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Abstract 

Bio-healing is now believed as a promising technique for the repair of concrete cracks. 

However, the healing capability of bacterial mixes against repeated damage cycles is 

still questionable. This study aims to investigate the robustness of bio-healable concrete 

against two successive damage cycles using Bacillus Subtilis immobilized via sisal 

fiber. The formulated bio-concrete exhibited improved mechanical properties and 

attained a maximum of 13.96% and 36.82% enhancement in terms of compression 

strength and split tensile strength. Self-healing efficacy was assessed by quantifying the 

average crack healing width and the recovered strength in compression during the 

healing phase. Results revealed that sisal fiber efficiently preserves spores of the 

bacillus strain and enhances its bio-metabolic potential to precipitate calcite for sealing 

concrete cracks. The average crack of 0.48 mm width was successfully healed in the 

first damage cycle whereas the complete repair of a 0.28 mm wide crack on average 

was attained in the healing phase of the second damage cycle. The maximum recovered 

compressive strength was 82.65% and 50.42% in the two successive damage cycles 

through bio-healing. The crack-healing precipitate was identified as calcite crystals 

through forensic examination. Consequently, immobilizing Bacillus Subtilis with sisal 

fiber was proved as a viable approach for improving the mechanical properties of 

concrete and inducing robust self-healing in repeated damages. 

 

Key Words: Self-healing concrete, Bacillus Subtilis, Sisal fiber, Autonomous healing, 

Rigor healing, Multiple damages 
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1 INTRODUCTION 

1.1 Theoretical Background 

Concrete is the most commonly used construction material because of its 

remarkable qualities, such as ease of casting, great compressive strength, and cost-

effective performance. However, due to its brittleness and low tensile strength, this 

material is prone to cracking in a variety of situations, including the presence of high 

stresses from an external load, thermal expansion, creep, shrinkage, expensive reactions 

(such as the alkali-aggregate reaction (AAR), embedded steel corrosion, etc.), and 

aggressive environmental exposure [1,2]. The greatest detrimental factor that affects 

concrete's durability is thought to be cracking. These cracks also account for the 

reduction in concrete strength due intrusion of harmful chemicals such as SO4
-2 and Cl-

1 from the surrounding environment. This will elicit corrosion and drop the structure's 

durability, potentially causing safety hazards and reducing the overall structural life of 

the building [3,4]. Numerous repair techniques broadly classified as manual and self-

healing repair; are utilized to heal cracks in concrete and diminish or even eradicate the 

degradation of concrete. The external interventions are labor dependent and cost 

intensive. Furthermore, they have compatibility problems since a weaker connection 

was observed at the repair site, and their processing is harmful to the environment [5,6]. 

As a result, researchers are exploring long-term crack mitigation options to decrease 

costs and environmental consequences. The latest research carried out over the last 

decade focus on how to enhance the durability and performance of concrete. This 

resulted in the invention of self-healing concrete (SHC) that has an intrinsic property to 

repair the cracks by itself. The intrinsic self-healing technique in concrete manifested 

into autogenous and autonomous healing. Autogenous healing occurs due to the 

secondary hydration of anhydrous cement particles and the formation of calcium 

carbonate (CaCO3) crystals due to some chemical processes [2]. Healing due to the 

addition of external agents like micro-organisms, micro-vascular and tubular capsules, 

and engineered composites in the concrete matrix are categorized into autonomous 

healing [7,8]. Concrete can be made less susceptible to cracking by the addition of some 

micro/macro fibers [9–11]. With the contribution of fiber and biotechnology in 

cementitious materials, healing can be further fortified with improved engineering 
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properties. Recently, the sustainable technique of self-healing via microbial 

precipitated CaCO3 termed bacterial-based self-healing has been comprehensively 

studied to heal cracks [7,12]. Moreover, self-healing material must satisfy several 

robustness requirements like long shelf life, pervasiveness, stability, reliability, 

versatility, and repeatability [13]. In this work, robustness refers to the repeatability of 

healing. 

1.2 Self-Healing Concrete   

It is a term used to describe the automatic repair of nano-micro cracks in concrete 

that develop over the service life of buildings. Various measures are attempted to 

prevent and heal these cracks. Due to the improved engineering properties of fiber-

reinforced concrete, its crack inhibition effect, and recent advancements in 

microbiology, biological healing agents with fibers in cementitious materials have 

taken an interest to promote self-healing. Fibers are helpful in the inhibition of crack 

propagation, thus substantially adding to the robust crack healing of concrete. 

1.2.1 Bacterial-based concrete 

Concrete that uses certain microorganisms for healing is known as bacterial-

based self-healing concrete. During their ureolytic or non-ureolytic activities, bacteria 

discrete the CaCO3 precipitates [10]. Recent studies have shown a lot of interest in bio-

based self-healing techniques. It is recommended that bacteria should always be 

incorporated into the concrete through carrier media for their prolong survival [16]. 

1.3 Fibers in concrete 

Different fibers can be used in concrete like carbon, basalt, polypropylene, 

polyvinyl alcohol, glass & natural fibers. It has been found that all these fibers improve 

the mechanical properties of concrete, restrain cracking, improve fire performance & 

reducing shrinkage [17–23]. According to numerous studies, using natural fibers to 

strengthen concrete is a practical and affordable alternative to traditional building 

materials [17,18,24–27]. It has been determined that natural fibers are potential 

components of composites used in building materials and other applications [10]. 

Particularly, natural fibers have the following favorable characteristics [26,28]: 
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• Natural fibers are widely known and available all over the world and can easily 

be cultivated. 

• They have a low carbon footprint as they are typically extracted as either 

primary or secondary byproduct material and do not require as much processing 

as when artificial fibers are manufactured. Thus, they have little negative effects 

on the environment. 

 

Figure 1-1 Fiber reinforcement effect in concrete (Löfgren, 2005) 

1.4 Materials for Bacterial-based Self-Healing Concrete  

1.4.1 Bacteria   

Bacteria are small-cell microorganisms that may be found everywhere, 

including the human body, air, and food. There are several bacterial species, some of 

which are extremely hazardous to humans while others are quite beneficial. They are 

classed according to their shape, size, morphology, and appearance. Numerous bacterial 

species are employed for a variety of applications, including food, medicine, and 

cementitious systems. Bacteria with the ability to precipitate CaCO3 are extremely 

beneficial in producing robust concrete. 

1.1.1.1 Bacillus Subtilis (BS) 

BS bacteria is a rod-shaped, non-ureolytic bacteria found in the soil 

and gastrointestinal tract of human bacterial. This specie of bacteria can persist in 

highly alkaline environments and therefore is mostly employed in bio-concrete. The 

bacteria when incorporated directly into concrete can remain viable for up to 4 months. 
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By adding certain salts, the BS may be transformed into spores and can endure in the 

dormant state for a longer period.  

 

Figure 1-2 Sporulation process in BS 

They interact with moisture coming from empty spaces or nano-micro fractures in the 

presence of certain nutrients, precipitating calcite in concrete pores and cracks. The 

calcite accelerates the crack-healing process. Compared to many other ureolytic 

bacteria, it has a greater capacity to speed up the biosynthesized CaCO3 precipitation 

[3]. As a result, this phenomenon leads to concrete structures that are less porous 

and more robust.  

 

 

Figure 1-3 Calcite precipitation by bacterial spores 

1.4.2 Sisal Fiber (SF) 

It is composed of cellulose, hemicellulose, and lignin is obtained from the leaves 

of the sisal plant (Agave Sisalana). About 4% of fibers are yielded from the leaves of 

the sisal plant [29]. Because these fibers are harvested and shredded from plant leaves, 

they have an extremely low carbon footprint when comparison to other fibers [28,29], 

therefore it must be utilized in order reduce the global carbon emissions. It is cultivated 

in the countries like Brazil, Kenya, Tanzania, South Africa, China, and Mexico. 

According to Broeren et al. [30], Brazil is the world's leading producer and exporter of 



5 

 

SF, accounting for 58% of the production and 70% of the global exports. As reported 

by FAO 2022 [31], global SF production was 233.7 kt/y. 

 

Figure 1-4 Agave Sisalana plant 

SF possesses great mechanical properties, low environmental impact, and has the least 

cost which has previously been investigated for improving cementitious materials 

performance [32–35]. 

