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ARTICLE INFO ABSTRACT

Keywords: This research introduces a new approach to healing millimeter scale cracks in concrete using
Self-healing concrete Lysinibaccilus Sphaericus Bacteria (LSB) encapsulated in cellulose fibers. Cracking in concrete,
Lysinibaccilus Sphaericus Bacteria particularly macroscopic cracking, can cause premature structural failure and reduce its lifespan,
Cellulose fibers which is a critical industry challenge. While bacteria encapsulated in cellulose fibers have been
3D-printed polymeric scaffold used to heal cement mortar, the studies are limited to heal much narrower cracks. In this study,

Bio-mineralization
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we integrate LSB, known for its strong biocalcification abilities, with the protective environment
of cellulose fibers, which are renewable and sustainable, for healing millimeter scale cracks in
ordinary cement concrete. To understand the healing process, we firstly used a 3D-printed
polymeric scaffold for preliminary observations of calcite precipitation, demonstrating the po-
tential of bacteria-induced calcification in a controlled environment before applying these in-
sights to concrete. We then studied the self-healing of concrete. Through mechanical testing, we
identified the optimal concentration of cellulose fiber as 0.45 % by volume of mortar. Approxi-
mately 2.38 x 10% bacteria were immobilized in each gram of cellulose fibers. With cellulose fiber
encapsulated LSB, the test results show up to 25 % increase in compressive strength and split
tensile strength. After crack healing, the self-healing concrete still has higher mechanical strength
than the undamaged control concrete. Particularly, the self-healing concrete was able to heal
cracks up to 2.5 mm wide in fully wet environments and 1.5 mm wide in wet-dry conditions. This
research also highlights the resilience of bacteria carried by cellulose fibers against harsh envi-
ronmental conditions, including high temperatures at 160 °C, ensuring the durability and
applicability of the proposed self-healing concrete in diverse climates. Integrating cellulose fibers
encapsulated LSB into concrete represents a significant breakthrough in addressing the perennial
problem of concrete cracking, offering a promising avenue for constructing durable and
maintenance-free structures.

1. Introduction

Concrete is dominant in the global construction sector and is prized for its affordability, durability, high compression strength, and
high stiffness. Despite these advantages, concrete exhibits low tensile strength and is susceptible to cracks from various sources, like
fatigue, extreme temperature, inadvertent loading, and moisture loss [1,2]. These cracks, inevitable during the service life of concrete,
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can compromise structural integrity, leading to issues like moisture infiltration, reinforcement corrosion, and overall material
degradation.

The ramifications of catastrophic failures and compromised structural performance are significant both in financial and human
terms. The American Association of State Highway and Transportation Officials (AASHTO) estimated that, when the costs for
mandatory yearly inspections and traffic restrictions are not included, the national cost of repairing substandard bridges exceeds $140
billion [3]. The immediate repair of such scenarios is hindered by financial constraints, necessitating long-term solutions through
transformative technologies to substantially reduce infrastructure evaluation, assessment, maintenance, and repair expenses. Various
repair methods have been employed to address concrete cracks, such as external bonding of fiber-reinforced polymer (FRP) sheets in
reinforced concrete beams and columns [4,5], or applying an engineered cementitious composite (ECC) layer and steel plate [6]. While
successful, these methods require intensive preparation and may necessitate traffic interruptions or payload removal in buildings.
Thus, there is a growing interest in crack self-healing solutions.

Self-healing concrete offers a proactive substitute for reactive crack countermeasures. Materials exhibiting self-healing properties
have proven effective in reducing permeability and restoring strength and stiffness. An autonomous capsule-based mechanism in
polymer-modified concrete, akin to microencapsulation in polymer self-healing, has been explored [7-9]. This system uses one-part
epoxy drops with a liquid core and a hardened shell as a container for the healing agent. After being released into the concrete ma-
trix, the epoxy hardens by reacting with hardener, which assists in repairing cracks and restoring its mechanical properties. Applying
microencapsulation techniques to various cement-like substances has led to introducing microcapsules with unique shell materials and
healing agents [7].

In recent years, there has been a surge in using bacteria for self-healing purposes [10-17]. The differences among these studies
persist in the use of different bacteria and different bacteria carriers. One approach is to embed nutrients and bacteria within
sphere-shaped or cylinder-like micro- or macro-capsules. As propagating fracture encounters these capsules, the capsule ruptures and
releases bacteria and vitamins that initiate precipitation for crack healing. For example, Wang et al. [10-12] used several bacteria
encapsulated in various containers for healing cement mortars. The maximum crack width healed was up to 0.5 mm. Using encap-
sulation method, challenges arise due to the low capsule concentration in the concrete matrix, especially for spherical capsules with
limited opportunities to interact with cracks. Cylindrical capsules, while having a larger bonding area, face challenges with reduced
vitamin release because of the suction impact on the closed end [18,19]. Typically, bulk emulsifying polymerization strategies are used
for producing microcapsules, which raises questions regarding the dimensions of the capsules and their adhesive capacity with the
concrete mix design [20]. The method demands sophisticated equipment and intricate processes. Another challenge is that, like
polymer self-healing, once the healing agent and nutrient are released from the capsules, they result in new pores or new defects [21,
22]. Therefore, other bacteria carriers are further explored.

