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Self-healing mechanism in concrete has been so far achieved mainly by three

approaches: autogenous healing, encapsulation of polymeric material, and biologically

induced mineralization of calcium carbonate. The microbial approach prevails over the

other two approaches due to the high compatibility between the filler material and the

concrete compositions. Although the term “microbe” refers to many different types of

organisms, research work on self-healing concrete has been so far restricted to bacteria.

In this perspective article, we review the current status of bacteria-mediated self-healing

concrete and summarize the prospects for future advances. In particular, we point out

that fungi may have distinctive advantages over other microbes to be used as self-healing

agents.
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INTRODUCTION

Sustainability—the ability of being durable, reliable, and economically affordable during the entire
lifetime, and resiliency—the capacity of withstanding and rapidly recovering from all hazards,
are the two key characteristics of the infrastructural system. However, it’s no secret that the
infrastructure system in many countries suffers from deterioration and in desperate need of
rehabilitation. For example, the United States has more than 600K bridges: 40% are 50 years or
older; 9% are not structurally robust; and on average there are 188M trips across a structurally
deficient bridge every day (American Society of Civil Engineers, 2018).

In particular, concrete structures, as a primary element of our infrastructure system, have serious
deterioration issues (Association of State Dam Safety Officials, 2018). Cracking in concrete is very
common owing to many different chemical and physical phenomena that occur on daily basis.
Durability of concrete is significantly weakened by the presence of cracks, as they provide channels
for the harmful ingress of liquids and gasses potentially containing corrosive agents for the steel
reinforcement.

Maintenance and repair techniques for concrete infrastructure have thus attracted considerable
amount of attention from the research community. However, the implementation of continuous
maintenance often requires enormous amounts of labor and investment. Moreover, diagnosis
and repair work may become quite challenging to be executed in a timely or cost-effective
manner due to the damage conditions, e.g., the location of the damage in the affected concrete
structure. Under such conditions, transformative ideas are urgently needed to tackle the serious
challenge—long-term and preventive, rather than short-term and corrective.
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During the past decade, significant amount of research has
been conducted to understand how these harmful cracks could
heal themselves without human intervention or interference.
Self-healing mechanism in concrete has been so far achieved
mainly by three approaches: autogenous healing (Edvardsen,
1999), encapsulation of polymeric material (Dry, 1994), and
biologically induced mineralization of calcium carbonate.
Autogenous healing is the natural process of concrete crack
repair when moisture is present (Edvardsen, 1999). It can
only heal narrow cracks whose widths are <0.3mm. Polymeric
material fills cracks in concrete by converting healing agents to
foam when water or humidity is present. Although the chemicals
released from hollow fibers embedded in concrete matrix can
heal the cracks, these materials are not usually compatible
with concrete compositions, e.g., filler and crack have different
mechanical properties and thermal expansion coefficients, which
could cause the enlargement and propagation of the existing
cracks (Dry, 1994).

Due to the above-mentioned weakness, the use of the
biological approach using calcium mineral-producing microbes
becomes extremely desirable. It has been demonstrated that
when a calcium source is present, calcium carbonate, which
possesses high compatibility with concrete compositions, can
be precipitated by bacteria via various biologically induced
mineralization processes (Fortin et al., 1997; Stocks-Fischer et al.,
1999; Bang et al., 2001, 2010; Ramachandran et al., 2001; Dick
et al., 2006; Ramakrishnan, 2007; De Muynck et al., 2008, 2010;
Jonkers and Schlangen, 2009; Jonkers et al., 2010; Van Tittelboom
et al., 2010, 2011; Jonkers, 2011; Wiktor and Jonkers, 2011; Wang
J. et al., 2012; Wang J. Y et al., 2012; Wang et al., 2014a,b; Ersan
et al., 2015a,b; Khaliq and Ehsan, 2016; Seifan et al., 2016; Zhang
et al., 2017).