 

Figure 1-5 Mechanical properties of SF (Ren et al. 2022) 

Because of its hydrophilic nature, it can act as a potential immobilizer for bacteria in 

bio-concrete [2,15,36]. The immobilization technique which protects bacterial spores 

from crushing during mixing and hydration reactions leads to the better pervasiveness 

of microbes and the fiber reinforcement effect which mitigates crack propagation can 

significantly enhances the robustness of self-healing concrete. 

1.5 Objectives 

Keeping in view the above-mentioned problems, this research has the following 

objectives: 
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• Investigate the potential of SF as a suitable immobilizer for BS in bio-based 

self-healing concrete 

• Investigate the healing efficacy of the formulated concrete in two successive 

crack cycles. 

1.6 Significance of this Research 

Structures are always subjected to multiple loading some of which repeatedly act 

on the structures resulting in the widening of the existing cracks in the structures. These 

cracks if not healed will continue to widen and thus ultimately will decrease the life 

span of the structure. The bacterial-based self-healing concrete can significantly 

improves concrete durability. Moreover, this also allows the concrete to heal the cracks 

without human any intervention because of bacterial inherent catalytic metabolism that 

precipitates carbonate minerals. Adding fibers into the concrete not only improves 

greatly improves concrete properties but also prevents crack propagation. Immobilizing 

bacteria through BS which is a natural fiber, therefore, provides a sustainable and 

environmentally friendly technique to self-repair cracks and thus enhance the durability 

of the structure. Besides, these additives in concrete can lead to making a more durable, 

self-healing, and economical composite having negligible serviceability problems. 

Several robustness characteristics, including long shelf life, pervasiveness, stability, 

reliability, versatility, and repeatability, must be met by a self-healing material. The 

immobilization method that improves microbial survival and the fiber-reinforcing 

effect that inhibits crack propagation can therefore increase the resilience of self-

healing concrete.  
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2 LITERATURE REVIEW 

2.1 Self-Healing Concrete 

It was observed in 1836 that conventional concrete with w/c ratios ranging from 

0.4 to 0.55 may heal small cracks by itself. About 70% of the cement reacts during the 

hydration phase, with the remaining 30% unreacted in the paste [37]. The remaining 

unreacted cement then interacts with the moisture in the cracks, filling them with 

hydration products. As a result of un-hydrated cement particles interacting in the 

presence of moisture after cracking, clogging of cracks by detached loose particles, or 

CaCO3 formation due to interaction of Ca(OH)2 with dissolved CO2 in water 

autogenous healing may occur [4,6]. Most investigations affirm that the healing product 

in case of autogenous healing was calcite, C-S-H, and portlandite, which begin 

developing from the walls of the cracks towards the middle of the crack 

thereby closing the crack mouth [3,38]. The governing equation for the reaction is: 

 𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝑂 + 𝐻2𝑂 (2.1) 

 

 𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2 (2.2) 

This process is slow, and only small width cracks below 0.3 mm can be healed [38,39]. 

Subsequently, additional substances like engineered cementitious minerals, crystalline 

admixtures, polymers, super absorbent polymer (SAP), shape memory alloys, and 

microbes were added to the cementitious to improve the self-healing process by 

effectively filling wider cracks [1,13,40,41]. 

Mineral admixtures have been utilized in concrete for flexural resistance, pore 

refinement, strength, durability, shrinkage compensation, and enhancement in the 

interfacial transition zone [42]. Since nanoparticles have a larger area-to-surface ratio, 

they are indeed a promising candidate to add an inherent self-healing property to 

cementitious composites [43,44]. The crack-healing efficacy of conventional portland 

cement mortar (OPC) and blast furnace slag mortar in artificial seawater and freshwater 

was compared [45]. In freshwater, blast furnace slag outperformed OPC mortar by 

100% of healing cracks up to 0.408 mm and 0.168 mm, respectively, however in 

seawater, OPC outperformed blast furnace slag by healing 0.104 mm and 0.592 mm 
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cracks, respectively.  However, mineral healing terminates when the healing agent is 

consumed, primarily in hydration processes, therefore the fundamental requirement of 

repeating healing cannot be achieved [44]. 

For the self-healing of cracks, various vascular and micro-encapsulated self-

healing materials such as polymethylmethacrylate, starch, inorganic phosphate cement, 

and alumina were also investigated [5,46–48]. Using these techniques for inducing self-

healing in concrete,  the utmost 0.300-0.500 mm closing of cracks can be observed [49]. 

However, the disadvantage of this healing process is its significantly lower strength due 

to a weak interfacial zone between the capsules and the concrete matrix [50]. 

Furthermore, healing was just evident in the vicinity of capsules [13,51]. SAP 

commences the self-healing mechanism through reduced cracking caused by self-

desiccation and autogenous shrinkage, as well as its self-expansive tendency, which 

results in pore plugging. However, the main disadvantage of SAP is its reduced 

compressive strength [47,48]. Shape memory alloys (SMA) are used in concrete 

technology to improve mechanical performance while also inducing smart sensing, 

dissipating, healing, and thermostatic capabilities [52]. Furthermore, the ability of SMA 

to control the shape and initiate the transition under heat, pH, light, and electric fields 

is a potential use of SMA at the nanoscale that can enhance structural performance [53]. 

However, the high expense and specialist labour makes it unsuitable for use in concrete 

buildings. 

Microorganisms, such as fungi and bacteria are employed to mediate cracks 

within cementitious systems [54,55]. This healing mechanism is activated by the 

presence of moisture and air near the crack [7,12]. Bacteria can remain dormant for up 

to 200 years before becoming active upon exposure to moisture and air [15]. Self-

healing via microorganisms is commonly employed due to accruing benefits such as 

CaCO3 precipitation, which promotes strength and utilizes vast volumes of CO2, which 

is responsible for air pollution and steel corrosion [4,56,57]. 

2.1.1 Bacterial-based Self-Healing Concrete 

In 1998, Ramakrishnan and coworkers  [58] first proposed the notion of 

concrete crack repair with the inclusion of microorganisms. Bacillus Pasteurii and 

Sporosarcina bacteria were used by the researchers to heal mortar samples that had been 
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artificially cracked. Later, in 2005, Ghosh, Mandal, Chattopadhyay, and Pal [59] 

utilised E. coli bacteria to enhance the strength of cement mortar. In 2007, Jonker [60] 

directly intruded bacteria into the concrete mix to develop a homogeneous autonomous 

healing mechanism. Similarly, a two-component self-healing concrete was developed 

employing Bacillus Pseudofirmus and Spoosarcina Pasteurii bacteria cultivated from 

high alkaline water bodies to accelerate the conversion of organic compounds to calcite 

[61,62]. The healing efficacy of a bacterial-based healing system depends on the 

biosynthesis of CaCO3, which is connected to bacterial type, precipitation mechanism, 

nutrient availability, and pH of the system [1,63]. The availability and concentration of 

oxygen, curing techniques, and the material employed to immobilize bacteria are other 

factors [7,64]. Compressive strength decrease and a slowing self-healing rate over time 

are the two primary problems with bacterial-based self-healing concrete. These are 

mainly linked to bacterial mortality and crushing during the concrete mixing and 

hardening stages [3,5,16].  

Calcite deposition in the environment is caused by both autotrophic and 

heterotrophic calcifying microorganisms. However, because autotrophic bacteria 

struggle to survive and have a reduced rate of precipitated calcite, they have not yet 

been studied in cementitious systems [65]. In reality, self-healing efficacy is determined 

by bacterial survival and the capability for calcite deposition.  Because of their ability 

to survive at alkaline pH, heterotrophic soil bacteria such as Bacillus, Pseudomonas, 

Sporosarcina, Shewanella, and Escherichia are commonly used in cementitious systems 

[1,66,67]. Bacillus species are prominent in showing self-healing efficacy due to their 

capability to produce spores [68,69]. Bacillus strains with ureolytic and non-ureolytic 

activity precipitate CaCO3. Ureolytic bacteria release urease enzymes, which are 

utilized to hydrolyze urea, and the bacteria precipitate CO2 and ammonia. If enough 

calcium is available, CO2 in the presence of water forms CaCO3 [10]. The underlying 

process of ureolytic activity of bacteria resulting CaCO3 is shown below: 

 𝐶𝑂(NH2)2 + 𝐻2𝑂 → NH2COOH +  NH3 (2.3) 

 NH2COOH + 𝐻2𝑂 → NH3 + +𝐻2𝐶𝑂3 (2.4) 

 𝐻𝐶𝑂3
−1 + 𝐻+ + 2𝑁𝐻4

+ + 2𝑂𝐻−  → 𝐶𝑂3
−2 + 2𝑁𝐻4

++𝐻2𝑂 (2.5) 

 𝐶𝑎+2+𝐻𝐶𝑂3
−1 + 𝑂𝐻− → 𝐶𝑎𝐶𝑂3+𝐻2𝑂 (2.6) 
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Whereas below reactions show non-ureolytic bacteria producing CaCO3 due to their 

metabolic activity in the presence of calcium source as bacterial food and oxygen [15]: 

 𝐶𝑎𝐶6𝐻10𝑂6 +  6𝑂2 → 𝐶𝑎𝐶𝑂3 + 5𝐻2𝑂 + 5𝐶𝑂2 (2.7) 

Additionally, the resulting CO2 reacts with the portlandite (Ca(OH)2) and speeds up the 

autogenous healing process. Greater concentrations of calcite may be produced by 

bacterial based self-healing concrete, which enables greater crack widths to be healed 

by itself [12,16].  