An alternative approach involves the adsorption method, where microbes and minerals are embedded in a permeable fabric with
intense pore size, saturated with bacterial suspension. This porous fabric provides support for bacteria growth, as well as oxygen and
water retention crucial for microbiologically induced calcite precipitation. Numerous carriers have been used, including diatomaceous
earth, polyurethane, ceramics, etc. [23-28]. However, the complexity in the immobilization strategies and high cost have restricted
their widespread use in the building sector.

In recent years, various types of fibers have been used as a bacteria carrier in healing cracks in mortar or concrete. The advantage of
using fibers as carriers is that fibers not only provide a protective environment for bacteria, but also serve as a reinforcement to in-
crease concrete strength and reduce crack opening. Su et al. [29] used polypropylene (PP) fiber as a bacteria carrier and shows higher
healing efficiency. However, none of them have focused on healing wide-opened, millimeter scale cracks in concrete. Singh and Gupta
[30] investigated the potential of cellulose fiber as a bacteria carrier in mortar and quantified self-healing through Ultrasonic Pulse
Velocity (UPV). They prepared two types of bacterial mortar using Bacillus subtilis strain 168 and added nutrients to either the mortar
mix or the curing water. The effectiveness of crack healing was evaluated using image analysis and UPV tests. The study showed that
cellulose fibers, acting as bacteria carriers, could enhance self-healing, although it resulted in a decrease in compressive strength and
insufficient physical self-healing. The maximum theoretical crack width was 0.52 mm. In another work, Singh, and Gupta [31] studied
the feasibility of alkali-treated micro cellulose fiber as a novel bacteria-carrier for self-healing mortar. The research shows that
self-healing mortar using cellulose fiber as a bacteria-carrier results in maximum self-healing as compared to other mixes, 8.23 % more
than control samples. However, the studies focused on self-healing of mortars and the maximum crack width of 0.7 mm.

This research focuses on using lysinibaccilus Sphaericus Bacteria (LSB) encapsulated within cellulose fibers to target the autonomous
healing of millimeter scale cracks in concrete. We choose LSB due to its robust biocalcification capabilities, which, combined with the
protective and supportive environment provided by cellulose fibers, presents a novel methodology for self-healing at an unprecedented
scale. We choose cellulose fibers because they offer distinct advantages, such as being biodegradable and having superior water
retention capabilities. These fibers create a conducive environment for bacterial growth which leads to sustained crack-healing ac-
tivity. Unlike alkali-activated carriers and expanding Perlite, cellulose fibers reduce bacterial leakage and maintain a consistent
presence of healing agents within the concrete matrix. This highlights the potential of cellulose fibers as an eco-friendly and efficient
solution for self-healing concrete. Unlike earlier studies that focused on microcrack healing in cement mortar or used synthetic carriers,
our approach capitalizes on the inherent properties of cellulose fibers to reinforce the mechanical properties of concrete and create a
conducive environment for bacterial-induced calcite precipitation, which is essential for the healing of macroscopic cracks. Our
experimental design covers a broader spectrum of crack sizes, incorporating more rigorous testing methods not only to assess the
healing efficiency but also to evaluate the impact on the mechanical properties and characterization of concrete.

To validate the efficacy of our proposed system, we conducted an initial investigation using calcite precipitation on a 3D printed
polymer scaffold. Although the environmental conditions of concrete and scaffold vary, this preliminary study was instrumental in



E. Igbokwe et al. Journal of Building Engineering 90 (2024) 109383

comprehending the potential of our microbial and cellulose fiber approach. Subsequent experiments were then designed to ensure
successful translation of the bio-mineralization process, bridging the gap between controlled laboratory settings and actual concrete
applications.

By harnessing the latest advancements in microbial loading technologies and prioritizing the sustainability and efficiency of cel-
lulose fibers as bacteria carriers, this research presents a comprehensive solution to a critical challenge in civil engineering. The
novelty of our work lies in its approach to millimeter scale crack healing in concrete, setting a new standard for future research in self-
healing concrete technologies geared toward achieving sustainable and resilient infrastructure.

2. Experimental

2.1. Materials

2.1.1. Cement

Ordinary Portland Cement (OPC) Type I GU, which satisfies ASTM C150 specifications for Type I cement, was used to create
concrete and mortar samples. The following chemical compositions make up Type I OPC: (a) 40-65 % for tricalcium silicate (C3S); (b)
20-35 % for dicalcium silicate (C2S); (c) 8-12 % for tricalcium aluminate (C3A); (d) 8-12 % for tetra-calcium alumino-ferrite (C4AF);
and (e) 5 % for gypsum added during the grinding process [32].

2.1.2. Aggregate

Aggregates, which include coarse and fine, are essential to constructing concrete and other building materials. These granular
substances form a robust and enduring concrete matrix when mixed with cement, water, and occasionally additional additives. This
investigation employed gravel comprising a blend of crushed stone and natural sand sourced from riverbeds. The particles exhibited
the characteristics of being well-graded and rounded. The relative dry densities were measured as 2.69 and 2.65 g/cm? for coarse and
fine aggregates, respectively. These values were correspondingly accompanied by absorption ratios of 0.70 % and 0.80 %. The largest
sizes for the fine and coarse aggregates were 4.50 mm and 10.50 mm, respectively. Table 1 gives specific details regarding the mix
design proportions for the concrete.