MECHANISMS AND LIMITATIONS OF
BACTERIA-MEDIATED SELF-HEALING
CONCRETE

Natural organisms are known to be able to generate crystalline
materials at ambient temperature by biomineralization (Tebo
et al., 2005; Seifan et al., 2016). Most biomineralization processes
are achieved via biologically induced mineralization, during
which the organism alters its local micro-environment to create
proper physicochemical conditions for mineral precipitation
(Rivadeneyra et al., 1994; Seifan et al., 2016). Calcium carbonate
is a prevalent biomineralization product and calcite precipitation
is considered as one of the most common microbially-mediated
phenomena in the biosphere (Kumari et al., 2016).

Bacteria-mediated self-healing concrete based on biologically
induced mineralization processes has been extensively studied
during the past decade (Fortin et al., 1997; Stocks-Fischer
et al., 1999; Bang et al., 2001, 2010; Ramachandran et al.,
2001; Dick et al., 2006; Ramakrishnan, 2007; De Muynck et al.,
2008, 2010; Jonkers and Schlangen, 2009; Jonkers et al., 2010;
Van Tittelboom et al., 2010, 2011; Jonkers, 2011; Wiktor and
Jonkers, 2011; Wang J. et al., 2012; Wang J. Y et al., 2012;
Wang et al., 2014a,b; Ersan et al., 2015a,b; Khaliq and Ehsan,

2016; Seifan et al., 2016; Zhang et al., 2017). It has been
shown that bacteria can precipitate calcium carbonate through
three different pathways. (1) Some ureolytic bacteria have been
explored based on their ability to indirectly cause the formation
of calcium precipitates by increasing the local pH via catalyzing
the hydrolysis of urea to ammonium (Stocks-Fischer et al.,
1999; Bang et al., 2001; Ramachandran et al., 2001; Dick et al.,
2006; Ramakrishnan, 2007). (2) Metabolic conversion of organic
compound to calcium carbonate was also extensively investigated
(Jonkers and Schlangen, 2009; Jonkers et al., 2010; Jonkers,
2011). During this process, aerobic oxidation of organic acids
produces carbon dioxide, which produces carbonates in an
alkaline environment. (3) The third pathway is referred to as
dissimilatory nitrate reduction (Ersan et al., 2015a). Bacterial
denitrification is defined as a respiratory process to reduce nitrate
stepwise to nitrogen gas. Minerals are precipitated via oxidation
of organic compounds by the reduction of nitrate via denitrifying
bacteria (Van Paassen et al., 2010). For the three pathways, an
external calcium source usually needs to be provided, as shown
in Table 1 in Seifan et al. (2016), and the optimal concentration of
the provided calcium ions depends on the type of calcium source,
the type of bacterial culture, and the method of application, etc.

Tomake bacteria-mediated self-healing concrete, the bacterial
spores, as well as their nutrients, are added to concrete matrix
during mixing process (EPOfilms, 2018). When cracks occur,
and water finds its way in, the dormant bacterial spores will
germinate, grow, consume the nutrients, and precipitate calcium
carbonate to heal the cracks in situ. When the cracks are
completely healed with no more water inside, the bacteria will
become dormant again. As the environmental conditions become
favorable in later stages, the spores could be wakened again. For
existing concrete structures with cracks, the bacterial spores and
their nutrients are injected or sprayed into the cracks (EPOfilms,
2018).

Although the term “microbe” refers to many different types
of microorganisms, studies on self-healing concrete have been so
far limited to bacteria. The research on bacteria-mediated self-
healing concrete indeed achieved a significant level of success
(Fortin et al., 1997; Stocks-Fischer et al., 1999; Bang et al.,
2001, 2010; Ramachandran et al., 2001; Dick et al., 2006;
Ramakrishnan, 2007; De Muynck et al., 2008, 2010; Jonkers and
Schlangen, 2009; Jonkers et al., 2010; Van Tittelboom et al., 2010,
2011; Jonkers, 2011; Wiktor and Jonkers, 2011; Wang J. et al.,
2012; Wang J. Y et al., 2012; Wang et al., 2014a,b; Ersan et al.,
2015a,b; Khaliq and Ehsan, 2016; Seifan et al., 2016; Zhang et al.,
2017; EPOfilms, 2018). However, it still has some limitations as
listed below.

