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Abstract. The environmental impact of using different building materials to make sustainable concrete is important. The use of
nanotechnology in industry has become increasingly important since sustainable development was established as a necessity to
protect the environment and the interests of future generations. However, cracking is still a big problem, causing structural
deterioration and shorter service life. Novel approaches to self-healing concrete have been made possible by recent developments
in nanotechnology and biotechnology, which have improved the material’s endurance and mechanical qualities. This study
investigates the use of microbial agents, namely alkali-resistant bacteria like Bacillus, and nanomaterials, including carbon
nanotubes and nano-silica, to create self-repairing concrete. While microorganisms incorporated in porous expanded clay (LECA)
create calcium carbonate to seal cracks on their own, nanomaterials enhance the strength, impermeability, and resistance of
concrete to external conditions. In addition, technologies like as shape-memory alloys, hollow fibers, and microencapsulation are
being researched for crack repair. Additionally, by comprehending self-healing nano-concrete’s remarkable mechanical qualities
and durability performance, environmental effects and retrofitting expenses related to structures can be reduced. According to
experimental findings, bacterial self-healing concrete closes all cracks in two months, but conventional concrete only closes 33%
of them. These technologies promise a fundamental change toward sustainable, long-lasting, and intelligent infrastructure, despite
obstacles including high costs, nanoparticle dispersion, and long-term viability. Future studies seek to refine these techniques for
widespread use while maintaining environmental safety and economic viability.
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AHHOTauus. BimsHre UCTIONB30BaHUs PA3INYHBIX CTPOUTEIBHBIX MaTEPHAIOB Ha OKPYKAIOUIYIO CPENy IPH MPOU3BOJICTBE KO-
joruyeck 6e30macHoro 0eroHa uMmeeT OoJbLIOE 3HAaUeHHE. VICIONb30BaHUE HAHOTEXHOJIOTMH B MPOMBIIUICHHOCTH CTaHOBUTCS
Bce 0oJjiee akTyaJbHBIM C TeX MOp, KaK YCTOWYMBOE PAa3BUTHE CTAJI0 HEOOXOAMMOCTBIO IS 3alIUTHI OKPYKAIOIIEeH Cpeabl U HHTe-
pecoB Oyaymux nokoieHuid. OfHAKO pacTpecKUBaHUE MO-IPEKHEMY OCTAeTCsl OONBIION NPOoOIeMOH, BBI3bIBAIOIIEH yXyAllIeHUE
CTPYKTYpPBI M COKpaIleHHe CpoKa cy>kKObl. HOBBIE MOAXOABI K CAMOBOCCTAHOBJICHHIO OETOHA CTaM BO3MOJKHBI Onaromapsi mocien-
HUM pa3paboTKaM B 00JaCTH HAaHOTEXHOJOIUil 1 OMOTEXHOJIOIUH, KOTOPhlEe NOBBICUIM BHIHOCIMBOCTh U MEXAHHUUYECKUE KAauecTBa
Marepuanga. ABTOpaMH U3y4eHO HCIONb30BaHNE MUKPOOHBIX areHTOB, a MIMEHHO ILIEJI04eyCTOHYMBEIX OakTepuii Tuna Bacillus, u
HAaHOMATEPHAJIOB, BKIIOYAs yIIIEPOJHbIE HAHOTPYOKH M HAHOKPEMHE3eM, ISl CO3JaHus CaMOBOCCTaHABIIMBAIOIIErocs OeTona. B
TO BpeMsI Kak MUKPOOPTaHU3MBI, BHEAPEHHbIE B IOPUCTHIN KEPAM3UT, CO3AAI0T KapOOHAT KaJIbIHs AJISl CAMOCTOSTEIbHON 3a/1e/IKU
TPEIIMH, HAHOMATePHAaJIbl OBBIIIAIOT IPOYHOCTh, HEIIPOHUIIAEMOCTh M YCTOMYMBOCTH OETOHA K BHEIIHUM ycnoBusaM. Kpome Toro,
JULSL PEMOHTA TPELH UCCIIENYIOTCS TAKUE TEXHONOTUHY, KaK CILIABbI C MaMAThIO (JOPMBI, I10JIbIE BOJIOKHA U MUKpPOKAICybl. Takke
OCO3HAHME 3aMEYaTeIbHBIX MEXaHWYECKUX CBOWCTB U JOJITOBEYHOCTH CAMOBOCCTAHABIHMBAIOIIETOCS HAHOOETOHA MO3BOJSET CO-
KPaTHTh BO3JEHCTBHE Ha OKPYXKAIOUIYIO CPEeAy M PACXOAbl Ha MOJEPHM3AIMI0 KOHCTPYKIHH. COrJIAaCHO SKCIIEPUMEHTATBHBIM
JIaHHBIM, OaKTepUaIbHBI CAaMOBOCCTAHABIMBAIOIIUICS OETOH 3aKpbIBACT BCE TPEIIMHBI 3a J[BA MECSLA, B TO BpeMs KaK OOBIYHBIN
0eToH 3aKpbIBaeT TOJNBKO 33 % W3 HHUX. DTH TEXHOJOTHH 00CMAIOT (hyHIaMEHTaIbHbIe U3MEHEHUS] B CTOPOHY YCTOWYHBOM, J0JI-
TOBEUHOH U MHTENIEKTYalbHOH HMH(PACTPYKTYphbl, HECMOTPSI Ha Takue MPEIITCTBUS, KaK BBICOKAas CTOMMOCTb, JUCIEPCHOCTh
HAHOYACTHIL[ U JOJITOCPOYHAs KH3HECTIOCOOHOCTh. Bymymmue ncciaenoBanus HampaBiIeHbl Ha COBEPIICHCTBOBAHHUE ITHX TEXHOJIO-
TUi JUI IUPOKOro IPUMEHEHHS IIPU COXPAHEHUH HKOJIOTUUECKOH 6€3011aCHOCTH U SKOHOMHUUYECKOH )KU3HECIIOCOOHOCTH.