2.1.3. Cellulose fiber

For this research, the fibers were provided by Solomon Colors, Inc. The manufacturer describes the Ultra-Fiber as a cellulose-based
microfiber resistant to alkali that is utilized with better bonding and hydration, crack management, and better reinforcement. The
Solomon Inc. Ultra Fiber 500 has a length of 2.1 mm and a diameter of 18 pm. Cellulose fibrils, composed of chains of glucose
molecules held together by hydrogen bonds, make up each filament of this cellulose fiber. It exhibits an 80 % water absorption rate,
1.1 g/cm® density, and 900 MPa tensile strength compared to 480 MPa for polypropylene. It is more affordable than synthetic fibers
and steel fibers because each pound contains 77 million fibers [33]. Since these fibers are produced using naturally occurring
renewable resources, they assist in achieving environmental sustainability. Fig. 1 shows the cellulose fiber platelet.

2.1.4. Lysinibaccilus Sphaericus Bacteria (LSB)

The rod-shaped, gram-positive Lysinibaccilus Sphaericus Bacteria (LSB) are fully aerobic bacteria. These bacteria form pores and may
be dormant for several years. Soil, leaf surfaces, and aquatic habitats can all contain the LSB. This variety displays robust enzyme
urease action, persistent synthesis of packed limestone minerals (CaCO3), and adverse zeta possibility, all tolerating a temperature as
high as 56 °C. This study used the Southern University microbiology lab to cultivate and grow the LSB strain ATCC4252. Fig. 2 displays
the LSB plate colony and SEM picture.

2.1.5. Lattice polymer scaffold

To visualize and understand the calcification brought about by LSB, a polymeric scaffold was 3D printed. The 3D polymeric scaffold
was designed with the aid of CAD software. The unit cell size of the polymer scaffold is 1.5 mm, and its dimensions are 13.5 x 13.5 x
13.5 mm. Polylactic acid (PLA) was used in the 3D printing of the polymeric scaffold. PLA is a biodegradable and bioactive ther-
moplastic made primarily from sugarcane or corn starch. It is recognized for having eco-friendly qualities and is a member of the
polyester family. PLA is frequently used in medical implants, packaging, disposable dinnerware, and 3D printing. Because of its
biodegradability, composability, and reduced environmental impact during production, it has become more and more well-liked as a
sustainable substitute for conventional plastics. Because of its good gloss, transparency, and stiffness, PLA can be used in various
consumer and industrial applications. Fig. S1 displays the schematic CAD diagram of the 3D polymer scaffold in the Supplementary

Table 1
Mix proportions for the concrete.
Material Quantities Units
Cement 320 kg/m*
Aggregate 750 kg/m®
Sand 400 kg/m®
Water 120 kg/m?
Cellulose Fiber Volume Fraction 0 and 0.45 %
LSB Medium: 2.8 x 108 2.38 x 108 bacteria/g of cellulose fibers

Bacteria/ml
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Fig. 1. Cellulose Fiber Platelet. (Left) 2.1 mm long cellulose fiber platelet and (Right) SEM image of cellulose fiber platelet.

Fig. 2. (Left) the LSB colony forming units, and (Right) the SEM Image.

Materials.

2.1.6. Chemicals

A range of chemicals was used in the study to provide nutrients and calcium sources while also promoting bacterial growth and
biomineralization. All the chemicals utilized in this research, such as Yeast extract, BatoTM Peptone, calcium chloride anhydrous,
calcium nitrate, sodium bicarbonate, urea broth, and ethanol, were purchased from Sigma-Aldrich. To promote microbial activity, the
investigation utilized yeast extract as the growth medium, urea as the nitrogen source, and calcium nitrate as the calcium source.

2.2. Experiments

2.2.1. LSB culturing/inoculation procedure and absorption of bacteria in cellulose fiber

The LSB bacterial culturing was conducted in nutrient broth, which contained 4.3 g/L of sodium chloride, 2.5 g/L of yeast extract,
and 6 g/L of peptone, constituting the solution composition used for LSB bacterial culture growth. A magnetic stirring plate was used to
stir the mineralization for 10 min at 1400 rpm. The top of the conical flask was completely wrapped in aluminum foil, and the cap was
only loosely fastened. Following a 45-min autoclave at 121 °C and 0.14 MPa, the sample was left to cool for a full day at 25 °C
temperature. A sterile pipette tip was used to drop one colony from the LSB dish into the nutrient broth containing a bio-mineralization
solution for inoculation. After inoculation, the solution was placed in an incubator shaken for 48 h at 37 °C and 50 rpm with a loose foil
cover. The bacteria growth was determined by a hazy, cloudy substance in the solution that resembled a turbid, yellowish media. The
serial dilution method was utilized to adjust the necessary bacterial concentration of 2 x 108 bacteria/ml.

To determine the concentration of Bacteria/ml for Lysinibaccilus Sphaericus Bacteria (LSB) serial dilution and colony counting
methodologies were used. Firstly, an LSB culture was grown in a nutrient-rich broth until it reached an optimal level of bacterial
proliferation. Then, serial dilutions ranging from 107! to 107° were prepared using sterile Phosphate-Buffered Saline (PBS) as the
diluent to preserve bacterial viability during the process. We plated 0.01 ml aliquot onto nutrient agar plates, selecting this dilution
level based on preliminary observations. This dilution level yielded approximately 25 single-forming colonies in the plate with a
dilution factor of 107> after incubating at 37 °C for 48 h, which aligns with our target concentration. After the maximum visible
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forming colonies were counted, the concentration of the original LSB culture was calculated using the formula:

Bacteria Concentration = Total forming colony/(Volume plated X dilution factor)

Bacteria Concentration :ﬁ = 2.5 x 10*Bacteria / ml.