LIMITATION #1: THERE HAS BEEN LITTLE
SUCCESS WITH RESPECT TO
LONG-TERM SELF-HEALING EFFICACY

The bacterial spores can usually remain viable in dry state for
more than 50 years (Jonkers, 2011). However, bacteria and their
spores could not generally survive the harmful environment
of concrete. When the bacterial spores are directly put in
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concrete matrix, their lifetime is limited to <2 months (Jonkers,
2011). For example, B. cohnii spores were embedded directly
in concrete matrix, and the number of viable bacteria cells
decreased after 22 and 42 days of curing by 80 and 90%,
respectively (Jonkers et al., 2010). This is because the typical
bacterial spores are larger than the pores in concrete, and if they
are directly added to concrete matrix, most spores are squeezed
and crushed during the hydration process when the pores
in concrete significantly shrink. Therefore, encapsulation or
immobilization of bacterial spores in a protective carrier becomes
necessary. However, the protection techniques only increased
their lifetime to about 6 months (Jonkers, 2011), which is still
far from being practical considering the fact that the lifetime of
concrete infrastructure is often more than 50 years or even a
century.

Concrete is considered as an extreme environment for bacteria
mainly due to its high pH values. The pH-values of concrete
matrix are between 11 and 13 owing to the formation of calcium
hydroxide, one of the most important hydration products. Even
for alkaliphilic bacteria, concrete is still a harsh environment due
to severe moisture deficit, varied temperatures, limited nutrient
availability, and possible exposure to ultraviolet light, which often
dramatically influence the bacterial metabolic activities andmake
bacteria and their spores vulnerable to death.

LIMITATION #2: THERE HAS BEEN LITTLE
SUCCESS WITH RESPECT TO REPAIR OF
WIDE CRACKS OR RAPID CRACK REPAIR

Although there is no limit for the length of the cracks, the
crack width is crucial (EPOfilms, 2018)—bacteria can only heal
narrow cracks with crack widths <1.0mm (Wiktor and Jonkers,
2011; EPOfilms, 2018). The healing process usually takes 21–
100 days. Wang J. Y et al. (2012) reported that utilization of
immobilized bacteria was able to completely heal cracks of a
width of 0.17mm after 40 days of healing. Wiktor and Jonkers
(2011) reported that utilization of encapsulated bacterial spores
was able to close cracks with widths ∼0.46mm after 100 days
of healing. Wang et al. (2014b) demonstrated that encapsulation
in hydrogels allowed bacteria to fill cracks with widths varied
from 0.2 to 0.5mm after 28 days of healing. Zhang et al. (2017)
reported that utilization of immobilized bacteria was able to heal
cracks with widths∼0.79mm after 28 days of healing. According
to Wang et al. (2014a), encapsulated bacterial spores were able
to induce calcium carbonate precipitates that were able to close
cracks up to 1.0mm after 21 days of healing, which is by far the
largest crack width and the highest healing rate we could find in
existing literature.

This limitation is due to the insufficient ability of the bacteria
to promote large amounts of calcium carbonate precipitates
within short periods of time. The factors affecting bacterial
calcium carbonate production include the concentration of
calcium ions, the pH and temperature of the concrete matrix,
the growth medium composition, and most importantly, the
availability of nucleation sites—usually the bacterial cell walls
(Hammes and Verstraete, 2002; Seifan et al., 2016).

LIMITATION #3: INCORPORATION OF
HEALING AGENTS, I.E., BACTERIAL
SPORES AND NUTRIENTS, RESULTS IN
UNWANTED LOSS OF CONCRETE
COMPRESSIVE STRENGTH

In many previous studies, healing agents were put into tubular
or spherical capsules to improve the viability of bacteria, since
capsules could resist mechanical forces during the mixing
process. When cracks occur, the capsules are ruptured and the
self-healing process is triggered by release of the healing agent.
However, capsules-incorporated concrete often results in much
lower mechanical strength due to the empty space that appears
after capsules rupture (Wang et al., 2014a; Seifan et al., 2016).
According toWang et al. (2014b), the application of encapsulated
B. sphaericus spores in mortar reduces its compressive strength
by 15–34%.

