmental conditions. Figure 34 displays the EDS test findings. As far as that is 

concerned, the calcium-to-silicon (Ca/Si) ratio is a convenient indicator of the quality and kind of 

resulting hydration products formed, especially the all-important calcium silicate hydrate (C-S-H) 

gel responsible for strength development and durability. Also, Ca/Si ratio values that are too high are 

said to indicate the existence of excess calcium phases, which would be unfavorable to mechanical 

strength and durability. [97,105]. In situations where the concrete is exposed to contact with solutions 

of sulfates, such as in mixes indicated by additions of sulfate, the foreign sulfates would react with 

calcium hydroxide and other hydrating phases to produce expansive forms such as ettringite and 

gypsum. The reaction can add more Ca to the matrix or cause low-density, poor structures, thereby 

affecting both mechanical performance and durability. 

For analysis of the control mix with silica fume (M0), the Ca/Si ratio is 3.634, which implies that 

while the pozzolanic reaction of silica fume with calcium hydroxide, free calcium is not fully utilized, 

and some is present in portlandite or secondary product form. As Bacillus sphaericus is added to M3, 

the Ca/Si ratio decreases to 2.701, which shows greater utilization of free calcium, likely due to 

microbial-induced calcium carbonate precipitation (MICP), which leads to densification of the matrix. 

However, for mix M11 using 2.5% of Bacillus Sphaericus and silica fume exposed to sulfate attack 

with a 5% sulfate solution, the Ca/Si ratio increases significantly to 5.984. This jump indicates that the 

ingression of sulfate promotes the formation of structurally suboptimal but calcium-rich phases, 

thereby eliminating the potentially beneficial effects of MICP and silica. 

Similarly, in the Bacillus megaterium series, mix M2 using 2.5% of Bacillus Megaterium and 

silica fume has a low Ca/Si ratio of 1.948, which reflects highly effective pozzolanic as well as 

microbial activity under non-aggressive conditions, which is likely to be a dense and strong C-S-H 

matrix. When exposure to sulfate is introduced in M10 using 2.5% of Bacillus Megaterium and silica 

fume, the Ca/Si ratio is 5.323. In this case, it is seen that while BM still causes some healing, the 

exterior’s sulfate ions dominate the matrix to form expansive and less cohesive compounds. Also, for 

mix M21, using 2.5% of Bacillus Megaterium and fly ash has an even higher Ca/Si ratio of 6.906, which 

means that in the state of sulfate attack, the more delayed reactivity of fly ash is not sufficient to 

encrust the increasing calcium adequately. 

Surprisingly enough, the sulfate-free control mix with fly ash mix M16 has a Ca/Si of 5.232, and 

the same components exposed to sulfate in mix M20 jump significantly to 8.104. This sharp increase 

testifies to the vulnerability of fly ash-based materials to sulfate attack in the absence of other 

microbial additives. For comparison, M17 using 2.5% Bacillus megaterium and fly ash, unexposed to 

sulfates, possesses a comparatively low Ca/Si ratio of 2.188, which attests to the beneficial role played 

by BM to enhance hydration and prevent free calcium accumulation. 
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Figure 34. EDS Spectra at 120 days for(A)M0, (B) M2, (C) M3, (D) M8, (E) M10, (F) M11, (G) M16, (H) M17, (K) 

M21, and (L) M20. 

3.5. X-Ray Diffraction Analysis 

X-ray diffraction (XRD) was performed to analyze the mineralogical composition and crystalline 

phases of self-healing concrete of varying types of bacteria, pozzolanic material, and sulfate exposure. 

The diffraction patterns of XRD are depicted in Figure 35 between the control and bacteria specimens 

at the age of 120 days regarding the mixes M0, M2, M3, M8, M10, M11, M16, M17, M20 and M21. 

Quartz, calcite, and dolomite are the prominent crystalline phases found in all mixes. The minerals 
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reflect hydration behavior, microbial-induced calcium carbonate precipitation (MICP), and the 

influence of pozzolanic reactions and sulfate exposure. 

