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Abstract
Self-healing concretes are being widely recognized as a remedial technique to improve the durability of concrete.
Although, few review papers on self-healing concrete were published, a strong review on all aspects of self-healing concrete
cannot be found. In this paper, natural, chemical and biological processes of self-healing concrete technologies were
completely reviewed. The main focus of the study is for the biological processes. The review presents a new insight into the
research for the treatment of unexpected cracking of concrete. The information presented in this paper can be considered
significant for biotechnologists and bioprocess engineers to have comprehensive updates on the current status-quo of selfhealing concrete.
Keywords: Self-healing concrete, chemical self-healing process, biological self-healing process, biological precipitation

1- Introduction1

(2) chemical and (3) biological processes. Figure 1 shows
the comprehensive taxonomy for self-healing concrete
research.
In the aspect of self-healing concrete, several reviews
are found. A latest review on self-healing concrete was
by Wu et al. (2012) who highlighted on the natural and
man-made self-healing. Their review also covered
comprehensive explanation on the chemical and
biological methods [11]. Siddique and Chahal (2011)
detailed the use of ureolytic bacteria for the designing of
self-healing concrete [12]. Toohey et al. (2007) reviewed
micro-vascular as self-healing material [20]. Jonkers
(2007) reviewed on biological methods to design selfhealing concrete based on calcium carbonate
precipitation [13]. Al-Thawadi (2011) identified the
mechanism of strength enhancement of sand using
ureolytic bacteria and calcium carbonate formation [14].
Although several review papers have been published on
self-healing concrete, a comprehensive reviewed on
physical, chemical and biological processes have not yet
been reported. For a biologist, the importance of a
comprehensive review paper is to establish a quick macro
snapshot from the body of knowledge. Thus, this paper
aims to present a comprehensive review on self-healing
concrete based on three key taxonomy, i.e. natural selfhealing, chemical self-healing and biological selfhealing. All the corresponding sub-taxonomies for all
three key taxonomies are described in the subsequent
sections.

Self-healing concrete is mostly defined as the ability
of concrete to repair its small cracks autonomously [1].
The idea of self-healing concrete was inspired from the
natural phenomenon by organisms such as trees or
animals. Damaged skin of trees and animals can be
repaired autonomously [1, 2]. Remediating cracks in
concrete structure is important for its service durability
and structural safety [3].
The main keyword of this article is self-healing
concrete. However, other similar keywords in this area
are self-healing, self-repair, autonomous healing,
automatic healing, auto-treatment, self-treatment, bioconcrete, bio-inspired, biological concrete, calcite biomineralization, and calcite precipitation. Recently,
developing self-healing concrete technology has become
an important objective for researchers in biotechnology
and civil engineering sciences [4-10]. During the 1980s,
only very few articles can be found related to self-healing
concrete, more over serious studies in this area were not
established until late 1990's. Among the self-healing
designing methods, biological methods are the latest
ones.
Several processes are proposed for the design of selfhealing concrete. This paper reviewed all processes of
self-healing concrete technologies containing (1) natural
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2. Self-healing in concretes

2.1 Natural self-healing
processes

2.2 Biological self-healing
processes

Different natural self-healing processes
[11]:
(a) Calcium carbonate
hydroxide formation,

or

calcium

(b) Blocking cracks by impurities in the
water,
(c) Further hydration of the unreacted
cement or cementitious materials
(d) Expansion of the hydrated
cementitious matrix in the crack flanks
(swelling of C–S–H).

2.3 Chemical self-healing
processes

Different biological precipitation:

Chemicals added into concrete are by
following methods:

(a) Precipitation of calcium carbonates
[12, 13, 14, 15]

(a) Passive mode
•
Capsules [2]
•
Shallow pipettes [11]
•
Vascular networks without
link to external supply of
glue [20].

(b) Precipitation of polymorphic ironaluminum-silicate [16]

Precipitation reactions are carried out by:

(b) Active mode
•
Vascular networks with
external link to supply glue
[20]

(a) Fungi [17]
(b) Bacteria [18]

Different microorganism families can be used to
design self-healing concrete:
(a) Mesophilic microorganisms [14]
(b) Thermopilic microorganisms [19]

Anaerobic microorganisms [17, 19]

Aerobic microorganisms [17]

Figure 1: A novel taxonomy for research in self-healing concretes

Among the proposed self-healing mechanisms in the
natural process, formation of calcium carbonate and
calcium hydroxide (Figure 2A) are the most effective
methods to heal concrete naturally [21, 22, 18, 23, 24,
25]. This view is supported by the fact that some white
residue can be found on the outer surface of the concrete
cracks. This white residue is found to be calcium
carbonate and has been widely reported including Wu et
al. [11]. The fundamental mechanisms for the formation
of calcium carbonate and calcium hydroxide [21] are
represented in Eqn. (1) to (3). At the first step, carbon
dioxide is dissolved in water.

