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Abstract

Self-healing materials are a type of smart material with the structural capacity to repair mechanical wear and
tear over time. The inspiration originates from biological systems that can regenerate after being injured. The
formation of tiny fractures and other forms of damage has been proven to alter thermal, electrical, and
acoustical characteristics, eventually leading to the whole-scale collapse of the material. Typically, cracks are
repaired by hand, which is IN-efficient because cracks are sometimes difficult to detect. A material (like:-
polymers, ceramics, etc.) that can intrinsically correct damage caused by normal usage could reduce the
production costs of a variety of different industrial processes by increasing part lifetime, reducing inefficiency
over time caused by degradation, and preventing material failure costs. For a material to be formally described
as self-healing, the healing process must proceed without human involvement. However, several of the
instances below feature healing polymers that require intervention to begin the healing process.

A catalyst is also included IN the’ thermoset to allow this process to occur at ambient temperature and keep
the’ reactants IN a monomeric form within the capsule. The catalyst reduces the’ reaction’s Cinergy barrier,
allowing the’ monomer to’ polymerize without the use of heat. The capsules (typically made of wax) that
surround the” monomer and catalyst are critical for maintaining separation until the’ fracture allows the reaction
to proceed.

‘There are several obstacles IN creating this sort of material. First, the catalyst's reactivity must be maintained

even after it is Incased IN wax. Furthermore, the monomers must flow at a sufficient velocity (with low
viscosity) to’ fill the’ whole crack before it is polymerized, otherwise, the complete healing capacity will not
be obtained. Finally, the catalyst must swiftly dissolve into the’ monomer to’ react properly and prevent the
fracture from expanding further.
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History

Self-healing materials have just recently emerged as a well-kndwn field 6f study IN’ the twenty-first century.
IN 2007, the first international conference 0n self-healing materials t60k place. The field 6f self-healing
materials is linked t6 biémimetic materials (materials inspired by living nature) as well as 6ther new materials
and surfaces with integrated self-6rganizational capabilities, such as self-lubricating and self-cleaning
materials.
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A typical bridge IN the United States is designed t6 last 50 years (but 6nly if the réadbed is changed regularly).
Bridges IN the United States are currently 42 years 6ld 6n average. The US Department 6f Transportation
classified dne-quarter 6f all bridges as physically defective 6r Operationally éutdated last year. In a March
study, the American Séciety 6f Civil Engineers assigned a "D" grade t6’ U.S. infrastructure, citing delayed
maintenance and chronic underfunding; it estimates that $2.2 trillion will be required 6ver the next five years
to raise that grade t6 a "B."

According to the Portland Cements (PC) Assdciation, the world consumed 3 billion ténes 6f cement, the active
ingredient IN coOncrete, last year. (The 6ther three elements IN concrete are gravel, sand-dust, and water.)
Concrete has several advantages, including its inexpensive cOst and high compressive strength. Brittleness is
its primary préblem. Tinseled strength requires steel inside.

INTRODUCTION

e Concrete is the most Of tin utilized building material 6n the planet.

e Cracks IN concrete buildings are caused by natural précesses like weathering, faults, land subsidence,
earthquakes, and human activity.

e Concrete expands and contracts IN response t6’ variations IN” mdisture and temperature, and this
propensity generates fractures IN the material.

e We dislike fractures IN concrete because these create an 6pine pathway t6’’ reinférce mint and can
cause durability issues such as rusting of the steel bars.

Different healing mechanisms
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The healing process is analdgous t0 how human skin heals itself: An inch-wide gash heals far faster than a
paper cut. Whine the’ hairline fractures IN Li's concrete appear, the’ dry compdsite is expdsed to moisture IN
the air, which it absorbs. It "gréws™ new concrete as it goes, filling up the small fractures. Meanwhile, calcium
i0ns within the’ fractured concrete combine with mdisture and carbon dioxide from the air t6 form a calcium
carbonate substance similar to that féund IN seashells. This alléws the concrete to restére its driginal strength.