Immobilization of bacteria into porous carriers was often used
to address the encapsulation drawbacks (Jonkers, 2011; Ersan
et al., 2015b). Although no empty space was left by using this
approach, replacement of a fraction of sand and gravel with
porous carriers could also lead to a dramatic decrease of concrete
compressive strength (Jonkers, 2011; Ersan et al., 2015b). Jonkers
(2011) reported that utilization of immobilized B. pseudofirmus
and B. cohnii spores in concrete decreased compressive strength
after 28 days of curing by 50% compared with concrete specimens
without replacement of sand and gravel fractions. In the study
conducted by Ersan et al. (2015b), the porous carriers were
included in addition to the standard aggregate content, but the
utilization of immobilized B. sphaericus spores in concrete still
reduced compressive strength after 7 and 28 days of curing by
63 and 60%, respectively, mainly owing to the non-encapsulated
nutrients.

Besides the three limitations listed above, we want to
point out that it is still very difficult to make self-healing
concrete economically competitive with currently existing repair
techniques. According to current industrial data (Silva et al.,
2015), average concrete prices are∼110 dollars/m3. The bacteria-
based self-healing concrete with encapsulated or immobilized
spores currently results in prices of about 6,876 dollars/m3,
making this self-healing technique unlikely to be used in practical
applications (Silva et al., 2015). This high price is mainly caused
by the need of aseptic conditions to obtain bacterial spores,
the use of expensive growth media, and most importantly, the
encapsulation or immobilization process to protect bacterial
spores (Silva et al., 2015).

PROSPECTS FOR FUNGI-MEDIATED
SELF-HEALING CONCRETE

To address the limitations of bacteria-mediated self-healing
concrete, the authors have conducted extensive investigation on
alternative microorganisms for biogenic crack repair in the past
few years. The results demonstrated that fungi could be one of
the best candidates to be used as self-healing agent due to the
following reasons.
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Perspective #1: Fungi-Mediate
Self-Healing Concrete May Possess
Long-Term Self-Healing Capacity
Long-term self-healing capacity is crucial for sustainable and
resilient infrastructure. It is hypothesized that fungi and their
spores can better adapt to the deleterious environment of
concrete, which includes low humidity, varied temperatures,
possible exposure to ultraviolet light, and severe nutrient
limitation, and most importantly, high alkalinity.

Fungi are known to possess remarkable ability to utilize
different strategies to survive and prosper in harsh environments
(Ehrlich, 1981; Staley et al., 1982; Johnstone and Vestal,
1993; Urzi et al., 1995; Panina et al., 1997; Raghukumar and
Raghukumar, 1998; Sterflinger, 2000; Kis-Papo et al., 2001;
Robinson, 2001; Burford et al., 2003a,b; Sancho et al., 2007;
Sterflinger et al., 2012; Chavez et al., 2015). Certain species of
fungi have evolved the ability of adaptation to a range of so-
called extreme environments, where few other microorganisms
could survive (Magan, 2007). Most relevantly, rocks are often
considered as an extreme environment for fungi because of
limited nutrient availability, exposure to ultraviolet light, and
moisture deficit. However, due to their extraordinary ability
to grow oligotrophically by scavenging nutrients from air and
rainwater, fungi have been reported in a wide range of substrates
including limestone, sandstone, granite, and marble, where
they constitute an important component of both epilithic and
endolithic microbial communities (Ehrlich, 1981; Staley et al.,
1982; Johnstone and Vestal, 1993; Urzi et al., 1995; Panina et al.,
1997; Sterflinger, 2000; Burford et al., 2003a,b).