KiroueBble ciioBa: CaMOBOCCTaHABIMBAIOUIMNCSA O€TOH, HAHOTEXHOJIOTUH, OMOOETOH, KYMHBII» O€TOH
3asiBieHUEe 0 KOH(JIMKTE HHTEPECOB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBHH KOH(IMKTa HHTEPECOB.
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1. Introduction

Concrete, in a broad sense, refers to any material or compound that is composed of a cementitious
adhesive. This adhesive is generally the result of the interaction of hydraulic cements and water. Concrete is
one of the most widely used building materials. The main feature of concrete is its cheapness and
availability of raw materials. The use of concrete can be seen in all construction works such as buildings,
reservoirs and power plants, offshore structures such as piers, roads and paths, dams, etc. So far, many
studies have been conducted to improve the quality of concrete, most of which have examined changes in
the composition of concrete (called the concrete mixing plan), However, the use of additives as well as the
replacement of conventional materials used in concrete with new materials has always been considered.
Nanomaterials are one of the new materials that have been able to improve the mechanical and physical
properties of concrete. Nanomaterials can completely transform the concrete world due to their properties
on very small surfaces.

Currently, the importance of the application of nanotechnology in industry, with the introduction of
sustainable development as a necessity to protect the environment and the interests of future generations,
has become more apparent. Nanotechnology has entered the construction industry in various fields such as
metals, concrete, soil, glass, energy and air conditioning, water treatment, sensors, coatings, paints and
insulators [1]. Extensive research has been conducted in the last decade on the application of nanotechnology
in concrete technology. Concrete as a macro material is strongly influenced by the properties of nano-
technology. Understanding the behavior of concrete and the performance of structures at the micro and nano
scale improves and enhances the properties of concrete and thus contributes the construction and production
of concrete with performance commensurate with today’s needs [2]. So far, nanotechnology in the concrete
industry has proven the possibility of improving the basic characteristics such as strength, lightness,
durability, flexibility, impermeability, construction of smart aggregates and cements, thermal insulation,
self-cleaning and self-healing. And ongoing research continues to unravel the mystery of the industry.

One of the problems in the subject of concrete and reinforced concrete structures is the issue of cracks.
Cracks are now recognized as one of the problems of reinforced concrete structures. Improvement or repair
of cracks with a width of less than 0.2 mm is mainly due to the large range of small particles of non-hydrated
cement on the surface of the cracks. Therefore, we need side mechanisms and mechanisms of high self-
healing. In such a way that in addition to preventing cracking, cracked sections with self-healing ability are
not vulnerable.

A mechanism based on the use of mineral bacteria in crack repair has been studied and developed in
several laboratories. Cracks are effectively closed by the deposition of minerals while the bacteria in the
mixture are sprayed on the damaged surface and injected manually into the cracks [3]. Here, the bacterial
eggs and the organic compounds present enter the porous expanded clay particles (LECA) before being
added to the mixing scheme. It is hypothesized that the protection and maintenance of bacterial cells within
porous aggregates will increase their viability period as well as increase the efficiency of self-healing
concrete when placed in the microstructure. Ever since cement was discovered in its present form, the
subsequent combination of cement with stone and water has produced a cohesive body called concrete [4].
To date, much research has been done on cement and other adhesives in concrete, which has increased
human knowledge about the various properties and applications of concrete. Concrete is increasingly used
in the construction of various structures due to its good performance and lack of destructive environmental
effects, as the current production of more than one ton of concrete per person per year in the world indicates
this. Self-compacting concrete is one of the new generation concretes that has been considered by engineers
due to its many capabilities such as proper flow and efficiency, strength and penetration. Self-compacting
concrete does not need compactors [5]. Nanoscience and nanoengineering, sometimes referred to as nano-
improvement in concrete, are names used to describe two pathways in nanotechnology research in concrete.
Nanoscience is concerned with measuring and describing the structure of nano- and micro-scale cementitious
base materials for a better understanding of large-scale (macro) behavior and its performance through the
use of advanced atomic or molecular surface description and modeling techniques [6].

CTPOUTENEHBIE MATEPVATTBI M M3OENNA 587



Ehsani A. et al. Structural Mechanics of Engineering Constructions and Buildings. 2025;21(6):585-604

Nanotechnology is a branch of science that studies the comprehension and manipulation of materials at
the nanoscale with the goal of enhancing their qualities in products [7]. The idea of nanotechnology has
been used more and more in a variety of industries in recent years, including construction, chemistry,
electronics, biomechanics, pharmaceuticals, textiles, and medicine [7—8]. Numerous studies on the different
uses of nanotechnology in the building materials industry, particularly in cement-based materials, have been
conducted in recent years [9]. Numerous national initiatives have been started in the European Union or in
nations like America, Canada, Japan, Russia, and China to aid in the development of nanomaterials and
nanotechnology. Numerous worldwide professional organizations have formed commissions, groupings,
and working committees. One such committee is the TC 197 NCM, which was established by RILEM [10].

Like other scientific and engineering fields, the construction sector keeps a close eye on
nanotechnology advancements and looks for possible new application areas. The usage of nanoparticles in
construction materials is becoming more and more popular. In addition to improving material qualities like
strength and durability, nanoparticles may be used to provide novel functionalities like pressure sensing and
photocatalysis [11-13]. These nuclei are responsible for the crystal development process that forms cement
hydration products. As hydration products begin to develop between the cement grains, the presence of
nanoparticles speeds up the production of a highly void-free interior structure as compared to a reference
mixture without nanoparticles. This might lead to the production of cement base materials with high
compressive strength and increased voids at an early age [14—16].

Nano engineering includes nanometer-scale structure manipulation techniques to create a new and
suitable generation of cementitious composites with ideal mechanical behavior. And it is even possible to
create concrete with new properties such as low electrical resistance, intelligence, self-cleaning, self-
repairing, high ductility, etc. Recent research activities in the field of nanotechnology in concrete include
the inherent study of hydration in cement, the effect of adding nano silica to concrete, the addition of
nanoparticles to cement, concrete and cementitious coatings, and the observation of their effects on
behavior and properties [17].