A self-healing concrete consisting bacteria can improve the mechanical 

properties of both undamaged and damaged concrete. Ghosh et al. [59] employed 

Shewanella Specie and compared it to E. coli in cement mortar at concentrations of 103, 

105, and 107 cells/ml. Compressive strength was increased by 25% when 105 cells/ml 

were used, while no strength gain was seen in the case of E. Coli. Muynck et al. [70] 

used Bacillus sphaericus strains and found that urea hydrolysis increased durability. 

Jonker investigated the survivability of Bacillus pseudofirmus and Bacillus cohnii in 

cement mortars over 4 months through active pathway [71]. George discovered that 

urea hydrolysis was effective for calcite precipitation when S. pasteurii was utilized at 

varied cell concentrations ranging from 106 to 108 cells per ml [72]. In terms of 

compressive strength, Sujatha et al. employed soil isolate and found that urea and plain 

water curing improved by 18 to 12% [73]. For use in the cementitious matrix, Ghosh et 

al. [74] examined the spore-forming capacities of Bacillus megaterium and BS. To 

enhance the mechanical performance of cement, Xu et al. [75] tested non-ureaolytic 

bacterial strains using flexural, ultrasonic pulse velocity, and nano-indentation 

methods. A transition zone served as a strong link between the matrix and the calcium 

glutamate layer that was formed, with its average nanomechanical values being around 

20% higher than those of the outside precipitates. BS was utilized in concentrations of 

5 ml, 10 ml, 15 ml, and 20 ml by Arulsivanantham et al [76]. They found that greater 

bacterial concentrations result in more calcite production, resulting in a higher 

compressive strength was seen in the 20 ml replacement. Further extending his 

research, Kumar et al. [75] took replacement up to 30 ml and validated the same pattern 

[90]. To achieve 0.8mm healing and water tightness, Luo et al. [77] employed cement 

paste systems containing 109 cells/ml spore-forming bacteria. Later, he used three 

distinct calcium sources to conduct further investigation on the rheological 

characteristics [78]. Bacillus pseudofirmus was employed by Lors et al. to enhance the 
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healing response [79]. Bacillus megaterium was utilised by Andalib et al. [92]; they 

found that the ideal concentration was 30 x 105 cfu/ml and that compressive strength 

increased by 24%. Based on compressive strength, Bashir et al. [79] examined the 

effectiveness of Bacillus pasteurii, B. Subtilis, and B. sphaericus utilising urea and 

carbonic salts. They found B. sphaericus to have the highest compressive strength. 

Bacillus sphaericus was employed by Sahoo et al. [80] at a concentration of 107 

cells/ml, and they saw a 28% improvement in strength at this concentration combined 

with an accelerated rate of strength growth in SHC. E. coli and Sporosarcina pasteurii 

were employed in a different study at varying doses. While S. pasteurii enhanced 

maximal strength at 108 cells/ml, E. coli had little effect on strength [67]. Bacillus sp. 

was utilised by Joshi et al. [81] via urea hydrolysis, and substantial resistance to 

sulphate attack was note .  

Numerous bacteria have been employed in concrete to improve microstructure 

and crack healing, increasing durability. BS are among the finest bacteria because they 

have excellent spore-forming abilities, are compatible with concrete due to their 

alkaliphilic nature, can persist in a dormant state for a very long time, and effectively 

improve mechanical performance [3,69,82,83]. 

2.1.2 Bacterial Immobilization in Bacterial-based Self-Healing Concrete 

The bacteria can be incorporated into concrete either directly which remains 

viable for up to 4 months or through immobilization technique i.e. encapsulation and 

absorption. According to numerous research, bacteria when directly intruded 

in concrete had a significantly lower concentration of spores than those immobilized by 

a carrier [5,6,12,16,36,71,84] This implies that the immobilization of bacterial spores 

is beneficial in keeping them for a longer period in cementitious composites. 

Immobilization helps to protect bacteria in severe environments such as alkaline pH 

and to protect during concrete mixing and curing. 

Numerous research has been done to investigate potential alternatives for 

successfully immobilizing bacteria in cementitious systems for longer periods. Bacteria 

spores embedded in silica gels and inorganic oxides before being mixed in concrete 

have been demonstrated as a suitable technique for extending bacterial life without 

affecting compressive strength [85]. In another study, the ceramsite carrier was utilized 



12 

 

to immobilize bacteria and nutrients individually, resulting in a successful increase in 

crack area healing rate of up to 87.5%, as well as an increase in mechanical 

characteristics [86]. Khaliq and Ehsan [16] found that when LWA and graphite nano-

platelets were used as carrier media for BS improvement in the compressive strength 

and maximum healing of 0.61 mm and 0.81 mm was observed. In another investigation, 

expanded perlite (EP) immobilization was compared to direct induction and bio-

immobilized expanded clay (EC) [43]. Experiments revealed that EP-immobilized 

bacteria showed effective crack healing up to 0.79 mm compared to EC-immobilized 

self-healing concrete with a maximum crack healing width of 0.45 mm [12]. 

Immobilized bacteria via zeolite were employed in RCC and fiber-reinforced mortar to 

examine microstructural and crack healing capabilities [66]. This approach 

demonstrated an improvement in compressive strength with a decrease in chloride ion 

penetration. A study conducted on limestone powder proves it as a potential 

immobilizer for BS [87]. By incorporating Sporosarcina pasteurii ATCC 11859 into the 

mix using low alkali cement, Xu et al. 2018 [88] observed that compressive strength 

and water tightness had increased by 130% and 50%, respectively, as compared to 

ordinary mortar. Shaheen and Khushnood [1] found that intrusion of iron oxide as an 

immobilizer for BS can completely heal cracks up to 1.2 mm with 85% strength 

recovery. Utilizing rubber particles as a carrier media can heal cracks to about 0.86 mm 

width as reported by Xu and Lian [89]. Recycle brick and biochar also prove to be 

suitable carrier media for BS [3,15]. A maximum of 0.92 mm healing with a strength 

recovery of 69% was observed in the case of recycled brick while biochar showed 

healing of 0.50 mm and 95% strength recovery. Vijay & Murmu [90] amalgamated 

basalt fiber at the dosage of 4.05 kg/m3 in bacterial concrete and affirmed higher 

strength recovery after healing of about 83.3%, compared to 69.25% in the control 

sample. Feng et al. [91] incorporated PP and PVA fiber at 1.5% by volume in bacterial 

concrete and concluded that the synergetic effect of synthetic fiber and bacteria can 

recover the initial sorptivity by more than 50% and flexural strength ranging from 16-

34% compared to reference undamaged samples. In addition, bacterial fiber reinforced 

concrete showed 64.6% sealing for 0.3-0.5 mm crack width, compared to 30% in the 

control sample at 28-day healing. A similar study was also conducted by Su et al. [92] 

who incorporated PP fibers by 1.5% in volume carrying Bacillus alcalophilus spores 

and achieved 96% sealing for 0.4-0.5 mm crack width, compared to 40% in the control 

sample due to autogenous healing at the age of 28-day. It was found that after 28 days 
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healing, capillary water absorption was significantly lowered in the mortar with bacteria 

and fiber followed by mortar with bacteria and the control samples. Furthermore, 

bacteria contributed to add in the flexural strength retention of PP-reinforced mortar by 

4%. Singh & Gupta [36] incorporated UltraFiber 500 cellulose fibers at 0.5% by volume 

carrying BS in cement mortar and investigated its self-healing efficacy through 

ultrasonic pulse velocity. Their study affirmed that after 21 days healing, 15.2% of self-

healing was attained in specimens with cellulose fiber as a carrier to BS, compared to 

6.97% in the control sample. Rauf et al [10] analyzed the efficacy of natural coir, flax, 

and jute fibers as the potential immbolizer to BS, Bacillus cohnii, and Bacillus 

Sphaericus. The study reported that the investigated natural fibers offer better 

preservation sites to immobilized bacteria due to their high sorption capacity and 

internal structure. Flax fiber was the optimized immobilizer for preserving long-term 

bacterial activity in concrete owing to 0.8 mm of maximum crack healing with 60-100% 

of compressive strength recovery in damaged samples. 