According to Magan (2007), many different species of fungi
can grow in alkaline environments with pH values above 10.
For example, Paecillomyces lilacimus and Chrysosporium spp.
are both alkaliphilic and able to grow very well at pH-values of
7.5–11.0. The possession of an osmotic barrier to the external
environment can help the fungi maintain their internal cellular
pH at close to neutrality for efficient cellular functioning, even
when the external pH is extreme. It is this ability that has enabled
fungi to become well established in various extremely alkaline
environments, such as soda lakes, desert soils, and alkaline
springs (Longworthy, 1978).

Besides wild-type strains, genetically engineered fungi are also
important candidates for self-healing concrete. Fungi respond
to ambient pH levels via a dedicated transcription factor PacC
(Lamb et al., 2001; Caracuel et al., 2003a,b; Nobile et al., 2008;
Penalva et al., 2008; Hervas-Aguilar et al., 2010). Mutants in the
pacC regulatory gene are extremely heterogeneous in phenotype,
and amajor class of mutations are gain-of-function pacCc created
by truncating the C-terminal region (Penalva and Arst, 2002,
2004). The pacCc mutations bypassing the need for the ambient
pH signal lead to permanent activation of alkaline genes and
superrepression of acidic genes, resulting in alkalinity mimicry
(Penalva et al., 2008). Irrespective of ambient pH, alkalinity-
mimicking mutants believe that they are always at alkaline pH
and trigger a pattern of gene expression similar to that in the wild
type grown under alkaline conditions, which is exactly what is
needed for the application of self-healing concrete.

To date, the investigation on fungi-mediated self-healing
concrete is lacking. The authors believe that a wide screening of
different species of fungi for the application of biogenic crack
repair is urgently needed. The candidates should be selected
from the alkaliphilic spore-forming fungi. Most fungi can form
spores that can survive almost any natural environment (Moore-
Landecker, 2002; Hamilton, 2006). They should pose little risk to
human health and are appropriate to be used in infrastructure.
It is preferred if the genomes of the fungi are publicly available
so that they can be genetically manipulated to enhance their
survivability.

Perspective #2: Fungi-Mediated
Self-Healing Concrete May Heal Wider
Cracks Within Shorter Periods of Time
If the cracks, both narrow and wide, can be healed in a
timely manner, the maintenance costs will be greatly reduced,
the service life of the infrastructure will be significantly
extended, and the catastrophic consequences caused by
vulnerable structures will be avoided or mitigated. It is
hypothesized that fungi are more effective than bacteria in
biogenic crack repair owing to their exceptional ability to
promote calcium carbonate precipitates within short periods
of time.

Fungi generally display either of two growth modes, yeast-like
or filamentous. The cells of filamentous fungi grow as tubular,
elongated, and threadlike structures called hyphae, which contain
multiple nuclei and grow apically with new apices emerging
from the formation of lateral branches, creating a 3D network
called mycelium. It is widely believed that filamentous fungi
possess distinctive advantages over other microbial groups to
be used in a variety of applications of biomineralization-based
technologies due to their superior cell wall-binding capacity
and extraordinary metal-uptake capability (Kahle, 1977; Klappa,
1979; Wright, 1986; Gadd, 1990, 1993, 1999, 2007; Verrecchia
et al., 1990, 1993, 2006; Arnott, 1995; Volesky and Holan, 1995;
Monger and Adams, 1996; Manoli et al., 1997; Sayer et al., 1997;
Gharieb et al., 1998; Bruand and Duval, 1999; Verrecchia, 2000;
Chander et al., 2001a,b; Dias et al., 2002; Khan and Scullion,
2002; Roncero, 2002; Burford et al., 2006; Burbank et al., 2011;
Takey et al., 2013; Li et al., 2014; Phanjom and Ahmed, 2015;
Bindschedler et al., 2016).

One of the critical factors that influence the amount of
produced mineral precipitates is the availability of the nucleation
sites—usually the microbial cell walls (Hammes and Verstraete,
2002). It is obvious that the microbes that exhibit higher surface-
to-volume ratios possess a larger fraction of potential organic
templates for mineral precipitation (Bindschedler et al., 2016).
Compared with the much smaller and simpler bacterial cell,
the fungal branching architecture and filamentous growth habit
provide more nucleation sites and framework support for the
calcium carbonate precipitates, as shown in Figure 1.