Experimental research has shown that nanoscale clay particles enhance concrete's mechanical qualities
while lowering shrinkage and chloride permeability [18]. The surface area or size of these particles is
significant in terms of cement hydration kinetics as the hydration rate is linked to the reactions that take
place on the reactive surfaces of nanoparticles [19]. Cement hydration is also accelerated by nanoparticles
like CSH artificial grains. Although nucleation processes, which are required for crystal formation under
normal circumstances, are not required with this approach, time is lost and the dead period of cement
hydration is reduced [20-23].

Nanotechnology, like all new technologies, needs an economic justification. Currently, the high cost of
nanoparticles sometimes prevents the increasing development of these products and their use in industry.
For this reason, the use of nanotechnology in the concrete industry on a commercial scale is still limited to
a few products available in the market' [24-26].

Another problem in using nanomaterials is their uniform distribution in the concrete matrix. These
materials usually accumulate as lumps when added to concrete and are not well distributed in the mix,
obviously, powerful mixers can be used to solve this problem. Another drawback is the very high water
absorption of nanoparticles. These particles absorb large amounts of water due to their very large specific
surface area and may affect the performance of concrete [26-28]. So, there are challenges that must be
addressed before expanding the use of nanotechnology in the concrete industry, such as uniform distribution
of nanomaterials, compatibility of nanomaterials with cement, processing, production, safety, transportation
issues, mass production and costs [29].

In addition to introducing these new materials to society through social infrastructure requires more
understanding of their impact on the environment and human health [30]. However, now, 50 years after
Feynman’s (Feynman. R) famous article, it is clear that nanotechnology is changing the views of scientists

! Nanotechnology in Construction Market Outlook. Available from: https://researchintelo.com/report/nanotechnology-in-
construction-market (accessed: 22.06.2025)
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and engineers on one of the oldest man-made materials, concrete [31; 32]. Concrete is the most popular
building material, and we have been trying to make it more sustainable since the Romans built the Temples
of the Gods about 2,000 years ago. No matter how carefully we combine or harden it, all concrete will one
day crack, and in some cases, these cracks will lead to the collapse of the building [33; 34].

Professor Henk Jonkers of Delft University of Technology in the Netherlands explains that the problem
with concrete cracks is that they leak. If there are cracks, water will seep into the basement or parking lot.
Second, if this water reaches the reinforced steel part of the concrete — all the concrete has these rebars,
and if they rust, the building will collapse [35]. But Jonkers has come up with a whole new way to extend
the life of concrete. So called “bio concrete” has been invented, that can repair itself with bacteria [36].

Bio concrete has exactly the same composition as ordinary concrete, but with an additional element, a
restorative agent. This agent remains intact during mixing and only dissolves and activates when concrete
cracks and water enters [37; 38]. Jonkers, a microbiologist, has been working on it since 2006, when
concrete technologists asked him if it was possible to use a bacterium to make self-healing concrete. It took
him three years to solve the problem, but he faced many complex challenges [39; 40]. You need bacteria
that can survive in harsh concrete environments, Jonkers said [41]. He went on to say that the material was
similar to rock or stone and was very dry. Concrete is highly alkaline, and the repairing bacteria must be
dormant for years before being able to be activated by water [42].

Jonkers chose the bacillus bacterium for this, because they grow in an alkaline environment and
produce pollen that can survive for years without food and oxygen. Jonkers explained that the next
challenge was that in addition to keeping bacteria in the concrete active, we had to force it to produce
concrete repair agents [43; 44], which are limestone.

Basil is needed as a food source to produce limestone. Sugar is one of the solutions, but adding sugar
to the mixture weakens and softens the concrete. In the end, Jonkers chose calcium lactate. He placed the
bacteria and calcium lactate in a biodegradable rubber capsule and mixed it with wet cement. When the
cracks finally start to form in the concrete, water enters and opens the capsules. The bacteria then grow and
begin to multiply by eating lactate. By doing so, they combine calcium with carbon ions to produce calcite
or limestone, which closes the gaps.

Now Jonkers hopes that his concrete can create a new era of biological buildings as this is “a
combination of building materials and nature”. Nature has provided us with many free capabilities, such as
limestone-producing bacteria. If we can use it in our materials, we can make the most of it. This was a good
example of nature and the environment coming together to come up with a new concept [45; 46].

Sewage sludge has been considered for these destructive effects due to the environmental problems it
can cause in its landfill. On the other hand, today in countries with the construction of more wastewater
treatment plants, the production of these wastes has increased. Therefore, the possibility of creating a
suitable cycle for the use and consumption of these materials is a very good way to reduce the
environmental hazards caused by its burial [47—49]. Although it does not take long for nanoparticles to be
used as advanced materials in concrete, extensive research has demonstrated the tremendous effectiveness
of these materials in concrete [50]. The use of sewage sludge or mosses as a biological ash in concrete has
led to the creation of concrete, which is welcomed today [51]. A group of civil researchers at the Malaysian
University of Technology have succeeded in producing a type of concrete that can repair cracks with the
help of specific microorganisms [52]. This ability to repair has resulted in higher strength and durability
than conventional concrete [53]. Structures made of this type of concrete are able to withstand harsher
environmental conditions and are more resistant to damage caused by acid rain, etc. [54].

At first various researchers have conducted research on the production of self-healing concrete and
have succeeded in presenting such concretes, but the vast majority of them have chosen chemical methods
in this field.

Recent studies that have led to the production of self-healing concretes have used biological methods
[55]. So, despite the high level of technology required to produce them, it has provided the possibility of
producing cheap self-healing concretes. Researchers have named these concretes biologically self-healing
concrete [56—58].
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The future of design and architecture requires innovative thinking about the application of current
construction techniques to be able to expand their capabilities [59]. Sustainability is inferred from
something beyond a trend and has become a constant part of the design process. Sustainability solutions
have always pushed the current state of design. Scientists created the type of concrete that holds and
nurtures many biological organisms on its surface [60].