2.2 Concrete reinforcement with fibers 

Concrete can be made less susceptible to cracking by the addition of some 

micro/macro fibers [10,21,22] They help inhibit crack propagation, thus making crack 

healing in concrete easier to attain [93]. Different fibers can be used in concrete like 

carbon, basalt, PP, PVA, Glass & natural fibers [18,20–22,27,28,94,95]. Nowadays, the 

potential of natural fibers is being studied for their use in cementitious materials 

[10,28].  To promote the use of natural fibers in structures, Femandez [96] optimized 

flax fiber reinforced concrete. The research aimed at the optimal length and ratio of flax 

fibers in concrete to achieve its most benefits. The fiber length was optimized at 3 cm. 

Tensile and compression strength testing on cylindrical specimens was carried out, and 

small beams were employed for three-point bending tests. The results revealed that the 

strength and toughness of flax fiber-reinforced concrete improved significantly. Yalley 

and Kwan [97] conducted an investigation on coir fiber for improving concrete 

properties. Coir fibers with diameters ranging from 0.29 mm to 0.83 mm and lengths 

ranging from 6 mm to 24 mm were employed in the experiment, resulting increase in 

the angle of twist. Concrete with 0.5% fiber content had the highest compressive 

strength, tensile strength, and torsion. Razmi and Mirsayar [98] examined the fracture 

characteristics of concrete reinforced with jute fiber. Jute fiber was incorporated into 
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the concrete in increments of 0.1%, 0.3%, and 0.5% by weight while keeping a 20 mm 

length. Concrete specimens with semicircular bends were made. The results showed 

that adding 0.5% jute fiber to the mix significantly improved its compressive, flexural, 

and split tensile strengths. Fracture resilience was also improved, although not 

significantly in combinations containing more than 0.3% jute fibers. 

SF, a naturally derived fiber obtained from the leaves of the agave sisalana plant, 

is an eco-friendly and cost-effective material that can be utilized in an effective way to 

reduce global carbon emissions. According to FAO 2022 [31], global SF production in 

2022 was 233.7 kt/y. It possesses great mechanical properties, low environmental 

impact, and has the least cost which has previously been investigated for improving 

cementitious materials performance [32–35,99,100]. Abirami et al. [33] investigated 

the mechanical properties of M40-grade concrete with sisal and Kenaf fiber. Fibers 

were incorporated into the concrete in increments of 0.25%, 0.50%, 0.75%, and 1.00% 

by weight while keeping a 60-80 mm length. The results showed that adding 1.0% sisal 

fiber to the mix significantly improved its compressive, and split tensile strengths by 

4.04% and 12.70%. Mbereyaho et al. [101] conducted a similar investigation on M30-

grade concrete with 0.50%, 1.00%, and 1.50% by volume SFof 50 mm length. The 

compressive and tensile strengths of M30 concrete with 1% SFs were found to be 

14.32% and 12.26% higher, respectively. Ren et al. investigated SF on the mechanical 

properties of ultra-high performance concrete at different lengths (6, 12, and 18 mm) 

and volume contents (1.0%, 2.0%, and 3.0%). He came to the conclusion that 1.0% SF 

of 18 mm when added to the mix substantially enhanced its compressive strength. 

However, beyond that, its compressive strength declines, but its flexural strength and 

toughness still increase. Solai Mathi et al. [102] also reported that the use of SF 

improved the mechanical performance of concrete. Tunje et al. [103] investigated the 

effect of SF at 0.50%, 1.00%, 1.50%, and 2.00% by weight increments on sugarcane 

bagasse ash concrete. He discovered that SF at 1.00% increased compressive strength 

by 17.22% and tensile strength by 39.58%. An experimental investigation by Shah et 

al. [24] was conducted to determine the fiber reinforcement effect incase of high-

strength concrete. The findings showed an increase in compressive and tensile strength 

with 1% SF by weight and a length of 20 mm. Improvement in the impact resistance 

and compressive strength of SF hybrid reinforced concrete by Naraganti et al. [18] was 

also revealed. Another study, done by Ren et al. [19] demonstrates that SF have a 
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positive impact on the mechanical properties of ultrahigh-performance concrete, with a 

substantial improvement shown when employed in hybridization with steel fibers. The 

study also found an improvement in post-fire residual mechanical properties due to the 

reinforcing effect provided by fibers. 

Above mentioned, research supports SF's compatibility with concrete matrix, 

which helps to strengthen it effectively. Therefore, it is worthful to investigate its 

potential as a successful carrier of microbial strains in concrete. Because of its 

hydrophilic nature, it can act as a potential immobilizer for bacteria in bio-concrete 

[2,15,36]. The immobilization technique which protects bacterial spores from crushing 

during mixing and hydration reactions leads to the better pervasiveness of microbes and 

the fiber reinforcement effect which mitigates crack propagation can significantly 

enhances the robustness of self-healing concrete.  

2.3 Robust self-healing concrete 

A self-healing material must satisfy several robustness requirements like long 

shelf life, pervasiveness, stability, reliability, versatility, and repeatability [13]. In this 

work, robustness refers to repeatability after the first healing cycle. Thao and Johnson 

[104] studied isocyanate pre-polymer (epoxy) as a healing agent encapsulated in the 

reinforced concrete beam in terms of recovery of strength and stiffness for the first and 

second healing cycle. Their findings showed 88% and 85% of normalized stiffness 

recovery for the first and second healing cycles, compared to reference pre-damaged 

samples when the initial crack widths were kept at around 0.30 mm. The self-healing 

potential of polyurethane foam and superabsorbent polymers after two damage cycles 

had also been investigated [13,105]. It was affirmed that about 61% and 23% of flexural 

strength recovery was found for polyurethane foam healing agents, compared to 

reference pre-damaged samples. Superabsorbent polymers, when used as a healing 

agent, showed 75% and 66% of flexural strength recovery, compared to reference pre-

damaged samples. A detailed investigation on self-healing triggered by crystalline 

admixtures under repeated cracking and healing cycles for three healing exposure 

conditions and one-year duration was done by Cuenca and Tejedor [106]. Their findings 

showed complete sealing of cracks having a width of 0.30 mm down. A similar study 

using biochar-immobilized bacteria and superabsorbent polymers was performed by 

Kua et al. [6] reporting a 4% and 19% decrease in bacterial activity for crack healing 
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during the secondary and tertiary damage cycles. The literature evidence that fibrous 

cement matrix provides a more conducive condition to immobilize bacteria through 

fibers [10]. Therefore, the investigations need an extension to explore the potential of 

bacteria carried through fiber in repeated damage cycles. 

2.4 Research Gap 

Considering the abundance and mentioned properties of natural SF it is worthful 

to investigate its potential as the successful carrier of microbial strains in concrete. 

Since the literature evidence that fibrous cement matrix provides a more conducive 

condition to immobilize bacteria through fibers. Therefore, the investigations need an 

extension to explore the potential of bacteria carried through fiber in repeated damage 

cycles. The scope of the present work is to investigate the potential of SF as a suitable 

immobilizer for BS in bio-based self-healing concrete and the analysis of its healing 

performance in two successive damage cycles. 
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3 MATERIALS AND METHODOLOGY 

3.1 Materials  

3.1.1 Concrete 

In this study, ordinary portland cement (OPC) meeting the guidelines as per 

ASTM C-150 [107] was utilized as a key binding agent of concrete. Its physical 

properties and chemical composition are summarized in Table 3-1; where the chemical 

constituents were measured by the X-ray fluorescence (XRF) technique. The physical 

properties of fine and coarse aggregates in compliance with ASTM C33 [108], ASTM 

C127 [109], and ASTM C128 [110] are given in Table 3-2.  