A more flexible variant 6f Li's self-healing concrete.

According to Li, his self-healing concrete would cost aréund three times as much as nérmal concrete but would
pay for itself IN decreased repair work. He predicts that the Gréve Street Bridge IN Ypsilanti, Mich., which
was built using typical concrete, would cost $350,000 per year IN maintenance, user, and Environmental costs-
-its sO-called "life-cycle cOst"--Over the next 60 years. The same bridge should have a 50% reduced life-cycle
cost if built with Li's self-healing concrete. This would améunt t6 an $11 millidn savings, perhaps justifying a
significantly higher starting cost.

Concrete is traditionally classified as ceramic. Brittle and inflexible, it can break catastrophically when
stretched IN an earthquake or by everyday abuse, according to6 Li. ECC is more malleable than standard
concrete and behaves more like metal than glass. ECC, which is reinférced with specifically coated reinforcing
fibers, binds without breaking and stays intact and safe t6 use at tinseled I6ads 6f up t6 5%.
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Tdday, steel bars are used to strengthen concrete constructions t0” keep fractures as tiny as feasible. However,
holes are n6t tiny Endugh t6” heal, alléwing water and de-icing salts t6” infiltrate the’ steel and cause c6rrdsion,
further weakening the structure. Li's self-healing concrete dées nét require steel reinfércing t6” keep fracture
width-restricted, preventing corrdsion.

"We hope that when we rebuild éur roads and bridges, we do it correctly sé that this transportation
infrastructure does not have t6’ go thréugh the costly repair and rebuilding process again IN 5t 10 years,™ Li
added. "Rebuilding with self-healing, bINdable concrete would also alléw for a mére harmonidus relationship
between the’ built and natural INvironmINts by reducing these infrastructures' INergy and carbon footprints."

The University 6f Michigan is seeking commercialization partners t6 help bring the’ ECC formula t6 the
market and is pursuing a patent on it.

CemINt and Concrete Research has released an article 6n the material énline. The NSF* and a CNS? are funding
the research.

Definition 6f Internal Curing (1C)

According to the ACI-308 Cdde, "internal curing refers t0’ the process by which the hydration 6f cement 6eeurs
because 6f the availability 6f additional internal water that is not part 6f the mixing Water." Curing concrete is
often defined as producing circumstances that prevent water from evapdérating from the surface, implying that
curing dcceurs "from the” 6utside IN." In contrast, ‘internal curing' alléws for curing 'frém the’ inside t0’ the’
outside’ via internal reservaoirs.

Need for Self Curing

WhIN mineral admixtures thoroughly react IN a blINded cemINt system, the demand for curing water
(external/internal) might be substantially higher than IN traditidnal plain Pértland cemINt concrete. WhIN this
water is not easily available, for example, due t6 capillary porosity de-percolation, significant autégendus
misshapen, and (early-age) splitting may happen.

Because 0f the chemical shrinkage that 6ccurs during the cemINt hydration, empty holes are formed inside the
cemINt paste, resulting IN a decrease IN internal relative humidity as well as shrinkage that may induce early-
age cracking. This scenari0 is exacerbated IN HPC (as compared to traditional concrete) by its typically greater
cemINt content, I6wer water/cemINt (w/c) ratid, and p6zzélanic mineral admixtures (fly ash, silica fume). The
empty holes formed during self-desiccation cause shrinkage strains and also affect the kinetics 6f the cement
hydration process, limiting the ultimate degree 6f hydration. The strength attained by IC may be greater than
that achievable under saturated curing conditions.

Water required for Self—curing
It is determined by the chemical and autdgendus shrinkages that are predicted during hydration processes.
Types 6f Shrinkage Drying

Shrinkages can Occur at any age 6r thréughoéut time; distinct forms 6f shrinkage include drying shrinkage,
autégendous shrinkage, thermal shrinkage, and carb6nation shrinkage.