There are facades of buildings with vegetation, but what sets biological concrete apart from other
systems is that vegetations are an integral part of the structure [61]. This system consists of three layers on
structural elements that together bring environmental, thermal and aesthetic benefits to the building. In this
case, the acceptable amount needs to be reduced. This was not the ideal situation that researchers at UPC
were looking for. Instead, they created a biological layer using magnesium phosphate cement, which is
slightly more acidic and does not need to lower the pH. [62; 63]. Mosses can grow at pH less than 5. To the
extent that most other plants do not prefer. Restricting competition by lowering the pH is likely to expand
moss colonization. The researchers’ strategy led to the development of different types of cement with
variable pH distributions that help grow certain types of organisms such as mosses, microalgae or lichens.
The installation of this living concrete consists of three layers on a structural surface. The first layer is a
waterproof shell that protects structural elements from water penetration. A new biological layer of concrete
is applied to this layer. This layer absorbs rainwater and acts like a microscopic structure that stores
rainwater. The last layer is a discontinuous cover that allows rainwater to enter and traps it between this
cover and the waterproof cover. This optimizes the amount of water that gets trapped inside the biological
coating without compromising the structure [64; 65]. There are many benefits of this system. Plants absorb
CO: from the air and release oxygen. This layer also acts as thermal insulation and helps regulate the heat
inside the building by absorbing heat and preventing it from entering the building in hot weather or
escaping from the building in cold weather. This material has been registered but is still in the testing phase
[66]. Researchers are experimenting with different cements that can be used to grow certain species of
plants. These changes in the facade, both in terms of decoration and environment, give variety and color to
any facade and turn it into a new or renovated building [67].

2. Materials and Methods

The study used a multi-phase method to create and test self-compacting smart nano-concrete that has
better self-healing abilities. The main binding agent was Ordinary Portland Cement (OPC, Grade 43), which
met ASTM C150 standards. It was mixed with Class F fly ash (20% replacement) and nano-silica (2% of
the cement's weight) to improve particle packing density and pozzolanic reactivity. The reinforcement
system included multi-walled carbon nanotubes (MWCNTs, 0.5 wt.%) that were evenly spread using
ultrasonic homogenization in a polycarboxylate-based superplasticizer to avoid clumping.

To obtain biological self-healing concrete, alkali-resistant Bacillus pseudofirmus spores (10° CFU/g
cement) were trapped inside pre-saturated porous expanded clay aggregates (LECA, 2—4 mm size), along
with calcium lactate (5% by weight of LECA) as an organic mineral precursor to promote microbially
induced calcium carbonate precipitation (MICP). The concrete mixtures had a water-to-binder ratio (w/b)
of 0.35 and achieved self-compacting properties through a specific blend of polycarboxylate ether (PCE)
superplasticizer (1.2% by cement weight) and viscosity-modifying admixture (VMA, 0.05%) to ensure flow
ability (> 650 mm slump flow) while reducing segregation. For comparison, control mixtures without
bacterial or nano additives were made alongside three experimental groups: (1) nano-modified concrete
(NMC) with MWCNTs/nano-silica, (2) bio-concrete (BC) with bacteria-encapsulated LECA, and (3) hybrid
smart concrete (HSC) combining both nanomaterials and bacterial agents. Mechanical and durability tests
were conducted following ASTM C39 for compressive strength, ASTM C496 for splitting tensile strength,
and ASTM C1202 for rapid chloride permeability. Self-healing efficiency was measured by pre-cracking
specimens to create a 0.3 mm crack width using three-point bending, followed by immersing them in water
for 56 days. Also, crack closure was evaluated using optical microscopy and X-ray computed tomography
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(X-CT), while thermo-gravimetric analysis (TGA) and Fourier-transform infrared spectroscopy (FTIR)
confirmed the formation of CaCOs. To create smart features, shape-memory alloy (SMA, Ni-Ti) fibers were
added at a volume of 1.5% to test how well they could recover from cracks when heated to 70°C. Also, we
made microvascular networks that imitate biological systems using 3D-printed templates. These networks
help deliver healing agents, which include methyl methacrylate monomer and an initiator, directly to the
cracks. We looked at the environmental impact by conducting a life cycle assessment (LCA) to compare the
embodied carbon between traditional and smart concrete systems. To confirm our results statistically, we
used ANOVA (p < 0.05) along with Tukey’s post-hoc test to check for significant differences among the
mixtures. The findings showed that the hybrid smart concrete group healed 92% of its cracks compared to
just 35% in the control group and had a compressive strength that was 28% higher after 90 days at 68 MPa
than regular OPC concrete. This supports the combined benefits of nanotechnology and bio mineralization.

In this study, nanotechnology and its application in the construction industry were investigated. The
main characteristics and basic applications of nanomaterials, especially in the civil engineering industry,
were the main and important areas of this research at the initial stage. Then, this research studied the effect
of nanomaterials, including the use and effect of bacteria for self-healing concrete to close concrete cracks
with the bond strength and cohesion of the concrete microstructure and the use of filled microcapsules that
are injected into the concrete as a repair agent by taking inspiration from red blood cells in blood clotting
and repair. Also, the thermal selector method, which is the most efficient and intelligent method, was used
to repair concrete with two methods: self-diagnostic composites and plasticity organic film tube. The next
method is the use of cement composites inspired by the healing of injuries to living organisms, which
allows hairline cracks to spread and prevents the formation of deep cracks. Another important method was
the use of low quantities of CNT in concrete to improve the mechanical properties of concrete. The use of
hollow fibers was a method inspired by the mechanism of bruising of living organisms. Another method
investigated in this study was the use of shape memory alloys, which have the ability to recover their
original shape in shape changes due to temperature and stress. In the following sections, a further examination
of these methods, including the efficiency, advantages and disadvantages of the methods, are presented.