Table 3-1: Physical properties and chemical composition of OPC 

Chemical composition (oxides) Content (%) Physical properties Results 

CaO 63.58 Specific gravity 3.14 

SiO2 21.9 Specific surface area 321 (m2/kg) 

MgO 2.56 Consistency 29.15% 

Al2O3 5.10 Initial setting time 185 min 

Fe2O3 4.10 Final setting time 241 min 

SO3 2.74 Soundness 0.103% 

Na2O 0.23 Grade 42.5 

K2O 0.88 Finess modulus 93.30% 

Loss on ignition 0.63 -  

 

Table 3-2: Physical properties of fine and coarse aggregates 

Aggregates Bulk Specific Gravity Fineness Modulus Absorption (%) 

Fine 2.75 2.90 2.15 

Coarse 2.68 - 0.72 

 

3.1.2 Preparation of BS spores’ solution 

Colonies of BS were first cultured on agar media plates after that inoculation in 

Tryptone Soya Broth (TSB) is done. The TSB was incubated for 24 h at 37 ˚C in a 

shaker, resulting in dramatic growth in BS cells. A sporulation medium consisting of 
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Ca(NO3)2 (1.0 mM), FeSO4 (0.001 mM), KCl (13.4 mM), MnCl2 (0.01 mM), and 

MgSO4.7H2O (1.01 mM) was added in bacterial TSB solution and again shaking 

incubation for 5 days at 37 ˚C was continued at 120 rpm [10]. Cells were pelleted by 

centrifuging at 4000 rpm speed and 6˚C temperature for 20 min. Extracted spores were 

suspended in sterilized distilled water and optical density (OD) was adjusted to 0.5 to 

get the desired BS spores’ solution (SS). The 0.5 OD was chosen in accordance with 

the previous studies [3,10]. The detailed schematic procedure is described in Figure 

3-1. 

 

Figure 3-1 Preparation of bacterial spores 

3.1.3 SF as an immobilization media 

As SF was cut in 25 mm of optimal length as reported in the literature [10,28] 

for its utilization in the cementitious mix. Its absorption and adsorption capacity termed 

sorption capacity was measured according to the literature [10] to make sure that it can 

carry an adequate amount of BS. The properties of SF are presented in Table 3-3. 

Thermal gravimetric analysis (TGA) and Fourier Transformed Infrared (FTIR) 

Spectroscopy were conducted to characterize the SF. TGA assessment was performed 

up to 600 ˚C at the increment of 1 ˚C/ min rise in temperature as shown in Figure 3-2 

(b). Initially, up to 250 ˚C, mass loss of 12.2% is associated with the loss of intra and 

intermolecular water while from 251 to 400 ˚C, mass loss of 65.8% is linked with the 

fast degradation of cellulose and hemicellulose structure of SF. Beyond 401 ˚C, the 

mass loss decreases insignificantly due to the annealing of transformed char [111]. The 
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FTIR spectroscopy was performed in the 400–4000 cm-1 spectrum region as shown in 

Figure 3-2 (c). A sharp hump at 3328 cm−1 wave number is assigned to the O–H bond 

of the glycosidic bonds in cellulose [112]. A broad hump at 2915 cm−1 is associated 

with the C–H bonds of alkyl groups in aliphatic compounds of cellulose, lignin, and 

hemicellulose [113]. The carbonyl hump at 1731 cm-1 relates to C=O unconjugated 

bonding of the acetyl and ester groups of hemicelluloses [114]. CH2 bonding present in 

cellulose resulted in a peak at 1423 cm-1 [113].  A broad hump at 1157, 1026, and 897 

cm-1 has been linked with C-O-C and C–H bonding present in the pyranose ring 

structure of cellulose [115]. 

Table 3-3: Properties of SF 

Sorption (%) Diameter (mm) Length (mm) Density (g/cm3) 

186 0.06-0.24 25±5 1.5 

 

 

Figure 3-2. SF and its characterization (a) SF cut in 25 mm of optimal length (b) TGA 

plot and (c) FTIR spectrum of SF 
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3.2 Compatibility of BS with SF 

Two methods were opted to confirm the compatibility of BS with SF. In the first 

method, SF was simply strewed on the fresh BS-streaked agar media plate after that 24 

h incubation at 37 ˚C was done and its growth pattern was visually observed [3]. As 

shown in Figure 3-3 (a), SF does not hinder the growth pattern of BS confirming its 

compatibility. The second method is to make sure that SF does not result in the killing 

of bacterial spores and is capable to be used as a carrier media for BS in the longer run. 

FTIR of BS immobilized in SF (BISF) was carried out after 90 days to get the 

fingerprint spectra of inside microbial strains [116]. Figure 3-3 (b) is showing the FTIR 

spectra of BISF in the 400–4000 cm-1 spectrum region. Absorption of BS cell mass in 

SF resulted in an increase of broad hump at 3332 cm−1 which is because of the presence 

of NH2 stretching in adenine, cytosine, quinine, and O–H stretching vibration [117]. 

The C–H stretching in the aliphatic of BS cell walls rises to the broad peak at 2918 cm−1 

[118]. The addition of BS in SF resulted in new broad humps at 1642 cm−1, 1536 cm−1 

and 1243 cm−1 were linked with amide I, amide II, and amide III in a starving cell mass 

of BS [117]. A rise in peak at 1042 cm−1 is the result of additional polysaccharides due 

to BS cell mass [119]. The peak at 549 cm-1 is associated with phospholipids and RNA 

in BS [117]. This proves the ability of SF to be used as a carrier media for BS. 

 

Figure 3-3 Compatibility of BS with SF (a) SF strewed on BS-streaked plate (b) FTIR 

of BISF 
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3.3 Mix proportions and specimen preparation 

In this study, four different types of mixes were investigated designated as 

PCM, plain control mix; FCM, fiber control mix; PBM, plain bacterial mix; and FBM, 

fiber bacterial mix. In FCM and FBM, 1.0 % of SF by weight of cement was added 

considering the reported optimal performance at the mentioned dose for concrete 

[20,24,33]. In all the mixes a constant water-binder ratio of 0.45 was used. The slump 

was maintained in the range of 40-50 mm by controlling the dose of superplasticizer as 

practiced in the previous literature [21,26,28]. Calcium lactate used as a mineral 

precursor was also added in all mixes to have uniformity [3]. The details of mix 

proportions are shown in Table 3-4. 

For each formulation firstly cement, fine and coarse aggregate were premixed for 1 min 

in a concrete mixer followed by wet mixing of formulated mixes. In PBM, the bacterial 

solution was incorporated directly as a replacement for mixing water; while in FBC, SF 

was soaked in the bacterial solution for 1 h before their mixing in concrete. In FCM and 

FBM to avoid clump formation and agglomeration effect, SF was slowly added to the 

mixer within 2 mins of wet mixing. Mixing was continued for another 1 min to obtain 

mix with a uniform fiber dispersion [17]. The prepared fresh concrete mix was poured 

into cylindrical molds (100 x 200 mm) and compacted with a vibrator. After 24 h of 

casting, the samples were demolded and then were water cured at 23± 2 ˚C until they 

reached the testing age. 

Table 3-4: Mix Design of different mixes 

Materials PCM FCM PBM FBM 

Cement (kg/m3) 392 392 392 392 

Fine aggregate (kg/m3) 863 863 863 863 

Coarse aggregate (kg/m3) 941 941 941 941 

Water/cement ratio 0.45 0.45 0.45 0.45 

Bacterial spores content (cell/cm3) 0 0 6×108 6×108 

Fiber (kg/m3) 0 3.92 0 3.92 

Superplasticizer (kg/m3) 2.55 4.31 2.55 4.31 

Calcium lactate (kg/m3) 23.52 23.52 23.52 23.52 
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3.4 Testing procedure 

The entire testing procedure was primarily branched into two phases. Initially, 

tests for investigating the compressive strength, split tensile strength, and sorptivity of 

different formulations were performed. Compressive strength and split tensile strength 

were determined according to ASTM C 39 [50] and ASTM C 496 [51] after 3, 14, and 

28 days of curing. The sorptivity test was performed according to ASTM C 1585 [12] 

in which an increase in mass with respect to time is monitored by exposing one face of 

a test sample to water while remaining the other faces sealed with sealant. The second 

phase involved assessing self-healing efficacy in terms of crack healing, recovered 

compressive strength, and UPV improvement over two successive damage cycles. The 

visual inspection of cracks was done by pre-cracking the samples to their complete 

strength during each damage cycle. A lower loading rate of 0.1 MPa/sec had been 

employed during the pre-cracking to adequately monitor the cracks. Since the recovered 

properties after the complete strength were limited, these samples were employed for 

qualitative assessment of bio-crack healing. An optical microscope (HC-2950) of 0.02 

mm least count was used for measuring the crack filling during the healing period. For 

the first and second healing cycles, the same duration of 28 days in water was adopted. 