The process was meticulously followed according to the guidelines outlined in the American Society for Microbiology’s manual for
general bacteriological procedures [26]. The bacteria spore solution was preserved in the refrigerator for a longer period using glycerol
stock. The inoculation and culturing procedure is depicted in Fig. S2.

In this study, upon adjusting the weight of cellulose fibers to 300 g and considering their 85 % absorption capacity by weight, we
aimed to determine the total bacteria immobilized into the cellulose fiber for application in self-healing concrete and Polymer scaffold.
Utilizing a bacterial concentration of 2.8 x 108 bacteria per ml, the fibers absorbed 255 ml of this bacterial solution. Consequently, this
immobilized approximately 7.14 x 10'° bacteria, or 2.38 x 10 bacteria/g of cellulose fibers, significantly enhancing the potential for
efficient crack healing within the concrete matrix. This calculation is foundational to our approach, ensuring a high-density bacterial
presence crucial for activating and sustaining the self-healing processes.

2.2.2. Healing procedures in 3D printed polymeric scaffold

This research explored a novel approach leveraging the synergistic properties of cellulose fiber-carrying bacteria to achieve healing
capabilities in 3D printed polymeric scaffolds and concrete. To verify whether bacteria could self-heal concrete, the team first applied
calcite to a 3D printed polymer scaffold to observe the healing potential.

Our study uses a 3D polymer scaffold coated with calcite to explore the potential of bacteria-induced calcification for concrete self-
healing. We acknowledged the significant differences between the scaffold and concrete and utilized the scaffold as a simple model to
observe bacterial activity in a controlled environment. This was crucial before applying the findings to the more complex concrete
environment. To ensure the survival and effectiveness of bacterial strains in the alkaline conditions of concrete, we adapted the
bacterial encapsulation technique and used resilient bacterial strains. We recognize that laboratory results must be translated into
practical applications for self-healing concrete. Therefore, our approach aims to bridge the gap between experimental models and real-
world structural materials.

Using PLA, a polymeric scaffold with platelet dimensions 13.5 x 13.5 x 13.5 mm was 3D printed at the Southern University CAD
Lab. After that, pure ethanol was used to wash the 3D-printed polymer scaffold and dried at 60 °C. A liter of distilled water was used to
dissolve calcium chloride 30 g/L, ammonia chloride 12 g/L, nutrition broth 4 g/L, sodium bicarbonate 2 g/L, and urea broth 25 g/L to
create the bio-mineralization medium. The mixture was autoclaved for 45 min at 0.1 MPa and 120 °C. Bio-mineralization medium was
placed at room temperature (25 °C) after autoclaving; for samples with direct embedding of LSB, a 250 ml conical flask filled with LSB
solution was immersed in dried 3D-printed polymer scaffolds for 24 h at 30 °C. The intention is to guarantee a significant LSB bacterial
solution surrounding the polymeric scaffold. The scaffolds were then placed in an incubator at 30 °C and immersed in 250 ml bio-
mineralization medium. The bio-mineralization medium was changed daily until all the available space of the scaffolds was occu-
pied with calcium carbonate to promote mineral growth. The process known as “bio-mineralization” occurs when bacteria and other
living materials help to control the formation of minerals inside biological structures. Bio-mineralization, as used in the context of
bacteria-mediated self-healing, describes the capacity of some bacteria to cause the precipitation or deposition of minerals, such as
calcium carbonate, as a byproduct of their metabolic processes. This study shows the possibility of utilizing this process to promote
materials, such as polymers, to heal themselves. Additionally, 150 g of cellulose fiber was used as a bacteria carrier for polymeric
scaffold healing samples. The fiber was immersed in a 1000 ml conical flask containing 500 ml LSB solution for 24 h. Following a 24-h
period, the bacteria residing in cellulose fiber and polymeric scaffold samples were immersed in a 200 ml bionic mineralization. The
samples were placed in a 30 °C incubator and examined every five days to assess the degree of crack closure. Fig. S3 shows the
experimental procedure for healing a 3D polymer scaffold. After bacteria mineral encapsulation, bacteria carried by cellulose fibers
were dried at 60 °C for 24 h to examine the impact of temperature on the bacteria. After that, the samples were annealed at various
temperatures: 60, 100, 120, and 160 °C, respectively, before being brought to the SEM lab to assess the impact of the oven heating. This
experimental finding was observed via a decrease in the sizes of bacteria spores. The steps involved in testing the temperature effect are
depicted in Fig. S4.

2.2.3. SEM analysis of calcite precipitation around polymeric scaffold and cellulose fiber

Phenom scanning electron microscopy (SEM) inspected the polymer scaffold and calcified cellulose fiber. This investigation aimed
to determine if the surface of the fiber bacteria carrier contained calcite, which could help fill the gaps in the polymeric scaffold.
Samples of bacteria carriers made of cellulose fiber and polymeric scaffold were annealed and collected in various times to monitor the
development of crystallization. The fiber and polymeric scaffold surfaces were analyzed using SEM with an accelerating voltage of
5-15 KV at magnifications ranging from 100 pm to 200 pm. The experimental samples were installed inside the SEM chamber using
sample holders and stubs. Fig. S5 shows the procedure of using SEM to observe the structures.