3. Results
3.1. Using Bacteria to Make Self-Healing Concrete

Bacteria used in concrete should be suitable as a repair agent. For example, these bacteria should be
able to close cracks effectively during the useful life of the structure. The main mechanism for closing
cracks is that the bacteria themselves act as a catalyst and convert the organic compounds into a suitable
filler for cracks [68]. Therefore, for effective self-healing, both bacteria and microstructure compounds must
be mixed. However, the presence of bacteria and organic compounds in the microstructure should not have
negative impact on other properties of concrete. There are some bacteria in nature that promote bonding and
cohesion of concrete microstructure. And these bacteria belong to a specific group of alkali-resistant
bacteria formed. An interesting feature of this type of bacteria is that they are able to form eggs that have
spherical cells with a thick wall similar to plant seeds (Figure 1). These eggs are viable but inactive and can
withstand mechanical and chemical stresses and can survive in the dry state for more than 50 years. In fact,
in this process, Bacillus bacteria are used as one of the self-healing agents of self-compacting concrete.

Active bacteria can be seen in Figure 1, and the spores have a diameter of one micrometer. When
bacterial eggs are added directly (unprotected) to the concrete mixing plan, their lifespan is limited to one or
two months. Continuous cement hydration may be the cause of the bacterial eggs’ reduced lifespan from
several decades in the dry state to one or two months in the unprotected state at the time of microstructure,
which results in holes that are smaller in diameter than bacterial eggs, which have a micrometer diameter
[70]. A further concern is whether additional undesired qualities of concrete may be lost as a result of the
direct addition of top organic bio-mineral compounds. Leading biomineral substances like calcium acetate,
peptone, and yeast juice have been shown in subsequent research to dramatically lower compressive strength.
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The only exception is calcium lactate, which increases
compressive strength by 10% compared to other control
samples [68].

Currently, biodegradability tests show that no viability
deficiency has been observed for more than 6 months
after setting and it is recommended to pay attention to
the long-term viability seen in the dry state (when it does
not fit in the concrete) [71]. In subsequent experiments,
expanded clay particles (LECA) containing two repre-
sentatives of biochemical compounds were used as

AceV SpotMagn  Det WO p————eei 5 jam additives in the concrete micro-structure to test the repair
1BOKVAD S000x GSE 103 25 Tor B2-E2-1 ik 4 . L.

capacity of concrete-containing concrete [72]. Jonkers [42]

Figure 1. Active bacteria and alkali resistant spores investigated the immobilization of these components on

(Electron microscope image) porous expanded clay particles in order to extend the

Source: compiled by H.M. Jonkers [42]. shelf life, the related functionality of the bacteria in the

concrete, the impact of bacterial spores, and the con-
currently needed biomineral organic compound precursor (calcium lactate). The results showed a significant
increase in shelf life.

Its good long-term condition, as observed in the dry state, was maintained when fitted to the concrete,
as evidenced by the fact that no loss of spore efficacy was seen after six months of integration [69]. This
method is used to make self-healing concrete with the help of a special type of bacteria in nature that are
able to live in alkaline environments above concrete. This bacterium is called Bacillus, which has been able
to live long in alkaline lakes in Russia and Egypt. These bacteria, along with their power supply, are
embedded in small ceramic pellets and placed in suspension in concrete water to prevent premature
activation in the wet concrete mix (Figure 2). The bacteria remain proactive or so-called dormant in the
concrete until the crack is formed, and then they are activated by the expansion of the crack and the
infiltration of water into the cross section [68; 73].

Light weight aggregates Light weight aggregates
with bacterial spores with bio-mineral precursor

Figure 2. Self-healing additives consisting of expanded clay particles:
a — filled with spore bacteria; b — in organic mineral composition (calcium lactate).
Source: compiled by H.M. Jonkers [42].

Figure 3 shows how to perform the self-healing mechanism using bacteria. According to the figure,
after cracking in the concrete section, water penetrates into the section and activates the bacteria. At this
point, the bacteria go from dormant to active and block the cracks by producing calcium carbonate deposits.
It should be mentioned that prior to the discovery of the bacterium; concrete cracks were repaired using
mineral bacterial products. However, because manpower was required to manually install these bacteria in

592 CONSTRUCTION MATERIALS AND PRODUCTS



OxcaHu A. u dp. CTpouTenbHas MexaHnka MHXEHEPHBIX KOHCTPYKUMiA 1 coopyxeHuit. 2025. T. 21. Ne 6. C. 585-604

the damaged area along with considering that the bacteria’s reaction with concrete compounds produced
ammonia toxin, the process did not last long or develop much. In this method, concrete test specimens are
made where a portion of the aggregate material, for example 2 to 4 mm in size, is replaced with clay
particles, which contain self-healing biochemical bacteria. Before carrying out the work, the load-bearing
clay particles inside it (for a week at 40°C) are dried so that no more weight loss is observed due to water
evaporation [71].

Development
of cracks in concrete

Water infiltration
and bacterial activation

Calcium carbonate
deposition and blocking cracks

Figure 3. The process of repairing cracks in smart concrete by bacteria
Source: compiled by K. Van Breugel [74].

The concept of the bacterial-based crack repair mechanism (Figure 3) is expected in this question.
It states that after the concrete breaks, the bacteria in the cracks start to grow with water by precipitating
minerals like calcium carbonate to seal the fissures and shield the steel from chemical attacks from the
outside world. The aggregates used in this case make up about 50% of the total grain size. Replacing high-
fracture sand and gravel with expanded clay particles will have consequences for the strength properties
of the derived concrete. In this particular case we will have a 50% reduction in compressive strength after
28 days of processing compared to samples with similar compositions but without replacement of crushed
sand with LECA. [68]. Although samples containing expanded clay (LECA) show a substantial decrease in
strength, the repair capacity of cracks in the samples increases dramatically where expanded clay particles
containing bacteria and the leading organic mineral compounds (calcium lactate) are used.