Recovered compressive strength (RCS) and improvement in the ultrasonic pulse 

velocity (UPV) indirectly quantify healing proficiency. To investigate these, samples were 

damaged at 85% of their strength in the first damage cycle. To have stable crack growth and 

propagation during the second damage cycle, the specimens were damaged again at 85% of 

their recovered strength after the first healing cycle based on the quasi-linear constitutive stress-

strain relationship for damaged concrete [52,53].  CSR at end of each healing cycle was 

estimated through Eq (1).  

 
𝑅𝐶𝑆 (%) = 1 −  

𝐶𝑈 − 𝐶𝐴𝐻

𝐶𝑢
 ×  100 

Where: 

            Cu = ultimate compressive strength 

            CAH = compressive strength after the healing cycle 

(1) 

The UPV test was conducted according to ASTM C 597 [54]. For improvement in UPV, 

ultrasonic pulse transmission time was initially recorded immediately after cracking, 

and later after 28 days of healing. UPV was computed as the ratio of the distance 

traveled by the wave to the time it has taken to propagate. Healing extent (HE) in terms 
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of UPV for each healing cycle was estimated as the percentage difference between 

initial and final transmitted velocities. To investigate the microstructural changes due 

to microbial precipitation, Scanning Electron Microscope (SEM) and Energy 

Dispersive Spectroscopy (EDS) were employed for all four mixes. For conducting these 

tests, chunks of 1 cm2 were extracted from the concrete near the cracks, then dried for 

48 hours followed by gold plating, and finally examined at higher magnification. To 

monitor the structural fingerprint, and chemical modifications due to microbial 

precipitation; TGA, FTIR, and Raman Spectroscopy were performed on all the 

powdered cementitious mixes. TGA analysis was conducted up to 800 ˚C at the 

increment of 1 ˚C/ min rise in temperature. The FTIR spectroscopy was made in the 

400-4000 cm-1 spectrum range while the Raman spectroscopy was conducted in the 

100-1600 cm-1 spectrum range. The forensic diagnosis of the healing precipitate 

collected after the second healing cycle from the healed cracks of FBM samples was 

also performed. Additionally, XRD analysis was carried out for the morphological 

assessment of the healing product to determine its crystalline components and phase 

purity. The XRD analysis was performed at scanning angle 2-theta (2θ) ranging from 

20°-80° with a step count of 0.02. Copper was employed as an x-ray target element 

because of its excellent thermal conductivity. 
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4 RESULTS AND DISCUSSIONS 

4.1 Compressive strength test 

The compressive strength of cementitious materials is a quantifiable measure of 

their performance. The compressive strengths of all four mixes at different ages of 

curing were determined according to standard ASTM C-39 [50] and are represented in 

Figure 4. (a). PCM showed a compressive strength of 14.01 MPa, 25.21 MPa, and 27.65 

MPa at 3,14 and 28 days, respectively. In the case of FCM, an inappreciable 

improvement in compressive strength was depicted due to aided reinforcement by 

the fibers [49,55]. The percentage enhancement in compressive strength was found to 

be 1.14%, 2.32%, and 2.81% at 3, 14, and 28 days in FCM compared to PCM. Past 

studies have also reported that adding fibers to concrete has an insignificant effect on 

its compression strength [46,56,57]. Direct incorporation of BS into the concrete mix 

results in an appreciable enhancement in compressive strength. At 3, 14, and 28 days, 

the percentage strength improvement in PBM compared to PCM was 7.03%, 7.86%, 

and 8.14% respectively. This could be attributed to bio-synthesized CaCO3 resulting in 

pore refinement of the concrete matrix and, in turn, increasing its load-taking ability 

[58,59]. FBM samples with SF as an immobilizer for BS attained a maximum 

compressive strength of 15.54, 27.90, and 31.51 MPa at 3, 14, and 28 days. At the 

mentioned intervals, the percentage increase compared to PCM is 10.88%, 10.65%, and 

13.96% respectively. Thus, compared to other mixes FBM showed the maximum 

compressive strength, which can be attributed to the lamellar structure of SF that 

protects BS during mixing and casting. Consequently, increasing viable bacterial spores 

in the concrete; therefore greater bio-synthesized CaCO3 precipitation and pore 

refinement can occur [14,60]. These findings are in accordance with the findings of 

Rauf et al. [10] that cellulosic fiber preserves the BS strains thereby significantly 

improving concrete compression strength. Thus, the addition of BS resulted in bio-

synthesized CaCO3 formation that densified the concrete microstructure as also shown 

in SEM micrographs and EDS results given in Figure 4-1 and Figure 4-2. 
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Figure 4-1. SEM images of the analyzed concrete samples 

Compared to PCM and FCM in Figure 4-1(a) and Figure 4-1(b) copious amounts of 

CaCO3 crystals in PBM and FBM were found as seen in Figure 4-1(c) and Figure 

4-1(d). The biosynthesized CaCO3 existed in the form of agglomerated rhombohedral 

crystals confirming it as calcite [10]. Results from EDS, as illustrated in Figure 4-2, 

also verify this as it is evident that the bacterial mixes have a comparatively high 

calcium content. Thus, enhanced compressive strength of the bacterial mixes was 

noticed due to calcite precipitation and pore refinement. 
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Figure 4-2. EDS analysis of the analyzed concrete samples  
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4.2 Split tensile strength test 

Tensile strength is considered one of the important parameters to evaluate bond 

strength [16]. This test was carried out in accordance with ASTM-C496/ C496M 

guidelines [51]. Results of split tensile strength at different intervals of 3, 14, and 28 

days are reported in Figure 4-3 (b). PCM mixes attained 1.53 MPa, 2.41 MPa, and 2.55 

MPa of tensile strength at 3,14 and 28 days, respectively. Improvement in the tensile 

strength was quite noticeable upon the incorporation of SF and BS. However, FCM 

specimens showed significant enhancement in tensile strength compared to PBM. It 

could be attributed that in the case of split tension, the effect of fiber reinforcement is 

dominant as reported in the literature [46,56,57,61] The bio-synthesized CaCO3 

improved the interfacial bonding with adjacent cementitious matrix, therefore, 

enhancing tensile strength in PBM specimens [16]. In the case of FCM specimens, the 

percentage enhancement in tensile strength was found to be 11.71%, 15.79%, and 

20.79% while in the case of PBM it was found to be 4.56%, 6.99%, and 8.11% at 3, 14, 

and 28 days respectively in comparison to PCM. A similar trend was reported for the 

FCM and PBM mixes in literature as well [55,59]. The FBM showed 25.41%, 29.75%, 

and 36.82% percentage improvement in tensile strength at 3, 14, and 28 days compared 

to PCM which is due to the symbiotic action of fiber reinforcement and bio-synthesized 

CaCO3 [62]. Moreover, it was reported [63] that the inclusion of amines through 

immobilized bacterial spores as identified in the FTIR spectrum (Figure 3-3 (b)) results 

in surface modification of SF to establish a strong interfacial bond. 

 

Figure 4-3. (a) Compressive strength (b) Splitting tensile strength of all mixes at 

different ages of curing 
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4.3 Sorptivity test 

Figure 4-4 shows the sorptivity coefficient values obtained from the sorptivity 

test of the formulated concrete mixes. It has been found that the addition of SF 

marginally increased the water absorption rate as it can act as a water-conducting 

channel in the concrete mix, thereby increasing the capillary water absorption [64,65]. 

Previous studies have also found that fibers have no prominent effect on the water 

absorption capacity of concrete [35,61,65]. The sorption coefficient is decreased 

significantly with the incorporation of BS, which is attributed to densification and pore 

refinement of the concrete mix as a result of bio-mineralized CaCO3  as also reported 

in the literature[23,66–68]. 

 

Figure 4-4. Sorptivity coefficient of all mixes 

4.4 Self-healing investigations 

4.4.1 Visual crack analysis 

In the self-healing investigations, the first step includes visual analysis of crack 

widths healed due to bio-synthesized CaCO3 using a crack width measuring 

microscope. Healing during each cycle is measured as the difference between the width 

of the crack immediately after pre-cracking and the subsequent 28th-day healing period. 