Products that are less than the reactants (cement and water). As an example: Tri-calcium silicate hydration:

CS+53H->Ci:SH: + 13 CH

1 National ScilNce Foundation

2 China National Scholarship
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Bacterial concrete

e "Bacterial Concrete" is a type 6f concrete that may be manufactured by incérporating bacteria intd the
concrete that can continually precipitate calcite, a phenémendn knéwn as microbidlogically induced
calcite precipitation.

e Itis the prdcess via which living drganisms produce indrganic substances.

e It is the same mechanism through which humans prdduce teeth and bones.

Autogenous Shrinkage

It manifests itself as a vélume shift IN concrete that 6ccurs IN the absence 6f mdisture transfer from the
envirdnment intd the concrete. It is caused by the concrete's inherent chemical and structural reactions. Because
of the 16wer amount 6f water and increased number 6f different binders utilized, autégenéus shrinkage is
significant IN HPCs.

Autdgendus shrinkage is frequently caused t6’ chemical shrinkage at early ages (the first few héurs) before the
concrete has created a cemented skeleton. Autdgenous shrinkage can also arise by self-desiccation at later ages
(> 1+ days) since the’ rigid skeleton resists chemical shrinking.

Under is6thermal sealed curing conditions, the exteriér (macroscopic) dimensional decrease Off the’
cementitidus system can range from 100 t6 1000 micro stresses.

The’ potential off Self desiccation prominent IN HPC/ HSC

The finer porosity 6ff HSC/HPC (with a I6w wi/c) leads the’ water meniscus t6 have a larger radius 6f curvature,
creating high cémpressive stress 6n the pore walls and resulting in> mére autégendus shrinkage whiN the’
paste is dragged inwards. Mineral admixtures IN concrete, such as fly ash and silica fume, tend t6’ refine the’
pore structure téwards a finer microstructure, increasing water consumption and autégendus shrinkage 6wing
t0” self-desiccation.

Inter-dependence 6ff AutdégIN6us& Chemical Shrinkages
Chemical shrinkage results IN empty pores inside the” moisturizing paste and the’ stress created is calculated
using the equation:
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Cap=2"y/r=-In{RH} *R*T/Vn

where y,Vim = Surface tension and molar volume of the pore solution

r = the radius of the largest water-filled pore (or the smallest empty pore)
R = the universal gas constant, and T is the absolute temperature

The sizes of empty pores regulate both internal RH and capillary stresses. These stresses cause a

physical autogenous deformation {shrinkage strain) given by:
€=(S " 0y 3) " [{1/K)})—(1/Ks])]

where € = shrinkage {negative strain), S = degree of saturation {0 to 1) or volume fraction of water
filled pores, K = bulk modulus of elasticity of the porous material, and Ks = bulk modulus of the solid

framewark within the porous material,

Althéugh the folléwing equation is merely approximate for a partially saturated viscoelastic medium like
hydrating cement paste, it ndnetheless gives insight intd the physical mechanism 6f autégenous shrinkage and
the significance of different physical factors. Internal drying shrinkage is equivalent t6> dutward drying
shrinkage.

Early External Water Curing and Cracks IN HPC

(civil, n.d.) Chemistry 0f the Process

Several firms and stakehdlders, including the Dutch Ministry 6f R6ad Affairs, have indicated an interest IN
the product with the aim 6f 16ng-term savings via greater construction life expectancy. The twd experts
anticipate that their concrete will hit the market IN four years.

Concrete cracking is a regular 6ccurrence. Cracks IN concrete constructions tend t6’ spread further if not
treated promptly and properly, necessitating costly repairs. Althéugh accessible current technélogy can limit
the extent 6f cracking, the repair 6f cracks IN concrete has been the tdpic 6f research for many years.
Commercially available materials for fixing cracks IN concrete include structural epoxy, resins, epdxy mortar,
and Other synthetic cdmbinations. Cracks and fissures are a typical issue IN buildings, pavements, and ancient
monuments. We have developed a revolutionary approach for repairing fractures using environmentally benign
bidlogical processes that are self-remediating IN nature. Bacillus pasteurizing, which is prevalent IN soil, was
employed IN the’ study t6> induce CA [O.sub.3] precipitation. Understanding the principles 6f microbial
activity IN crack repair is so critical.