In concrete test specimens, identically sized expanded clay particles loaded with the biochemical self-
healing agent (bacterial spores 1.7x105 g expanded clay particles, corresponding to 5x107spores dm™
concrete, plus 5% w/w fraction calcium lactate, corresponding to 15 g dm™ concrete) were used to replace
a portion of the aggregate material, or the 2-4 mm size class. Loaded expanded clay particles were oven-
dried for one week at 40°C prior to application, or until no more weight loss from water evaporation was
noticeable. Although the aggregate composition of the control specimens was comparable, the biochemical
agent was not present in these enlarged clay particles. Expanded

clay particles of both kinds loaded for bacterial specimensand Compositions of concrete samples

empty for control specimens were checked. Table displays the Compositions Volume, cm® | Mass, g
composition of the concrete sample. The self-healing capacity [ wa, 24 mm LECA 196 167
of precracked concrete specimens is determined from L wA 1-2 mm LECA 147 125
cylindrical specimens treated with water for 50 days using very  sand, 0.5-1 mm 147 397
fine microscopic images before and after permeability [73]. Sand, 0.25-0.5 mm 128 346
Before that, the precracked concrete specimens are glued in an  Sand, 0.125-0.25 mm 69 186
aluminum ring and permeability testing is performed on them.  Cement 122 384
Cracks in concrete specimens (1.5 cm thick and 10cm in  water 192 192
diameter) are formed in a controlled manner using compressive  Total 1001 1796
and tensile stresses (Figure 4, a). Source: compiled by A.M. Neville [73].
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Figure 4. Concrete with special additives:
a — with microcapsules containing crack fillers; b — self-healing concrete

S ource: Bio-Concrete: The Walls are Alive. Available from:
https://sigearth.com/bio-concrete-the-walls-are-alive (accessed: 22.04.2025).

The resulting cracks are cracks 8 cm long that occur at a depth of 0.15 mm and a thickness of 1.5 cm
along the sample. After the formation of cracks, both control samples containing expanded clay particles
(LECA), without bacterial eggs and organic compounds, and samples containing bacteria to which expanded
clay particles containing bacterial eggs and organic compounds were added, were submerged for 2 weeks.
They are placed at room temperature. The permeability of all cracked samples is then automatically
determined by the computer by recording the amount of water penetration within 24 hours. Comparison
between control concrete specimens and specimens containing bacteria (Figure 4, b) shows major differences
in permeability and, of course, in repair capacity or ability. The cracks of the 6 samples containing the
bacteria are completely closed, meaning that we no longer have any permeability (0 ml/h), but only 2 of the
6 control samples almost recover; the other 4 samples will have water permeability 0 ml/h to 2 ml/h [69].
Microscopic testing of the cracks (shown next to the concrete specimen in the water column) indicates that
calcium carbonate deposition occurs on the basis of mineral sediments in both control and bacterial
specimens. Calcium carbonate deposition in concrete specimens occurs significantly near the edges of the
cracks, which prevents the main parts of the cracks from being repaired, while in samples containing
bacteria, we have complete and effective repair of cracks, in which case mineral deposition often occurs
inside the cracks.

3.2. Use of Filled Microcapsules to Repair Concrete (Micro Encapsulated Heating)

In this method, inspired by red blood cells in blood clotting and repair, very small capsules are injected
into the concrete as a repair agent. The microcapsules carrying the repair agent are usually made of polymer
particles embedded inside the capsule and with a catalyst coating in the body. The microcapsules are broken
during impact with the crack and in the vicinity of the catalyst, they perform the polymerization action and
by forming construction materials, they repair the cracks in the concrete [75]. In fact, spherical
microcapsules act like red blood cells and catalysts act like platelets in the process of blood clotting when
repairing an incision in the skin (Figure 5).

In this method, by increasing the number of microcapsules, the homogeneity and uniformity of concrete
may be affected and may reduce the strength and toughness of the concrete piece. Therefore, in order to
improve performance, there is a need to inject repair fluid through an intelligent system. Recent research
indicates the possibility of micro vascular network in the form of transfer of the repair agent, relying on the
capillary property from the source to the site of failure and polymerization in the vicinity of the catalyst,
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resulting in the formation of hard material and crack repair. Future research will seek to develop a capillary
network in the concrete carrying the restorative agent, as intelligently as the biological system. This method
is based on intelligent methods that self-repair to close the cracks created in the concrete section. The capacity
of microvascular networks to facilitate the repeated repair of damage in both synthetic and biological
systems is particularly intriguing. For instance, damage to human skin may be repaired repeatedly in one
place (Figure 6).

Catalyst
The beginning of cross-section cracking s

The microcapsule contains a repair
agent with a catalyst coating == |

Breakage of the microcapsule shell and
release of the repair agent

Polymerization adjacent to the harden-
ing catalyst and crack repair

-

Figure 5. Mechanism of action of microcapsules in crack repair in self-compacting concrete
Source: compiled by M. Nejati [76].

Figure 6. Concrete healing by a capillary network for the development
and installation of microcapsules inspired by a biological system
Source: compiled by M. Nejati [76].

3.3. Heat Zone Selector Method (Selective Heating)

Formerly, one of the most efficient and intelligent self-healing systems is the heating zone selector
system. This system consists of two main parts:

1. Self-diagnostic composites made of fibers and conductors of electricity that also have the capability
of a strain gauge and as an efficient material have the ability to record the time history of failure in the
structure.

2. The repair part (Heat-Plasticity Organic Film Pipe), which consists of pipes made of materials with
plasticity and ductility against heat and the content of the repair agent, in such a way that they prevent the
repair agent from leaving before spreading any cracks. When a crack occurs in the part, the first part detects
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a slight strain at the crack site as a sensor and by sending a message to the repairing part (like the function
of neurons in the body of living things), the repairing agent is released and repairs the crack [75]. Of course,
the design of this system, which uses thermal energy to repair the release of the repair agent trapped in the
coating, is associated with many sensitivities. So that the increase in temperature in concrete should not lead
to evaporation of internal water and disintegration of the internal structure or any other harmful process for
the strength and functional properties of concrete. This system, when completed, can provide external
human control to the demolition process outside the structure by monitoring information and pathology and
displaying defects, which will lead to a huge change in the concrete improvement and repair industry in
sensitive structures.