Figure 4-5 depicts the healing of cracks for all four mixes after two healing cycles. 
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Figure 4-5. Crack healing in different mixes 

The data of average crack-width healed in two successive damage cycles for all 

the formulations is presented in  

 

Table 4-1.  In PCM and FCM control mixes, healing occurs as a result of 

autogenous healing which is attributed to un-hydrated cement particles interacting in 

the presence of moisture after cracking, clogging of cracks by detached loose particles, 

or CaCO3 formation due to interaction of Ca(OH)2 with dissolved CO2 in water [8,10]. 

A sharp decrease in healing is found during the second healing cycle where it shows 

that the repair of concrete cracks is insignificant. 

In PBM and FBM specimens, significant enhancement in crack healing up to 0.48 mm 

and 0.37 mm was noticed as the addition of BS catalyzes the synthesis of CaCO3 

crystals [2,3,18,20]. Since the PBM does not contain any protective media for BS, 

therefore comparatively less healing was found than that of FBM. The densification 

and direct exposure to a highly alkaline environment of concrete matrix reduce the 

viability of directly intruded BS [14,69]. During the second healing cycle, PBM and 

FBM specimens showed 0.15 mm and 0.28 mm of surficial healing. It was found that 

healing occurs even during the second healing cycle, however, a drop has been 

observed likely due to a reduction in the availability of healing agents consumed during 

the first healing cycle. Long-span viability of Bacillus pseudofirmus bacterial spores 

till 4 months duration has been established through literature as well [13]. The limited 

strains of BS in crack proximity and its readily transport in the cracks could be 

responsible for healing during the second cycle [19]. The improved crack healing in 

two healing cycles of FBM is attributed to the immobilization technique that effectively 

preserves bacteria for a relatively longer duration in concrete [20,70]. These findings 
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are in agreement with those of Rauf et al., who investigated the potential of coir, flax, 

and jute fibers as immobilizers [10].  

 

Table 4-1: Average crack-width (mm) healed in two successive healing phases 

Formulation First Healing Cycle Second Healing Cycle 

PCM 0.15 0.05 

FCM 0.16 0.05 

PBM 0.37 0.15 

FBM 0.48 0.28 

 

4.4.2 Compressive strength recovery 

The damaging process also induces internal micro-cracks in the concrete 

specimens which have a detrimental impact on its strength [71]. These damaged 

specimens can recover their strength over time through self-healing mechanisms. 

Therefore, healing proficiency was quantified in terms of percentage RCS.  The results 

of RCS are presented in  Figure 4-6. With the increase in pre-cracking age, a decrease 

in RCS was noticed in two successive healing cycles. This is credited to progressive 

hydration reactions with time, depleting autogenous and autonomous healing thereby 

limiting the self-healing adequacy [72]. 

During the first healing cycle maximum, RCS up to 66.38 % was noticed in 

PCM specimens. Although due to the fiber reinforcement effect, FCM specimens 

achieved higher RCS up to 71.62 %, however, it was still lower due to only autogenous 

healing [70,73]. Despite no immobilizer in PBM, a better RCS of up to 75.73 % was 

attained during the first healing cycle attributed to the combined effect of autogenous 

and autonomous healing. However, the contribution from autonomous healing through 

bacterial spores was limited due to their survival challenges on direct incorporation into 

concrete [18]. The immobilization technique successfully preserved BS, which resulted 

in the relatively improved performance of FBM owing to better RCS of up to 82.65 %. 

Similar findings were found by Vijay & Murmu [21], who reported that RCS was high 

in bacterial concrete and bacterial concrete with basalt fibers in comparison to its plain 

and fiber control specimens. Due to the reduction in autogenous and autonomous 

healing and increase in damage level, a sharp drop in RCS was observed during the 

second healing cycle in all the formulated mixtures. In the second healing cycle, PCM 
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specimens exhibited the least RCS up to 35.34 %. FCM specimens unlike in the first 

healing cycle showed relatively better RCS than PBM during the second healing cycle. 

This is due to its fiber reinforcement effect that became significant as the extent of 

damage increased under repeated stress cycles [74]. These findings are consistent with 

the findings of Ali et al. [35] who investigated PP and banana stem fibers in concrete. 

He concluded that fiber addition had no significant effect on compressive strength after 

the first damaging cycle, while it became quite noticeable in the case of the second 

damaging cycle. A maximum of 42.66 % and 39.10 % of RCS was observed in FCM 

and PBM specimens after the second healing cycle. Further, the damage induced during 

the second loading cycle in FCM specimens was believed to be on the lower side in 

terms of crack opening due to the development of multiple discrete cracks by bridging 

fibers curable through autogenous healing [20,75,76]. Compared to PCM, PBM 

exhibited better RCS due to limited CaCO3 precipitation by survived bacteria inducing 

autonomous healing. Immobilization of bacterial spores along with aided confinement 

provided by fibers resulted in considerably improved performance of FBM specimens 

showing a maximum of 50.42 % of RCS during the second healing cycle. These 

findings affirmed the bio-compatibility of SF with BS resulting in improved healing 

proficiency via bio-mineralization in two successive damage cycles. 

 

Figure 4-6. (a) Recovered compressive strength (RCS) after the first and (b) second 

healing cycle 

4.4.3 Improvement in UPV 

When cracks form, the transmission time of ultrasonic waves increases as it 

passes through the cracked concrete. Due to the persistent autogenous and autonomous 

healing, gradual filling of micro-cracks and pores occurs which, reduces the 
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transmission time of ultrasonic pulse waves [10]. To investigate the healing extent of 

internal microcracks because of self-healing in damaged samples, the percentage 

improvements in UPV termed HE was also computed. These results corresponding to 

each formulated mix are shown in Figure 4-7.  

From the data obtained after both healing cycles, it is clear that with the increase 

in pre-cracking age HE decreases which is due to an increase in the degree of hydration 

of concrete thereby limiting both autogenous and autonomous healing [77]. During the 

first and second healing cycles, a maximum of 12.46 % and 3.10 % of HE was attained 

in PCM specimens while FCM specimens attained a maximum of 14.39 % and 3.61 % 

of HE. The HE in the PCM sample was found to be the least of all the samples after 

both healing cycles. In FCM, HE was comparatively enhanced due to relatively small 

cracks developed during pre-cracking as reported in the literature [20,73]. A maximum 

of 23.87 and 9.39 of HE (%) during the first and second healing cycles was attained in 

PBM specimens respectively. The substantial improvement in HE of PBM specimens 

is due to the stimulated healing mechanism by microbes filling the internal micro-

cracks and densifying the concrete microstructure. FBM specimens showed the highest 

amount of self-healing with a maximum of 29.02 and 13.58 of HE (%) recorded during 

the first and second healing cycles. The higher HE of FBM in two successive healing 

cycles endorses the effectiveness of SF in conserving BS which, resulted in ample 

production of bio-mediated calcite. These findings are in line with previous 

investigations [10,12,78,79]. 

 

 

Figure 4-7. (a) Healing Extent (%) in terms of improvement in UPV after the first and 

(b) second healing cycle 
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4.4.4 Forensic Investigation 

For forensic endorsement, Scanning Electron Microscope (SEM), Energy 

Dispersive Spectroscopy (EDS), X-ray diffraction (XRD), TGA, FTIR, and Raman 

Spectroscopy were employed to investigate the microstructure, morphology, and 

chemical modifications of microbial precipitation. 

4.4.4.1 Scanning Electron Microscopy (SEM) 

SEM of the bio-synthesized CaCO3 was performed to investigate its 

microstructural analysis as presented respectively in Figure 4-8. The CaCO3 may be 

found in form of calcite, aragonite, and vaterite polymorphs in bio-concrete.  However, 

aragonite and vaterite are thermodynamically unstable and change to a stable form i.e., 

calcite [3,17,60]. The CaCO3 precipitates owe lamellar rhombohedral appearance 

confirming that healing precipitation was calcite [14,20]. Spherical and ellipsoidal 

shape bacterial spores of 0.08-0.8 μm are also visible in Figure 4-8, confirming the 

healing precipitation was a result of the metabolic activity of BS [8]. 