2.2.4. 3D printed polymer scaffold mechanical testing

3D printed polymeric specimens were brought to the MTS lab to determine how calcification affects the strength of materials. The
purpose was to analyze the mechanical properties of the (1) control scaffold (without bacteria), (2) with bacteria but without cellulose
fiber carrier, and (3) with bacteria carried by cellulose fiber within the 3D printed polymer scaffold. As per IS 516-1959, the test
specimens were loaded into a 150 KN universal MTS machine, and the loading rate was adjusted to 1.5 MPa/min until fracture
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occurred. Fig. S6 shows the mechanical testing of a 3D polymer scaffold.

2.2.5. Mix design of different concrete specimen

For this study, four sets of concrete cylinders were prepared. The first concrete was the control concrete, denoted as CCxx, which
contained only concrete without bacteria or cellulose fibers. The second concrete group was a concrete cylinder with cellulose fibers
denoted as FCxx, which accounted for 0.45 % of the mortar volume fraction. The third group was concrete containing bacteria directly
incorporated into it without using cellulose fibers, denoted as BCxx. Lastly, the fourth group was concrete, denoted as FBCxx, which
contained bacteria carried by cellulose fibers at 0.45 % volume fraction. The four sets of concrete cylinders are summarized in Table 2.

A suitable design mix was created for M25-grade concrete by ASTM C192. The mix comprised a calculated proportion of cement,
sand, aggregate, and water, with quantities set at 320 kg/m?, 400 kg/m?, 750 kg/m?, and 120 kg/m>, respectively. This composition
yielded specific ratios crucial for the concrete’s performance: a cement-to-sand ratio of 0.8, indicating a slightly higher volume of sand
to cement; a water-to-cement ratio of 0.375, selected to ensure optimal hydration without compromising the mix’s strength; a sand to
the aggregate ratio of approximately 0.53, balancing the fine and coarse components for structural integrity; and a cement to the
aggregate ratio of about 0.43, ensuring the cementitious matrix adequately binds the aggregate particles. Every concrete cast was made
using a 100 mm by 200 mm cylinder mold lubricated before casting to facilitate sample demolding. Employing an air compressor, the
specimens were extracted from the cylinder mold and allowed to cure in water at 2541 °C until the scheduled test date. The assessment
was conducted at 7, 14, and 28 days of age. To determine the cellulose fiber-to-mortar mix design ratio, cellulose fibers of 0 %-0.70 %
volume fractions of mortar were investigated via compression testing. The results showed that 0.45 % cellulose fiber achieved the
optimum mechanical strength and was adopted in FCxx and FBCxx concrete castings.

In addition to the control concrete without bacteria and cellulose fibers, several concrete specimens were prepared with the same
mix design and specimen dimensions FCxx and cellulose fiber at 0.45 % of the mortar volume. In BCxx concrete, the concentration of
2.9 % bacteria (1.04 x 107 bacteria/cm® of cement mortar) was combined with 3.5 % calcium nitrate,1 % yeast extract, and 3.5 % urea
broth by mortar mass for every concrete cylinder. In FBCxx, cellulose fibers carrying LSB bacteria were used. During the concrete
casting process, each concrete cylinder in FBCxx received the same number of bacteria as BCxx but carried by 0.45 % cellulose fiber,
3.5 % calcium nitrate, 3.6 % urea broth, and 1 % yeast extract by volume of mortar.

2.2.6. Concrete strength testing

According to IS 516-1959 standard, the mechanical properties of concrete were tested at 7, 14, and 28 days of age, respectively.
The cylindrical specimen, measuring 200 mm long and 100 mm in diameter, was subjected to split tensile and compressive tests to
evaluate its tensile strength and compressive strength. The test procedures were performed using the heavy-duty 1555 kN Touch 350
Series ELE testing machine.

2.2.7. Concrete water absorption testing

The water absorption test was performed on four types of cylindrical samples using a 100 x 200 mm cylinder mold. Three-cylinder
specimens from each type underwent testing in compliance with the ASTM C67-07 standard. Before the test, every cylinder specimen
was cleaned and examined for any loose chips and debris. The concrete samples were cured for 28 days and annealed for 24 hat 115 °C
in a ventilated oven. The specimens were weighed after they had cooled to room temperature. After that, the dried samples were
completely immersed in water from the pipes for a full day at a temperature of 25 + 1 °C. They were removed, then cleaned with moist
fabric, and remeasured.

2.2.8. Acid immersion test

A study was conducted to understand the impact of acid on concrete and calcification. The study used an acid immersion test,
following the ASTM C 666-1997 standard. The four types of concrete specimens were submerged in solutions containing 6 % sulfuric
acid to test their durability. The percentage of concrete weight and strength loss were calculated and recorded. Weight loss = [(W; -
W)/W;il x 100 %, where W; depicts the weight before immersion, and W, represents the weight after immersion. Similarly, Strength
loss = [(S; — S;)/Si] x 100 %, where S; depicts the initial compression strength, and S; represents the final compression strength after
immersion. The percentages of decreased weight and decreased strength were examined after being submerged in HySO4 for 7,14, 28,
and 45 days.