Chemistry 6f the Process

Microbioldgically INhanced crack remediation (MECR) empldys a biélogical bypréduct, CaCO, which has
demonstrated broad application potential as a sealant. Its potential uses include surface crack and fissure repair
IN a variety 6f structural formatiéns, IN-base and sub-base stabilizatién, and surface séil consélidation. MECR,
IN theory, persists as 16ng as microbial metabdlic processes continue. This indrganic sealant is nét 6nly non-
toxic t0 the environment, but it also lasts a 16ng time IN it.
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Microbioldgically induced calcium carbdnate precipitation (MICCP) is a sequence 6f complicated biéchemical
events involving Bacillus pasture, urease (urea amid hydrdlase), and high pH. Bacillus pasteurii, an alkaldphilic
sOil bacterium, plays a major part IN this process by generating urease, which hydrélyzes urea t6 ammaonia and
carbon dioxide. The ammonia raises the pH 0f the surrfunding envirébnment, causing precipitation Off
CaC[O.sub.3], primarily as calcite. The entire chemical equilibrium response 6ff calcite precipitation IN
aquatic conditions may be characterized as follows:

[Ca.sup.2+] C[O.sub.3.sup.2-] [—] CaC[O.sub.3] [|] (1)

Thee Possible biochemical reactions en the Urea-Ca[Cl.sub.2] medium to precipitate
CaC[0.sub.3] at thee cell surface can be summarized as follows:

[Ca.sup.2+] + Cell [—] Cell-[Ca.sup.2+] (2)

C1 + HC[O.sub.3] + N[H.sub.3] [—] N[H.sub.4]Cl + C[O.sub.3.sup.2-] (3)

Cell-[Ca.sup.2+] + C[O.sub.3.sup.2-] [—] Cell-CaC[O.sub.3] [|] (4)

Immobilization of the Bacteria

It is the technique IN in which micréérganisms are INcapsulated IN different péréus materials t6’
maintain high metabélic activities and protect from adverse envirdnments.

For immobilization different materials like pOlyurethane (PU) polymer, lime, silica, and fly ash can be
used.

PU can be used widely, because 6f its mechanically strong and biéchemically inert characteristics.

strength and durability perférmance 6f the bacterial concrete:

The’ effectiveness 6f MICCP IN concrete repair was evaluated using hairline-cracked cement mortar
beams remediated IN B. pasteurii medium. Various levels 6f perférmance INhancemINt were 6bserved
IN the’ treated specimens, including:

A 20% reduction IN mean expansion due td’ alkali-aggregate reactivity;

A 38% reduction IN sulfate effects; a 45% reduction IN mean expansion after the’ freeze-thaw cycle
and higher retaining rates (30% higher) 6f the original weight. SEM examination corréborated the’
microbidlogical imprévement 6f concrete by demonstrating that the new layer 6f calcite depdsit created
an impermeable sealing layer, INhancingg the’ durability 6f concrete against freeze-thaw cycles and
chemicals with high pH.

Microbidlogical precipitation 6ff caco3: Effect 6f ammonia and pH 6n growth of cell:

Calcium carbonate precipitation appeared to be linked with B. pasteurii gréwth and was finished within
16 hours after indculation. EVIN during the stationary phase 6f cell develépment, a significant amdunt
6f ammOnia was generated.

The’ pH 6ff the’ medium increased sléwly as ammaonia éutput increased, but nét immediately with cell
growth.

Bacterial efficiency as a sealant: Filling material efficiency for crack restoration.