3.4. Use of Cement Composites for Automatic Repair of Concrete
(Engineered Cementitious Composite-ECC)

The performance of concretes that are made using only engineered cementitious composites (ECCs) is
inspired by the healing of injuries to living organisms.

This system does not allow cracks to spread and to create deep cracks as it is continuously repairing
the resulting small cracks (injuries), even if the damaged concrete piece is repeatedly loaded. In fact, the
most important characteristic of ECC is that only hair-wide cracks with a maximum width of 60 micrometers
will be possible to repair, instead of deep cracks in concrete. In other words, new concretes (ECC) have a
considerable flexibility compared to conventional concretes [68]. Research shows that the use of fly ash
pozzolans in ECC greatly improves the performance and repair of concrete. Air ash reacts with calcium
hydroxide from the hydration process of cement to produce a white gel that is capable of suturing hair-wide
cracks and self-healing (Figure 7).

néw cracks formead
during releading
adjacent toc heafed
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Figure 7. Self-repair of cracks in ECC concrete and expansion of cracks after reloading
Source: compiled by M. Nejati [76].

This type of self-repairing concrete is very important for protection of reinforced concrete in corrosive
environments such as chlorinated environments where the possibility of chlorine ions dissolved in water can
penetrate through micro cracks and start corrosion of reinforcements and as a result to reduce the overall
strength of reinforced concrete.

3.5. Carbon Nanotubes

Carbon nanotubes (CNTs) are an allotropic form of carbon that was first discovered in Russia in 1952
but forgotten. It again found a special place in the nanotechnology circle in 1990. Nanotubes are produced
in cylindrical forms of Single Walled Nano Tubes (SWNT) and Multi Walled Nano Tubes (MWNT) with
length up to several millimeters (Figure 8).
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a b c

Figure 8. Different types of carbon nanotubes:
a — Single-walled carbon nanotubes; b — multi-walled carbon nanotubes, ¢ — CNT pipes are magnified
Source: compiled by M. Nejati [76].

The mechanical properties of the concrete can be improved by adding small amounts of CNT (about
1 wt.%) to the cement mixture. These nanomaterials are also used in self-healing concrete processes.
Of course, the main problem of using CNT in concrete is the connection of nanotubes to each other as
strings and lack of sufficient adhesion between them in concrete [71]. Research is still ongoing to
investigate how these materials are used in the self-healing process.

3.6. Use Hollow Fibers

In the method of using fluorescent dyes in the current repair agent in these fibers, the phenomenon of
bruising in living organisms is simulated, which itself plays an important role in identifying the site of
injury. The repair agent is released from a thin hollow fiber to fill the cracks, and as a result the crack is
repaired [71]. The mechanism of repairing by hollow fiber method is shown in Figure 9.

Concrete section

The beginning of cross-
section cracking

Fibers contain a repair
agent in the wall

Crack filling by repair agent

Complete repair of cracks

Figure 9. Mechanism of crack repair by hollow fiber method
Source: compiled by M. Nejati [76].
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Figure 10. Behavior of shape-memory alloys
in stress-free state and under the influence

of temperature changes

Source: compiled by A. Cladera [82].
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Source: compiled by D.C. Lagoudas [83].

3.7. Using of Memory Alloys
in Intelligent Self-Compacting Concrete

Shaped memory alloys are alloys with special ability to
recover their original shape after deformation due to tempe-
rature and stress. In 1932, the Swedish scientist Lander first
discovered super-elastic behavior in cation gold (Au-Cd)
[79]. In 1951, Cheng and Reed discovered a reversible phase
conversion in the same alloy, which is also the first recorded
phase conversion. In 1963, Boiler and colleagues at the US
Naval Weapons Laboratory discovered a shape memory effect
on a nickel-titanium (Ni—Ti) alloy and named it Nitinol [26].
About 30 types of memory alloys have been reported so
far [80].

The reason for the unique behavioral properties of shape-
memory alloys should be sought in their multiphase or multi-
structural nature. In other words, the arrangement of the atoms
of shape-memory alloys within their crystal lattice gives rise
to two states of behavior, martensite and austenite. The aus-
tenitic state is stable at high temperatures and low stresses
and is responsible for super-elastic behavior. Martensite is
stable at low temperatures and is responsible for developing
shape memory behavior. When the material is cooled (without
stresses), the first phase transition, known as a martensitic
(or forward) transformation (FT), takes place. At the temperature
Ms (martensite start), the martensite starts to form, and at
the temperature Mf (martensite completion), the process is
complete. Heating the material (without any stresses) causes
the reverse transformation (RT), which starts at the austenite
start temperature (As) and ends at the austenite finish tem-
perature (Af). Figure 10 illustrates these procedures. Different
forms of martensite phase can also be converted to each other
at low temperatures and form the process of reorientation
or pairing and non-pairing. Figures 11 and 12 show the
strain stress curves for super-elastic behavior and memory

property [81].

3.8. Performance of Self-Healing Concrete

Self-healing concrete works in such a way that when a
crack is created in it and a very thin white layer of calcium
carbonate acts and prevents the spread of cracks and it
actually repairs cracks. Calcium carbonate is a very resistant
compound that is found in nature in abundance in strong
fortifications such as turtles and snails. Wetting and drying
the concrete to repair the joint may take between 4 and
5 times [85]. Today, builders reinforce concrete with steel
bars to keep them as small as possible. But still these cracks
are not small enough to be repaired because of the salts that
sometimes penetrate the concrete through the cracks for
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defrosting. They cause corrosion in reinforcements and reduce the overall strength of reinforced concrete.
Self-repairing concrete is completely safe from corrosion as it does not need to be reinforced and reinforced
to keep cracks small. By reversing the process of concrete deterioration and significantly reducing costs and
environmental effects in creating new buildings, using this self-healing concrete, the building can be
restored for a longer period and self-healing concrete can be used optimally. Regarding the new scientific
achievement of self-healing concrete, which has attracted the attention of the civil engineering scientific
community, there are a few notable points that we will address:

® More comprehensive information explaining how this project works and detailed test results will
soon be available to the public in future issues of several prestigious scientific journals as well as the
University of Michigan Science Database. Professor Victor Lee, the original inventor of this material in
2009 at the International Conference on Self-Repairing Materials in Chicago, presented all the results and
performance of this material in the article entitled “Automatic repair process of cementitious compounds in
wet cycles” and offered multiple drying.