2.2.9. Effect of temperature on concrete

Following ASTM C293-16 guidelines, the four types of concrete specimens were put inside a temperature bench oven at 426 °C. The
timing was set for 30, 60, 90, 120, and 150 min, respectively. The specimens were cooled to 25 °C after the heating process. The
residual compression strength and mass were measured. The purpose of conducting the “Effect of Temperature on Concrete Strength”
test is multifaceted and crucial for the comprehensive evaluation of our self-healing concrete. This test aims to ensure the thermal

Table 2
The four types of concrete cylinders.
Specimen Concrete Bacteria Cellulose fiber
CCxx Yes No No
FCxx Yes No Yes
BCxx Yes Yes No
FBCxx Yes Yes Yes
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stability of the concrete, which is vital for maintaining consistent mechanical properties across various temperature ranges, directly
impacting the material’s durability and applicability in different climates. Additionally, understanding how temperature influences
the biological activity of the encapsulated bacteria is essential for optimizing the conditions under which the self-healing mechanism
operates most effectively. By assessing the material’s performance under thermal stress, we can better predict the long-term durability
and maintenance needs of infrastructure utilizing self-healing concrete, ensuring structural integrity and safety of such constructions in
diverse environmental conditions. Furthermore, insights from this test inform design and application decisions, allowing for the
strategic use of self-healing concrete in scenarios where its unique properties can be fully leveraged despite temperature variations.
Overall, this section of our study is integral to demonstrating robustness, efficiency, and broad applicability of our innovative concrete
solutions.

2.2.10. Procedures for concrete fracture and self-healing

Specimens of concrete from BCxx and FBCxx were subjected to cracking using an MTS machine with a capacity of 150 KN after 28
days of curing. The loading speed was 2.0 MPa/min. The load was gradually applied until a crack appeared, and the fracture was
measured with a caliper. The crack measurements ranged between 0.5 mm and 2.5 mm. The fractured specimens were then treated
with the fully saturated technique and the wet and dry technique. These methods evaluate the effectiveness of Lysinibaccilus Sphaericus
bacteria (LSB) in healing cracks. In the wet and dry healing technique, the samples were submerged in water for 24 h and then allowed
to stay in the air for 24 h at room temperature; the procedure was repeated until self-healing occurred on a cracked concrete surface
after about 25-30 days. Alternatively, the specimens with fully saturated techniques were continuously submerged in water for 25-30
days until the concrete was fully healed.

2.2.11. Structural morphology and crystal formation of concrete

The Phenom SEM was used to investigate the size and shape of precipitated particles. We collected concrete particles from crack
locations in BCxx and FBCxx. The specimen was grinded with a sandpaper and pestle until it became powdery and was subjected to X-
ray diffraction analysis. The samples were collected at different intervals for examination. The Mini Flex X-ray Diffraction Machine was
used for the Study. Cylindrical self-healed samples (4 mm in diameter) from BCxx and FBCxx were also sliced and sent to the SEM lab to
determine structural morphology. The samples from BCxx and FBCxx (as shown in Table 2) were placed into the phenom SEM chamber
using a sample holder. The specimens were thoroughly cleaned to ensure that the images were not affected.

2.2.12. Compression and split tensile strength testing after concrete self-healing

Compression and split tensile strength after healing were performed again to evaluate the recovery of tensile and compressive
strength in self-healing concrete specimens after crack healing, like previous procedures for split tensile and compression tests. Fig. S7
shows the samples under compression and split tensile tests.

3. Results and discussions

3.1. SEM and mechanical analysis for 3D printed polymeric scaffold

The following details are crucial to remember: the addition of bacteria to the nucleation site caused calcification, as shown in
Figs. S8 and S9. It took 17 days for the calcification to fill the void in the polymer scaffold. The sequential 3D printed polymer scaffold
healing using LSB is seen from the SEM images. Day 2 saw no healing, but Days 5 and 10 saw the scaffold begin healing. The scaffold
sample had been filled with calcium carbonate on Day 17. Adding cellulose fiber and bacteria enhanced the compressive strength of the
polymeric scaffold, as demonstrated by Fig. 3. The samples with the highest compressive strength were FBCxx samples that contained
bacteria transported by cellulose fibers. The research indicates that bacteria can help polymer scaffolds heal themselves. In this work,
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Fig. 3. Compressive strength of 3D printed polymeric scaffold with three types of samples.
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the structured p-chitin matrix was replicated by utilizing a 3D-printed polymeric scaffold, with bacteria adherence on the polymeric
surface acting as sites for nucleation. The microbial enzyme urease facilitated the crystallization of CaCOs3, which surrounded the
polymeric scaffold surface.

Bio-mineralized composites with predefined microstructures were produced due to mineral development guided by small pore sizes
within the scaffold. In addition to having outstanding specific strength and crack resistance comparable to natural composites, bio-
mineralization materials are resistant to high temperatures and harsh conditions. These 3D-printed polymeric scaffolds with fiber
carried bacteria not only aid in the understanding and visualization of the calcification procedure but may also find use in industries
that demand high-performance structures, such as polymer bridges, vehicle sets, and aircraft boards. The materials are good for body
or vehicle armor in defense-related uses because they are light in weight. The chemical reaction is shown below.