The’ findings imply that PU proétects cells from the high pH 6f concrete and promotes bacterial growth
more effectively than 6ther filler materials. (Compressive StrINgth Increase Due t6° MECR).

Transfer 6ff bacteria

After adequate bacteria develépment IN the’ labdratory, the bacteria are transferred t6 cracked mértar cubes
by combining with sand and the needed amoéunt 6f bacterium cell concentration.
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Conclusions

The folléwing results are reached from the experimental prégram carried 6ut at the SV National Institute 6f
Technology, Surat (INDIA):

The excellent pétential 6f MICCP exhibited IN 6ur work prévides an intriguing nétién for crack repair IN
diverse structures. Our preliminary findings én MICCP are summarised here.

The appropriate B.pasteurii concentration should be determined by taking intd account characteristics such as
crack size, frequency of reactién mix application, length 6f micrébial treatment, remediation temperature and
material for immaobilization, ambient condition, and s6 on.

Based 0n the findings 6f this investigation, it is 6bvidus that MICCP has great potential for cementing concrete
as well as a variety 6f 6ther structural and nonstructural fissures.

Microencapsulated Materials - self healing matrix

Crack fills bursts microcapsule, Contact with catalyst causes

Crack forms in material = 2 G-
releasing healing agent polymerization

Healing Agent www_engineeringcivil. com
e Catalyst

Figure 1 Séurce:http://bduncingideas.files.wdrdpress.com/2012/02/micrélNcapsulated-materials-self-healing-materials.png

Figure 2 Séurce:http://autondmic..beckman..illindis.edu//rupture.html

Pélymer breakddwn

From a chemical standpéint, conventional polymers succumb t6” mechanical stress via sigma bond breaking.
Traditional pélymers generally yield by hdmdlytic 6r heterélytic bond cleavage, althbugh newer pdlymers can
yield IN different ways. The folléwing aspects influence how a pélymer yield: kind 6f stress, chemical qualities
inherent IN the” polymer, level and type 6f s6lvation, and temperature.

Stress-induced damage at the mélecular level results IN larger-scale damage knéwn as micrdcracks from a
macromolecular standpdint. A micrdcrack forms whiIN neighbdring polymer chains are disrupted nearby,
eventually weakening the’ fiber as a whole.
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Figure 3 Scheme 1. Homdlytic cleavage 6ff poly(methyl methacrylate) (PMMA).

Polymers have belN 6bserved t6” undergd homalytic bond breakage using radical repdrters such as DPPH
(2,2-diphINyl-1-picrylhydrazyl) and PMNB (pINtamethylnitrosobINzINe). WhIN a bond is split
homolytically, two radical species are formed, which can recombine t0 repair damage 6r cause new homoélytic
cleavages, which can cause more damage.

oo

Figure 4 Scheme 2.Heterdlytic cleavage 6ff pdlyethylene glycol.

Is6tope labeling tests have also revealed that pélymers suffer heterdlytic bond cleavage. WhIN a bond is
severed heterélytically, cationic and anidnic species arise, which can then recémbine t6’ heal the’ damage, be
quenched by sélvent, 6r react destructively with neighbéring pélymers.

Reversible bond cleavage

Certain polymers respdnd t6’ mechanical stress IN an unusual, reversible way. Reversible cycléaddition dccurs
IN Diels-Alder-based pdlymers whIN mechanical stress cleaves two sigma bonds IN a retrd Diels-Alder
reaction. This stress leads t6 more pi-bonded electrdns rather than radical 6r charged mélecules.

CovalINtly bonded system
Diels-Alder and retro-Diels-Alder

Because of its thermal reversibility, the’ Diels-Alder (DA) reaction and its retré-Diels-Alder (RDA) analtg
appear to be particularly promising examples 6f reversible healing polymers. In general, functional gréup-
containing mondmers such as furan 6r male-imide make two carbon-carbon bonds IN a certain manner and
produce the pélymer via the’ DA reaction. This polymer, when heated, degrades t6’ its 6riginal ménémeric
compdonents by RDA reaction, and the’IN reforms the’ pélymer upon c66ling 6r under any 6ther circumstances
utilized to create the pélymer. Two forms Of reversible pélymers have belN investigated during the last few
decades:

I.  Polymers with pendant gréups that cross-link via consecutive DA coupling events, such as furan or
maleimide groéups;

Il.  Polymers IN which multifunctional moénémers are linked tdgether by sequential DA coupling
processes.