High quartz content (51%) and a prevailing dolomite peak (43%) and low calcite content (6%) 

are found in control mix M0 without bacteria, using silica fume and subjected to fresh water curing. 

The blend here is an expression of ordinary hydration reaction and pozzolanic activity where C-S-H 

gel formation prevails over widespread crystalline calcite formation. With the inclusion of 5% sulfate 

solution curing, as in control mix M20 using fly ash, calcite content is very low at 3%, and it indicates 

that sulfate could be inhibiting the growth of calcite or enabling the growth of other secondary 

products, although none were identified as major peaks. 

In Mix M2, when using 2.5% of Bacillus Megaterium and silica fume, calcite is supplemented 

remarkably to 20%, with 35% dolomite and 45% quartz, which demonstrates a remarkable MICP 

effect. This has also been observed in mix M17 with the same contents but using fly ash, wherein 

there is calcite (17%) and dolomite (40%). The results indicate that Bacillus Megaterium is able to 

induce calcium carbonate precipitation efficiently, in particular in sulfate-free conditions and 

independent of the type of pozzolanic material. Furthermore, mix M2, which contains 2.5% bacteria 

BM has several peaks for quartz and calcite in Figure 35 (B). One possible explanation for its apparent 

increased strength in comparison to the control mix M0 is more calcite. It suggests that bacteria may 

have an impact on the production and availability of these minerals, which might lead to greater 

strength and the capacity to seal cracks [70,97,106,107].On the other hand, mix M10, using 2.5% of 

Bacillus Megaterium and silica fume subjected to 5% of the sulfate solution, showed extensive calcite 

formation (12%) under exposure conditions of sulfates, indicating the partial sulfate tolerance of 

Bacillus Megaterium and the ability to continue bio-mineralization activity. Apart from this, 

microcline content (8%) may be explained in terms of enhanced interaction among bacteria, 

pozzolanic silica, and alkalis resulting in the formation of secondary minerals. 

Whereas mixes with Bacillus Sphaericus, such as mix M11 using 2.5% of Bacillus Sphaericus and 

silica fume subjected to 5% of the sulfate solution, and M3 using 2.5% of Bacillus Sphaericus and silica 

fume subjected to freshwater, yield different performances. M11 had medium calcite (10%) and high 

dolomite (52%) content, whereas M3 had 18% calcite and 48% dolomite content. This reveals that 

Bacillus Sphaericus also participates in MICP, although its effectiveness is remarkably less compared 

to that of Bacillus Megaterium, particularly when exposed to sulfate. But in sulfate-free medium (M3), 

the increase in calcite confirms that BS can activate self-healing effectively. 

Comparing Mixes M21 using 2.5% Bacillus Megaterium and the control mix M20, with fly ash 

and subjected to 5% of sulfate solution in the two mixes, clarifies the role of sulfate and bacterial 

strain interactions. M21, a bacterial inclusion, showed 11% calcite (moderate calcite) under conditions 

of sulfate, as proof that BM preserves MICP activity in more unfavorable conditions better than 

control M20, which showed only 3% calcite. This is due to protection from penetration by sulfate of 

the bio-deposited calcite as well as reduction of degrading processes from within. 

Generally, XRD analysis clearly indicates the presence of bacteria, especially Bacillus 

Megaterium, implying extensive precipitation of calcite as evidence of active MICP processes. This is 

most effective in sulfate-free mixes and where silica fume is used as a pozzolanic material. Sulfate 

exposure will reduce calcite formation, but not eliminate it, especially when highly aggressive 

bacteria such as BM are present. In addition, silica fume is shown to offer a better environment for 

microbial development compared to fly ash, which may be due to its higher pozzolanic activity and 

smaller particle size, allowing it to better absorb nutrients and support microbial colonization. The 

findings demonstrate the synergistic action of microbial and pozzolanic activity in enhancing the 

durability of concrete under severe conditions, as well as promoting self-healing. 
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Figure 35. X-ray diffraction analysis for (A) M0, (B) M2, (C) M3, (D) M8, (E) M10, (F) M11, (G) M16, (H) M17, (K) 

M21, and (L) M20. 