While bacteria promote mineral precipitation only through
induced biomineralization processes, fungi are capable of both
induced biomineralization and organomineralization processes
(Bindschedler et al., 2016).
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FIGURE 1 | The main morphological and size differences between filamentous

fungi, yeast, and bacteria, showing that the fungal branching architecture

could provide more nucleation sites and framework support for the calcium

carbonate precipitates.

To precipitate calcium carbonate, two factors are critical,
i.e., carbonate alkalinity and calcium ion concentration. Fungal
metabolic activities can influence both, leading to induced
calcium carbonate biomineralization. Fungal activities that
can increase alkalinity typically include water consumption,
physicochemical degassing of fungal respired carbon dioxide,
organic acid oxidation, nitrate assimilation, and urea degradation
(Bindschedler et al., 2016). In addition to their influence
on carbonate alkalinity, fungi can also influence calcium ion
concentration. Calcium ion concentration within metabolically
active fungal cells is under strict control: calcium ions must be
concentrated at the apex for proper apical growth and instantly
decreased in subapical regions (Bindschedler et al., 2016). To
keep this steep gradient, fungi need to efficiently regulate calcium
ions by actively pumping it out of the cell or by binding it onto
cytoplasmic proteins (Bindschedler et al., 2016).

Besides induced biomineralization, fungi also participate
through organomineralization, which involves an organic
substrate to initiate or enhance crystal nucleation and growth. In
this type of biomineralization, living organisms are not required
and only the organic fraction matters as a template for nucleation
(Bindschedler et al., 2016). An important characteristic that
places fungi in a different kingdom from bacteria is the chitin
in their cell walls, which is a substrate that significantly reduces
the required activation energy for nucleus formation so that
the interfacial energy between the fungi and the mineral crystal
becomes much lower than the interfacial energy between the
mineral crystal and the solution (Manoli et al., 1997; Roncero,
2002). Therefore, cation binding by fungi can occur by means of
metabolism-independent binding of ions onto cell walls, which is
an important passive property of both living and dead biomass.
Bound calcium ions can interact with soluble carbonate ions,
leading to calcium carbonate deposition on the fungal hyphae.
Calcite formed in the aqueous phase could also nucleate onto the
hyphae.

Fungi could also promote calcium carbonate precipitation
out of self-protection. Metals that are essential for fungal
growth and metabolism can all exert toxicity when present
above certain threshold concentrations. However, many fungi
can survive and prosper in apparently metal-polluted locations.

Many scientific articles reported a population shift from bacteria
to fungi in metal-contaminated soils and waters (Chander
et al., 2001a,b; Khan and Scullion, 2002; Gadd, 2007), and
precipitation of metal minerals onto hyphae was considered as
one of the most important mechanisms to explain the superior
toxic metal tolerance in fungi (Gadd, 2007; Bindschedler et al.,
2016). Concrete is a calcium-rich environment, which likely
represents a stress for fungal cells owing to calcium cytotoxicity
and subsequent osmotic pressure. The precipitation of calcium
oxalates has been suggested as a strategy to immobilize excessive
calcium ions (Gadd, 1999). The formation of calcium carbonate
precipitates may represent a similar means to decrease their
internal calcium concentration.

Fungi can promote large amount of calcium carbonate
precipitates within short periods of time (Rautaray et al., 2003,
2004; Ahmad et al., 2004). Ahmad et al. (2004) demonstrated
that calcite crystals were obtained by simple exposure of aqueous
calcium ions to the two fungi Trichothecium sp. and Fusarium
oxysporum, respectively, at 27◦C. Immature calcite crystals were
observed after 12 h of reaction. The morphology evolves from
structures with plenty of defects to smooth structures after 3 days
of reaction. While many plate-shaped crystals were observed in
the case of Trichothecium sp., the crystallites assembled into ring-
like superstructures in the case of F. oxysporum. In another study,
Burford et al. (2006) grew Serpula himantioides in laboratory
microcosms consisting of Carboniferous limestone at 25◦C.
Extensive crystal production of calcium carbonate was observed
after 21 days of incubation. Crystal production was observed
with both living and dead fungal biomass, indicating that both
induced biomineralization and organomineralization processes
were involved.