 

Figure 4-8. SEM of bio-synthesized healing precipitation collected from cracks 

4.4.4.2 Energy dispersive spectroscopy 

EDS analysis of the precipitated healing product was performed to determine 

its composition as shown respectively in Figure 4-9. The existence of Ca, O, and C 

affirms the existence of CaCO3 as the primary constituent of the healing precipitate 

[18]. The EDS analysis also shows the presence of Si and Mg elements in trace 

amounts. This proves that calcite was formed as a result of bacterial activity. 
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Figure 4-9. EDS analysis of bio-synthesized healing precipitate collected from cracks 

 

4.4.4.3 Thermogravimetric Analysis (TGA) 

This test is used to monitor the thermal degradation of a material with respect 

to an increase in temperature. As the chemical disintegrations of a particular compound 

lie in a particular temperature range, therefore TGA can be used to quantify the 

percentage of a particular compound in a material. TGA of both the powdered 

cementitious mix and healing precipitate was performed. 

TGA of the powdered cementitious mix was performed to manifest the bio-

synthesized CaCO3. Based on chemical disintegrations, the weight loss regions were 

divided into three ranges, the same is endorsed by literature. The first thermal 

degradation range is 100-400 ˚C wherein CSH gels and ettringite losses adsorbed water 

and subsequently dissociate [80]. The second range of weight loss between 400-600 ˚C 

records the disintegration of Ca(OH)2 as provided in Eq (2.2)  [60,69]. Whereas, the 

decomposition of CaCO3 occurs in the third range of 600-800 ˚C [3,18]. The reaction 

is given in Eq (2.2).  

 𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎𝑂 + 𝐻2𝑂 (2) 

 

 𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2 (3) 

The mass loss due to CaCO3 disintegration in different mixes is given in Table 

4-2. PCM and FCM showed 3.762% and 3.802% mass loss due to CaCO3 

disintegration, implying low proportions of precipitated CaCO3. The bacterial mixes 

depicted relatively greater mass loss due to CaCO3 disintegration. This is primarily due 
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to microbial synthesis of CaCO3 in addition to any conceivable carbonation [75]. PBM 

having directly intruded microbes depicted mass loss of 4.745% due to CaCO3 

disintegration. FBM mix showed a significantly higher mass loss of 6.231% due to 

CaCO3 disintegration, this indicates the efficacy of the SF as an immobilizer in 

preserving the pro-longed microbial activity of BS. 

The healing precipitation was subjected to TGA analysis as shown in Figure 

4-10 (b) for CaCO3 affirmation. An intense loss in mass of about 29.8% from 600 to 

800 ˚C is due to the disintegration of CaCO3 [3,18]. This endorses that healing 

precipitation was CaCO3. 

 

Figure 4-10. (a) Thermographs of the analyzed concrete mixes and (b) bio-

synthesized healing precipitation 

Table 4-2 Mass loss due to CaCO3 disintegration (600-800 ˚C) in different mixes 

Sample Δ m % 

PCM 3.762 

FCM 3.802 

PBM 4.745 

FBM 6.231 

 

4.4.4.4 X-ray diffraction (XRD) analysis 

Diffraction patterns of the precipitated healing powders cautiously scratched out 

from healed cracks and investigated through X’Pert HighScore are presented in Figure 

4-11. Both autogenous and autonomous healing results in CaCO3 precipitation [10]. 

The diffractogram of all the healing precipitates showed a peak at 2θ=29˚-30˚ indicating 

the presence of CaCO3. PBM and FBM samples showed an intense sharp peak which 

indicates highly crystalline structures of CaCO3 [17]. This confirms that calcite was 
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formed due to bacterial activity. Traces of some other minerals were identified and are 

also shown in Figure 14.  

 

Figure 4-11. X-ray Diffractograms of healing precipitation  

4.4.4.5 Fourier Transformed Infrared (FTIR) Spectroscopy 

The intensity of absorption bands of high energy infrared frequencies by 

chemical bonds of the crystalline phases at their natural frequency can be used 

to characterize it. Figure 4-12 (a) shows the results of FTIR of the powdered 

cementitious mix while Figure 15 (b) represents the FTIR spectrum of healing 

precipitation. 

FTIR graph of the powdered cementitious mix identified the hydration phases and 

crystalline changes due to self-healing as shown in Figure 4-12 (a). The stretching 

vibration of O-H in portlandite centered peak at around 3429 cm-1 [80]. A small hump 

observed at around 1644 cm-1 relates to H-OH and C-H bending in the calcium silicate 

hydrate (C-S-H) gel [81,82]. Si-O stretching in the C-S-H phase results in peaks at 

around 1078 and 977 cm-1 [83]. The peak at around 1409, 874, and 712 cm-1 might be 

associated with asymmetric stretching, out-of-plan bending, and planar bending 

vibrations of C-O of carbonates formed due to the self-healing mechanism [2,82]. The 

spectrum of bacterial mixes i.e., PBM and FBM showed intense peaks linked with 

carbonates thereby implying bio-synthesis of CaCO3 [84].  
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The FTIR spectrum of the healing precipitation is shown in Figure 4-12 (b). The 

principal vibrational bands for calcite are therefore recognized in healing precipitation 

confirming it as bio-synthesized calcite [2]. The occurrence of small humps could be 

due to hydrous and anhydrous cement phases.  

 

Figure 4-12. (a) FTIR spectrum of the analyzed concrete mixes and (b) bio-

synthesized healing precipitation 

4.4.4.6 Raman Spectroscopy 

Figure 4-13 (a) depicts the experimental results of the Raman spectroscopy for all four 

mixes. The Ca–O vibration of portlandite produced due to the hydration process might 

be responsible for the peak at around 361 cm-1 [85]. Peaks at around 463, 646, 845, and 

987 cm-1 are associated with SiO4
-2 of calcium silicate hydrate (CSH). A broad hump 

at around 1086 cm-1 is due to CO3
-2 in CaCO3 [85–87]. The spectrum of bacterial mixes 

i.e., PBM and FBM showed the strongest CO3
-2 peak indicating the highest degree of 

CaCO3 crystallization occurred due to microbial action [3,88].  

Figure 4-13 (b) showed the Raman spectra of the healing precipitation. The 

characteristic peak at around 1091 cm-1 corresponds to the symmetric stretching mode 

of the CO3
-2 in CaCO3 [89]. The in-plane bending in CO3

-2 results in a peak at around 

718 cm-1 [90]. As the healing precipitation was collected from the cracks, the 

occurrence of a small hump at around 470 cm-1 could be due to Si–O–Si stretching 

vibrations of the hydration product. Peaks at around 287 cm-1 and 154 cm-1 correspond 

to lattice vibrations [91]. The peaks in the Raman spectrum were observed to be derived 

from rhombohedral calcite crystals validating the healing product as bio-synthesized 

calcite [92]. 
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Figure 4-13. (a) Raman spectrum of the analyzed concrete mixes and (b) bio-

synthesized healing precipitate 
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5 CONCLUSIONS AND RECOMMENDATIONS 

In the current study, the potential of SF as a suitable immobilizer for BS was 

investigated in bio-based self-healing concrete. The healing adequacy was investigated 

in two successive damage cycles. The following conclusions are drawn based on the 

experimental investigations: 

• BS immobilized with SF exhibited the highest tensile and compressive strength 

yielding a maximum of 36.82% and 13.96% improvement in tensile and 

compressive strength compared to PCM. The intrusion of BS decreases the 

sorption capacity of concrete and confirms the densification and pore 

refinement of the concrete mix. 

• The synergetic action of BS and SF contributes to better recovery of properties 

of the healed specimens with 82.65% and 50.42% regain in compressive 

strength and healing extent of 29.02% and 13.58% accessed through UPV 

testing after the first and second healing cycles. 

• Immobilization of BS with SF successfully sustains its long-term viability 

contributing to 0.48 mm and 0.28 mm of average crack healing in the FBM mix 

while PBM displays 0.37 mm and 0.15 mm after the first and second healing 

cycles.  

• Rhombohedral crystalline products in the agglomerated form found in the 

concrete microstructure affirm the formation of thermally stable calcium 

carbonate formed due to biomineralization. Moreover, EDS, TGA, FTIR, and 

Raman spectroscopy also endorse the formation of biosynthesized calcite. 

• Consequently, SF can be considered as the potential immobilizer for the 

development of robust bio-concrete resilient to multiple damage cycles.  

The following are recommendations for further study: 

• The study should be extended to also include the various immobilizers for 

microbes. 

• The investigation should be extended to include more repeated damage and 

healing cycles. 

• The X-ray chromatography technique scan technique should be employed to 

examine the healing efficacy of bacterial-based self-healing concrete. 
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