3.6. Surface Crack Healing Analysis 

Figure 36 displays images of microscopic crack healing for control and microbial specimens with 

varying bacterial contents of Bacillus megaterium and Bacillus sphaericus. These specimens were 

cured in sulfate solutions and freshwater for 120 days. Through mineral precipitation, it is evident 

that the crack width decreases in every instance. However, the control specimen’s crack width did 

not significantly change, indicating that this crack healing was limited. Control of concrete crack 

healing is most likely caused by autogenous healing, a feature of cementitious materials. Autogenous 

healing explains this by hydrating unhydrated cement particles or carbonating dissolved calcium 
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hydroxide to heal cracks when water is present. Some of the cracks were filled partly with this white 

precipitate, and white products were observed surrounding the cracks in the bacterial concrete. It 

was determined by microstructural analysis to be the precipitation of calcite. Table 7 displays the 

healing rate percentages for mixes M0, M1, M2, M3, M10, and M11, which were computed using 

Equation (1), as utilized in [108,109]. The results show a favorable correlation between the higher 

bacterial content in each Bacillus megaterium and Bacillus sphaericus and the crack healing rate. For 

instance, in mix M2, which contains 2.5% bacteria BM, the cracks displayed a healing % of 100% at 

120 days. On the other hand, Mix M1, which includes 1% bacteria BM, showed a healing percentage 

of 73.19% at 120 days. Bacillus megaterium bacteria have a greater efficiency of crack healing than 

Bacillus sphaericus bacteria. For instance, in M2, which contains 2.5% bacteria BM, healing efficiency 

is 100% at 120 days, whereas in M3, which includes 2.5% bacteria BS, healing efficiency is 84.33% at 

120 days. On the other hand, Mix M1, which includes 1% bacteria BM, showed a healing percentage 

of 73.19% at 120 days. Bacillus megaterium bacteria have a greater efficiency of crack healing than 

Bacillus sphaericus bacteria. For instance, in M2, which contains 2.5% bacteria BM, healing efficiency 

is 100% at 120 days, whereas in M3, which contains 2.5% bacteria BS, healing efficiency is 84.33% at 

120 days. 

𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 % =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ − 𝑓𝑖𝑛𝑎𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ 

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ
 × 100 (1) 

Table 7. Crack healing efficiency at 120 days. 

Mix 
Average crack width (𝝁𝒎) Average healing % 

7 Days 120 Days 120 Days 

M0 86.73 30.96 64.30 

M1 79.56 21.33 73.19 

M2 54.05 0 100 

M3 98.67 15.46 84.33 

M10 95.29 9.5 90.03 

M11 82.14 16.42 80 
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Figure 36. The effect of bacteria (BM and BS)on crack healing progress under different environmental 

conditions. 
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4. Conclusions 

The study evaluates the effectiveness of Bacillus megaterium (BM) and Bacillus sphaericus (BS) 

in enhancing the durability of sustainable concrete against sulfate attack through microbially induced 

calcium carbonate precipitation (MICP). The main conclusions findings include: 

1. A 2.5% bacterial concentration (by cement weight) maximized strength and self-healing 

efficiency. 

2. Bacillus megaterium outperformed Bacillus sphaericus, enhancing compressive strength by 

41.3% and flexural strength by 52.3%. 

3. Silica fume’s pozzolanic reactivity and micro-filling action improved concrete density and 

bond strength more effectively than fly ash. 

4. Sulfate exposure initially increased early strength through pore filling but caused long-term 

degradation (an 8.5% loss at 120 days) due to ettringite expansion. 

5. BM-treated specimens restored 93.1% of compressive strength post-cracking, demonstrating 

robust self-healing. 

6. Bacterial calcite precipitation reduced ettringite formation by 30%, mitigating sulfate-induced 

damage. 

7. Calcium lactate at 0.5% cement weight was critical for sustaining bacterial activity and MICP. 

8. Bacterial concrete retained strength in sulfate environments (2–10% concentrations) better than 

control mixes. 

9. Bacterial spores remained viable beyond 120 days, offering prolonged self-healing capability 

without reapplication. 
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