CO(NH:): + 2H:0 + Ca®* Enzyme 2NH4* +CaCOs
)

3.2. Temperature impact on bacteria carried by cellulose fiber

The SEM images in Fig. 4 demonstrate that bacteria nutrients can withstand hostile environments when cellulose fiber is used as a
bacteria carrier at 160 °C. When compared to direct pouring into concrete, which stands around 56 °C [30], the encapsulation of LSB in
cellulose fiber showed superior temperature resistance. The SEM images presented in this study are integral to understanding the
interaction between the bacteria and cellulose fibers, especially following exposure to high temperatures. While SEM images primarily
provide morphological evidence, they are critical in illustrating that the bacteria remain physically intact and well-distributed within
the cellulose matrix even after thermal stress. This observation is foundational to our hypothesis that cellulose fibers offer a protective
environment against high-temperature conditions, thereby preserving the structural integrity of the bacteria. The images indicate that
the encapsulation method effectively maintains the bacteria’s physical state, a prerequisite for their functional survival and activity.
We acknowledge that further quantitative assessments are necessary to prove viability and function post-exposure. However, the SEM
results are a promising initial step, suggesting that our encapsulation strategy safeguards the bacteria against thermal degradation, an
essential factor for the practical application of self-healing concrete in various environmental conditions.

3.3. Effect of cellulose fiber volume fraction on concrete compressive strength

According to Fig. 5, the findings indicate that adding a volume fraction of 0.45 % cellulose fiber resulted in a 6.5 % increase in the
compressive strength of concrete compared to control concrete. The study also suggests that any concentration exceeding 0.45 % of
cellulose fiber may lead to decreased strength of the concrete. Therefore, to enhance the compressive strength of the concrete and, at
the same time, shield bacteria from being crushed, it is necessary to use a volume fraction of 0.45 % cellulose fiber with respect to
mortar.

3.4. Mechanical properties of the four types of concrete

Because the optimal cellulose fiber was determined to be 0.45 % by volume of cement mortar, concrete samples containing bacteria
carried by 0.45 % cellulose fibers were examined. Fig. 6 demonstrated that in FBCxx concrete, the split tensile strength was 2.2 MPa,
2.7 MPa, and 3.3 MPa, respectively, and increased by 29.4 %, 35 %, and 32 % when compared to the control concrete (CCxx), which
had a split tensile strength of 1.7 MPa, 2.0 MPa, and 2.5 MPa, respectively, on days 7, 14, and 28. From the test results FBCxx concrete
produced the most favorable results. The compressive strength of the FBCxx concrete samples was 22.0 MPa, 31.0 MPa, and 38.0 MPa,
respectively, which increased by 37.5 %, 34.8 %, and 35.7 % above the CCxx concrete on days 7, 14, and 28, respectively. Therefore,
the FBCxx concrete in Table 2 indeed demonstrates the benefit of adding bacteria carried by cellulose fiber in enhancing the strength of
conventional concrete.

3.5. Effect of acid on concrete strength

From Fig. 7a&b, after adding 6 % Sulfuric acid in water-submerged concrete samples for 7, 14, 28, and 45 days, CCxx concrete
decreased by 14.2 %, 12 %, 14.6 %, and 16.3 % of its compressive strength and 0.23 %, 0.43 %, 1.2 %, and 2.16 % of its weight, in
comparison to FBCxx concrete. Compared to the control concrete, the findings demonstrated that concrete containing bacteria

Fig. 4. Temperature impact on cellulose fiber carried bacteria.
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transported by cellulose fibers could survive under precipitated water containing sulfuric acid. The study emphasizes how acid im-
mersion reduces the strength of traditional concrete and how bacteria with cellulose fiber as a carrier serves as a reliable substitute. The
increased strength in this creative concrete demonstrates the numerous advantages cellulose fibers provide and highlights its potential
for resilient and sustainable building methods.

3.6. Effect of Temperature on Concrete Strength

When comparing the control concrete (CCxx) with the FBCxx concrete, the results from Fig. 7c&d shows that the compressive
strength of CCxx decreases by 45.8 %, 56.5 %, 74 %, and 80.5 % within 30-150 min of oven heating, respectively. After the annealing
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and (e) concrete water absorption rate after 28 days of curing.

at high temperature, CCxx (control concrete) loses 30-45 % of its original strength. This results from the degradation in bonding
between the cement and the aggregates in the concrete with a rise in temperature. Adding cellulose fiber and LSB during the mixing
process is recommended to minimize the loss of concrete strength at high temperatures. Cellulose fibers provide insulation and sta-
bility by acting as a protective shield around the bacteria.

3.7. Water absorption of concrete

After 28 days of curing, the mean water absorption of CCxx, FCxx, BCxx, and FBCxx concrete is 4 %, 2.64 %, 1.32 %, and 1.30 %,
respectively, according to the results from Fig. 7e. The water absorption of the concrete was found to decrease from 4 % to 2.64 % with
the addition of 0.45 % cellulose fiber and to 1.32 % with the addition of bacteria alone. The water was further decreased to 1.30 %
when bacteria were transported by cellulose-based fibers (FBCxx), suggesting a decrease of roughly 67.5 % compared to the control
concrete from CCxx.