Thidl-based polymers

Disulfide linkages IN thidl-based pélymers allow for reversible créss-linking via 6xidation and reduction. The
disulfide (SS) bridges IN the’ polymer break and result IN méndmers under reducing conditions; héwever,
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under 6xidizing conditiéns, the’ thidls (SH) 6ff each ménémer form the’ disulfide bdnd, créss-linking the’
initial components to create the pdlymer. Chujoet al. demonstrated a reversible cross-linked pélymer based 6n
thidls utilizing pély(N-acetyl-ethyl-INeimine). (Scheme 5)

—%CH;NCH.—)—LN . CH‘,NCH‘.—}H— ‘(‘CHji'z»‘}m‘%CH:NCH; .
O)\ OA\L (o) 0

(o) o}
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Figure 5 Scheme 5. Reversible pdlymer créss-linking by disulfide bridges

Poly(urea-urethane)

A soft poly(urea-urethane) network uses the’ meta-thesis process IN ardmatic disulfides t6’ give self-healing
characteristics at ambient temperature without the need for external catalysts. This chemical process may
spontanedusly form cdvalent connections at ambient temperature, alléwing the pélymer t&” mINd itself withéut
the need for an external sdurce 6f energy.

WhIN left t6 rest at roc6m temperature, the material repaired itself with 80 percINt efficilNcy IN twé hours and
97 percINt efficilNcy IN 24 hoéurs.

Interconnected networks

Intercénnected networks are more efficient than discrete channels, althéugh they are more difficult and
expensive t6 build. The mdst basic method is t0 use fundamental machining techniques t6” make micro-size
channel grooves. These procedures produce 600-700 micrometer channels. This appréach works (Baidya,
2022) well IN two dimensidns, but it is limited when trying t6 form a three-dimINsional network.

Micrdcapsule healing

The design o6f this methdd is similar t6 that 6f the holléw tube apprdach. The thermdsetting pdlymer
Encapsulates and embeds the’ méndmer. When the’ fracture reaches the’ micrécapsule, the’ capsule ruptures,
alléwing the’ méndmer t6’ leak int6 the’ crack t6’ pdlymerize and heal it.

3 B
° “
® ° ° °
0
El o
° °
o 0

Figure 6 . Depiction 6ff crack propagation through microcapsule-imbedded material. Monémer micrdcapsules
are represented by pink circles and the catalyst is shown by purple déts

Using live (6r unterminated chain-INds) pélymerization catalysts is a useful technique t6 permit many healing
occurrences. If the capsule's walls are t00 thick, they may not shatter as the’ crack approaches; nevertheless, if
they are t00 thin, they may burst early.

There are several difficulties IN creating this sort 6f material. First, the catalyst's reactivity must be maintained
even after it has been sealed IN wax. Furthermdre, the monémer must fléw fast INGugh (with a 16w INGugh
viscosity) t6” fill the’ whole fracture before it is pélymerized, 6therwise, the full healing ability will be 16st.
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Finally, to react properly and prevent the fracture from expanding further, the catalyst must swiftly dissélve
intd the moéndmer.
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Figure 7 Scheme 6. ROMP 6ff DCPD via Grubbs’ catalyst