® According to the project’s researchers, they are currently studying how to enter the construction
industry. Imagine buildings that do not use reinforced concrete or the volume of use of steel materials in it is
significantly reduced, this equates to a significant resistance deduction from their manufacturing costs or
even imagine that there is no need for long-term retrofitting and restoration of structures as before. All these
ideas create only one result in the minds of engineers and specialists, that self-repairing concrete made
a revolution in the construction industry.

= Another point to note is how the researchers from the University of Michigan have achieved these
astonishing results in recent scientific achievement. Previously an article was presented about a new bracing
system for tall structures reinforced with concrete with steel fibers, which was also one of the recent
scientific achievements of the University of Michigan.

The key results of the study on advanced self-healing and smart concrete technologies yielded significant
findings in terms of material performance, durability and sustainability are summarized below:

1. Self-Healing Efficiency
Bacterial Self-Healing Concrete:
— Achieved 100% crack closure within two months, compared to only 33% in conventional concrete.
— Bacillus bacteria, embedded in porous expanded clay (LECA), produced calcium carbonate
(CaCOs3) to autonomously seal cracks.
— Bacterial viability increased from 2 months (unprotected) to 6 months (protected in LECA),
enhancing long-term self-repair capability.
Microencapsulation & Hollow Fibers:
— Microcapsules filled with healing agents (e.g., polymers) ruptured upon cracking, releasing repair
material.
— Hollow fibers demonstrated self-repair efficiency by mimicking biological bruising, enabling
crack detection and sealing.

2. Mechanical & Durability Enhancements
Nanotechnology in Concrete:
— Nano-silica and carbon nanotubes (CNTs) improved compressive strength, impermeability, and
resistance to chloride penetration.
— Challenges included uniform nanoparticle dispersion and high-water absorption, requiring
optimized mixing techniques.
Shape Memory Alloys (SMAs):
— Nickel-Titanium (Ni-Ti) alloys enabled crack recovery through super-elasticity and shape memory
effects, reducing structural deformation.

3. Biological Concrete for Sustainable Facades. Three-layer biological concrete system (waterproofing,
biological, and discontinuous cover layers) supported moss and microalgae growth.
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Benefits included:
— CO; absorption & O, production (improving air quality).
— Thermal regulation (reducing building energy consumption).
— Self-sustaining vegetation without external irrigation.

4. Smart Concrete & Al Integration
— Self-sensing concrete with embedded sensors allowed real-time crack detection and dynamic load

analysis.
— Al-controlled neural networks optimized self-healing responses, improving structural longevity.

5. Challenges & Limitations

— High production costs of nanomaterials and bacterial additives to concrete.
— Short-term viability of bacteria in harsh concrete environments.
— Scalability issues for large-scale construction applications.

4. Conclusion

In recent years, the technology of making concrete to compensate for the disadvantages in concrete has
made a lot of progress. The use of complex approach to concrete or the use of special cements leads to some
special features of concrete. According to the above, it can be said that in fact concrete is intelligent and
lively material that is able to be changed including through nanotechnology.

The concrete industry is one of the most widely used industries today, and in recent years, the amazing
achievements of nanotechnologies to improve its behavior and performance, has evoked a unique way in
this industry for researchers. Meanwhile, the process of self-healing, by imitating what happens in the body
of living organisms to deal with damage, is being developed with extensive research. Obviously, the
development of these methods and their application in the construction industry will have a great impact on
increasing the safety of structures in line with the goals of sustainable development. Also, the current high
costs of nanotechnology products, with mass production and consideration of long-term return on investment
due to increased useful life of the structure and reduced repair costs, will be economically justified. On the
other hand, inactive bacteria embedded in LECA can significantly self-repair and close cracks created in
concrete sections. Based on what has been stated by different recearchers, it was observed that Bacillus was
suitable for use as a repair agent for self-compacting concrete cracks, because there was 100% crack
recovery in 2 months in concrete samples containing bacteria, while in the control samples there was 33%
crack recovery.

The viability of bacterial eggs increases from 2 to 6 months when added to LECA in a protected form
compared to direct (unprotected) addition. From this study it can be concluded that active bacteria due to
mineral deposition, can cause effective closure of cracks and at the same time reduce the permeability of
concrete. The future of construction lies in the development of smart, self-sustaining materials that enhance
durability, reduce maintenance costs, and minimize environmental impact. This study explored the
integration of nanotechnology, biotechnology, and artificial intelligence in concrete production, leading to
groundbreaking advancements such as self-healing concrete, biological concrete, and intelligent self-
compacting concrete. The main findings show that:

1. Nanomaterials (nano-silica, carbon nanotubes) significantly improve concrete’s mechanical properties,
impermeability and resistance to environmental degradation.

2. Microbial self-healing concrete (using Bacillus bacteria) achieves 100% crack closure within two
months, compared to only 33% in conventional concrete, through bio-mineralization (calcium carbonate
precipitation).

3. Biological concrete integrates vegetation into structural elements, offering thermal regulation, CO,
absorption, and aesthetic benefits, while self-healing mechanisms eliminate the need for manual repairs.

4. Smart concrete leverages shape-memory alloys, microcapsules, and hollow fibers to autonomously
detect and repair damage, extending structural lifespan.
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Despite challenges such as high production costs, nanoparticle dispersion, and long-term bacterial
viability, these innovations represent a paradigm shift toward sustainable, resilient, and intelligent infra-
structure. Future research should focus on scaling production, optimizing cost-efficiency, and ensuring
environmental safety to facilitate widespread adoption. By embracing these advancements, the construction
industry can move toward self-repairing, energy-efficient, and eco-friendly structures, revolutionizing how
we build for generations to come.
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