Fig. 8. SEM observations of closely packed calcite particles after self-healing of (a) FBCxx concrete and (b) BCxx concrete.
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3.8. Microstructure characterization and crystal formation

Fig. 8 displays the results of the SEM examination of the concrete from BCxx and FBCxx, which shows that self-healing has occurred
because of the calcium carbonate release in the cracking area. The images show the formation of tightly packed calcium carbonate due
to continuous water retention. After 30 days, the concrete had an elevated pH level and an elevated level of precipitation of calcium
carbonate over the fractures, owing to self-healing in both wet-dry and fully wet conditions.

In the X-ray investigation, we observed the first peak in Fig. 9, which indicates the presence of calcium carbonate at an angle of 26
= 21°. The peaks observed in earlier research [19,20] are in accordance with this peak. We used the High Score Plus software to
determine the crystalline structure of the peak pattern. The X-ray diffractogram shows that both quartz (SiO3) and calcite (CaCO3) are
visible throughout the spectrum. The test results confirm self-healing of the cracks.

3.9. Self-healing of concrete consisting of bacteria

In addition to Figs. 9 and 10 suggests that incorporating bacteria in BCxx and utilizing cellulose fiber as a carrier for bacteria in
FBCxx concrete proved successful in restoring concrete fractures within the crack width range from 1.5 mm to 2.5 mm. It is noted that
the crack width healed in this study doubles and triples the crack width studied previously [30,31]. This healing was achieved through
the wet-dry and fully wet methods after a healing period of 30 days. Notably, by the 30th day, a comprehensive healing of the cracks
was observed, accompanied by the precipitation of calcium carbonate. The outcomes highlight how effective bacterial inclusion is at
promoting significant self-healing of concrete fractures, especially when the bacteria are carried by cellulose fiber. The capacity for
total healing and the calcium carbonate formation that was seen demonstrate the exciting possibilities of adding novel materials, like
cellulose fibers, for improved concrete durability and restorative properties. The chemical reaction during the bacteria-induced
calcification can be represented by Equations (1)-(7) [20]:

Ca (NH,), + H,0 = NH,COOH + NH; (¢D)
NH, COOH + H,0 = NH; + H,CO; (2)
H,CO; =HCO; +H* 3
2NH; + 2H,0 = 2NH; +20H" C))]
HCO; +H2NH] 4 20H™ = CO?*™ + 2NH} + 2H,0 )
Ca®" 4 Cell = Cell - Ca** (6)
Cell - Ca** +CO;~ = CaCO; - Cell @

The information about the split tensile and compression strengths of the healed concrete is given in Tables 3 and 4. Per the tables,
the self-healed concrete has recovered between 65 % and 70 % of its initial compressive and tensile strength before experiencing any
damage. Notably, the control concrete (CCxx) has a lower compressive strength than the samples from FBCxx and BCxx, even after they
have been damaged and healed. This suggests the effective restoration of both compressive and tensile strength following self-healing.
An intriguing observation is the consistent increase in strength over time during the healing process. This leads to considering con-
ducting future research to determine the specific duration required for the concrete to reach 100 % strength. These findings highlight
the intriguing possibility of incorporating bacteria into cellulose fibers for self-healing applications, demonstrating a significant
strength recovery and the capacity to outperform the initial strength of traditional concrete.

4. Conclusions

This research presents a pioneering methodology for the autonomous healing of macroscopic cracks in concrete, facilitated by
encapsulating Lysinibaccilus Sphaericus Bacteria (LSB) within cellulose fibers. This approach, significantly augmented using a 3D-printed
polymeric scaffold for preliminary observations, has demonstrated a notable enhancement in concrete mechanical properties. The
experimental findings indicated that integrating LSB-encapsulated by cellulose fibers into concrete resulted in a substantial 25 %
increase in split tensile and compressive strength compared to control samples. Actually, after crack healing, the FBCxx and BCxx still
have higher split tensile and compressive strength than those of the control concrete without damage. Additionally, the self-healing
capability of this composite material was convincingly evidenced through the closure of cracks up to 2.5 mm in fully wet environ-
ments and 1.5 mm in wet-dry conditions within 30 days. The crack width healed in this study doubled or even tripled that achieved in
previous studies using cellulose fiber carried bacteria. The test results validate that self-healing of concrete by cellulose fiber carried
bacteria is a new alternative for sustainable concrete constructions.
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Fig. 9. X-ray diffraction of crystal formation of FBCxx and BCxx concrete.

Fig. 10. Visualization of self-healing of the concrete. (a&b) BCxx concrete under wet-dry conditions, and (c&d) FBCxx concrete under fully wet conditions after 30

days of healing.

Table 3
Concrete compressive strength before damage and after self-healing.
Specimen Before Damage (MPa) After Damage and Self-Healing (MPa)
CCxx (control concrete) 27.0 £0.13 -
BCxx (consisting of bacteria directly) 35.0 + 0.05 27.9 +£0.22
FBCxx (consisting of bacteria carried by cellulose fibers) 37.0+£0.11 32.24+ 00
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Table 4
Concrete split tensile strength before damage and after self-healing.
Specimen Before Damage (MPa) After Damage Self-healing (MPa)
CCxx (control concrete) 2.50 £ 0.10 -
BCxx (consisting of bacteria directly) 3.00 + 00 2.60 + 0.20
FBCxx (consisting of bacteria carried by cellulose fibers) 3.40 + 0.01 3.10 + 0.03
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