The previous studies on self-healing concrete mainly center
upon the macroscopic properties of the system. Due to
the microscopic nature of fungal filaments, it is essential
to understand the mineral precipitation processes at the
microscopic level and directly in the native conditions. With the
goal of optimizing the biomineralization process to significantly
increase calcium carbonate precipitation within short periods of
time, a deep understanding of the fundamental mechanisms by
which fungi facilitates crystal nucleation and subsequent growth
is urgently needed for achieving a high level of control over the
development of the resulting minerals.

Perspective #3: Incorporation of Healing
Agents, i.e., Fungal Spores and Nutrients,
Could Lead to No Negative Consequences
on Concrete Compressive Strength
Compressive strength is a crucial parameter used in the
design and evaluation of concrete structures. Building codes
and standards for the infrastructure system impose strict
requirements for the compressive strength of its concrete
components. Self-healing concrete with decreased compressive
strength is useful only in a limited range of applications.

Fungal spores are usually larger than bacterial spores (Luo
et al., 2018), which could have been a weakness of using
fungi, because too many fungal spore-containing capsules or
porous carriers would significantly lower compressive strength.
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However, it is hypothesized that in an optimized system, effective
self-healing can be achieved without compromising concrete
compressive strength.

Seifan et al. (2016) concluded that the healing agents increased
mortar compressive strength when the cell concentration is about
5 × 106 cells/mm3, but the compressive strength was decreased
for higher cell concentration. Jonkers (2011) also indicated that
the amount of healing agents should be decreased to reduce
unwanted loss in concrete compressive strength. It can be seen
that while too few healing agents will leavemany cracks unhealed,
too many will decrease compressive strength, mainly due to the
empty spaces that appear after capsules rupture, the replacement
of a certain portion of sand and gravel with porous carriers, the
distribution of non-encapsulated nutrients, or the poor bonding
between the healing agents and the concrete matrix. On the other
hand, the positive influence of incorporation of healing agents on
compressive strength has been reported by several studies (Ersan
et al., 2015b; Seifan et al., 2016). According to Bang et al. (2010),
the utilization of immobilized S. pasteurii on porous glass beads
can considerably improve the compressive strength of the mortar
specimen by 24% due to the self-healed cracks.

Therefore, the amount, size, shape, and distribution of
healing agent-containing capsules or porous carriers can be
optimized to achieve effective self-healing without compromising
compressive strength. Moreover, the material of the capsules
or porous carriers needs to be carefully selected so that strong
bonding is achieved between the healing agents and the concrete
matrix.

The research on self-healing concrete has been mainly
focusing on laboratory and experimental work, suffering from
a lack of numerical simulation tools, which can help optimize
the proposed system and reduce experimental costs and time.
A computational framework for fungi-mediated self-healing
concrete is urgently needed to help understand the effect of the
design parameters on the rate and quality of the crack healing and
the conditions under which healing progresses in an optimized
way without inflicting negative effect on concrete strength.

Besides the three perspectives listed above, we want to point
out that using fungi could potentially lower the costs of self-
healing concrete, because fungi are easier to acquire, to handle,
and to culture in large quantities (Buckley, 2008; Soccol et al.,
2017). Moreover, fungi have simpler nutritional needs. Many
species of fungi are oligotrophic, surviving by scavenging minute
quantities of volatile organic compounds from the atmosphere
(Kavanagh, 2011).

CONCLUDING REMARKS

Bacteria-mediated self-healing concrete based on biologically
induced mineralization processes has been extensively studied
during the past decade, but it still has important limitations.
Fungi, as one of the best candidates to be used as self-healing
agents due to their superior ability to adjust to the deleterious
environment of concrete and extraordinary capability to promote
calcium mineralization, should no longer be neglected. The
investigation on fungi-mediated self-healing concrete is urgently
needed.
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