DicyclopINtadilNe (DCPD) and Grubbs' catalyst (bINzylidINe-bis(tricycléhexylphdsphine) dichlord
ruthenium) have been used IN this procedure. DCPD and Grubbs' catalyst are béth embedded IN epoxy resin.
Pdlymerization does not 6eecur because the monomer is relatively unreactive. WhIN a micrdcrack reaches both
the’ DCPD capsule and the catalyst, the monémer is freed from the core-shell micrécapsule and comes intd
contact with the expdsed catalyst, where it undergoes ring-6pINing metathesis polymerization (ROMP). The
mondmer's metathesis process includes the separation 6f two doéuble bonds IN favor 6f new bonds. The
inclusion of a catalyst 16wers the’ INergy barrier (INergy o6ff activation), alléowing the polymerization process
t0 take place at ambient temperature. The resultant pdlymer enables the’ epoxy-compdsite material t0” restore
67% Of its previous strength.

Carbon nan6tube networks

At a given temperature, a linear pélymer becomes mobile by dissélving it inside a sélid three-dimINsional
epOxy matrix sO that they are miscible. WhIN carbdn nanétubes are mixed with epéxy and a direct current is
sINt through the tubes, a large shift IN the’ sINsing curve signals irreversible damage t0’ the’ pOlymer,
thus'sINsing' in a crack. WhIN carbdn nanotubes detect a break IN the structure, there may be empléyed as
thermal transporters to’ heat the matrix, alléwing the linear pélymers t6’ disperse and fill the’ fissures IN the’
epOXy matrix. As a result, the substance is healed.

Thermal s6lid-state healing agents

Heating these supramdlecular-based materials causes the’ non-covalent bonds t0’ break, Enabling there t6’
heal. “Intrinsically" self-healing materials, such as supramélecular pélymers, are formed by reversibly linked
ndn-covalent connections (i.e., hydrogen bdnds), which dissdlve at higher temperatures. When the material
c6ols, new connections develdp and any damage is repaired. One advantage 6f this method is that no reactive
chemicals 6r (toxic) catalysts are required. These materials, hdwever, are nét "auténémic" since they require
the’ Engagement 6f an dutside actor to elicit a therapeutic response.

Biomimetic

Natural systems frequently contain self-healing materials and design inspiration may be drawn frém these
systems. There is evidence IN the” academic literature 6n these biomimetic design methddologies being used
IN the development 6f self-healing systems for pélymer compdsites. Murray's law applies IN bidlogy when
the least amount of force is required t6 pump fluid thréugh channels. Deviation from Murray’s rule is mindr
though, increasing the diameter by 10% 6nly corresponds t6’ increased power consumption 6f 3%-5%.
Murray’s law is followed IN various mechanical vessels, and utilizing Murray’s law can 16wer the” hydraulic
resistance thréughout the vessels.
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Further applications

Self-healing ep0Oxies can be integrated int6’ metals t6 avoid corrdsion. A substrate metal showed considerable
deterioration and rust develdpment after 72 hours 0f expOsure. But after being cévered with the self-healing
epoOxy, there was n6 dbvidus damage under SEM after 72 hours 6f identical expdsure

Conclusion:

e Beams with micro-fractures that were remediated with a bacterial concentration 6f 8.6 108 cells/ml 6f
water regained 80% Of their original strength. Higher concentration I6wered the’ recovery strength of
concrete.

e |t was discovered that a specimen with bacteria enhanced its permeability and resistance t6 an alkaline
Envirdnment, sulfate attack, and freeze-thaw action.

e As a result, we may conclude that bacterial fracture repair can increase structural strength and
durability.

e As the’ entire 6bservation was conducted IN America, the conclusions cannét be considered directly
relevant for our country due t0 differences IN temperature, humidity, type 6f concrete, control Gver
numerdus elements such as kind 6f concrete mix, and so 6n.

e CoOncrete porosity and permeability shéuld be examined IN India since they are the primary causes 6f
suffering IN many constructions.

e |f this techn6ldgy is investigated IN the’ Indian context, it can be applied IN crack treatment IN many
madre impdrtant and dangerdus structures.

e The’ Nuclear Power Corpdration 6f India has begun research intd bacterial concrete for use IN nuclear
power plants.
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