2- Self-healing of concrete
2-1- Natural Self-healing process
As shown in Fig. 2, several natural process can
partially repair concrete cracks as shown in Fig. 2(A). In
natural processes, four following processes can block
crack (1) the formation of calcium carbonate or calcium
hydroxide is another process to block crack (2) crack is
blocked by impurities in the presence of water as shown
in Fig. 2(B). (3) Crack is further blocked by hydration of
the unreacted cement or cementitious material (Fig.
2(C)). (4) Crack is blocked by the expansion of hydrated
cementitious matrix in the crack flanks (swelling of
calcium silicate hydrate gel) as shown in Fig. 2(D) [11].
In many cases, more than one of these process or
mechanisms (Fig. 2A to 2D) can happen simultaneously.
In fact, most of these mechanisms can only partially fill
the entrance of some cracks and cannot completely fill
the cracks. This will be useful to prevent the
development of cracks or prevention of deep penetration
of harmful chemicals such as acids into the crack.

+

↔

↔

+

↔2

+

Eqn. (1)

Free calcium ions are released as a result of cement
hydration and dissipatation through concrete as well as
along the cracking surfaces, reacts with
and
. As a result, calcium carbonate crystals are
formed. Reaction (2) and (3) can only happen at pH
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above 8 or between 7.5 and 8. The crystals grow both at
the surface of the cracks and finally fills the gap.
+
+

↔
↔

2-2- Chemical self-healing process
Chemical healing process mainly refers to the
artificial healing by injecting chemical compounds into
the crack for healing. Self-healing concrete is designed
by mixing chemical liquid regents (i.e. glue) with fresh
concrete in small containers. This paper explains the two
common chemical methods that make use of glue
addition to the concrete for healing purposes: (1) hollow
pipettes and vessel networks containing glue (2)
encapsulated glue. The details of each method is shown
below.

Eqn. (2)
+

Eqn. (3)

Neville (2002) claimed that, further hydration of
anhydrate cementations components is mainly due to the
natural self-healing properties in concrete. However, this
process only applies to very young concrete and the
formation of calcium carbonate most likely causes selfhealing at later ages [26]. Natural self-healing can be
useful for cracks with widths up to 0.1–0.2mm [27].

(A) Formation of
calcium carbonate

(B) Blocking by
impurities

(C) Hydration of
unreacted cement

(D) Expansion of
the hydrated cement

Figure 2: Possible mechanisms for natural self-healing in cementations materials

2-2-1- Hollow pipettes and vessel networks containing
glue
The chemical self-healing mode for concrete can be
divided into two categories: a) active mode b) passive
mode. Active mode uses vessel network linked with
external supply of glue for the distribution of glue
whereas the passive mode uses hollow pipettes, capsules
or vessel network to distribute glue that is not linked to
an external glue source.
Either the hollow pipettes or the vessel networks can
be used to design a self-healing concrete based on the
active or passive mode. Hollow pipettes have been
applied at different length scales by various researchers
to design different self-healing materials such as
polymers and polymeric [28–32]. Hollow pipettes
contain glue that can be mixed with fresh concrete
(Figure 3a) and will be ruptured during crack propagation
and the glue is released into the cracks and finally it heals
the crack. Self-healing concrete containing hollow
pipettes is inspired from blood vessels in creatures.
According to Wu et al. (2012), suitability of hollow
pipettes to release glue into cracks were proven in many
cases (Figure 3b) [11]. Pang and Bond [31, 32] improved
the current practice on the self-healing processes using
hollow pipettes where the pattern of glue distribution
within the cracks was monitored, when a mixture of glue
and fluorescent dye was released following the rupture of
hollow pipettes.

a

b
Figure 3: (a) Hollow glass fibers (b) damage visual enhancement in
composite laminate by the bleeding action of a fluorescent dye from
hollow glass fibers [32].
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researchers such as Mihashi et al. [39] and Joseph et al.
[33] also conducted similar studies. Mechanisms of
vessel networks are shown in Figure 5.
Other study showed that concrete containing hollow
pipettes after flexural test and glue releasing into its
cracks can stand up to 20% more load under a subsequent
flexural test [25]. Although several researchers have
reported hollow pipettes and vessel networks containing
glue as methods for designing self-healing concrete, the
method needs to be verified for the use in actual projects
[28-39].

Some examples of glue that are applicable for filling
the hollow pipettes in concrete are methyl methacrylate,
ethyl cyanoacrylate, acrylic resin, epoxy resin [25, 33,
34, 35-38].
Besides the hollow pipette filled with glue type of
self-healing concrete design, Dry (1994) used a vessel
network within a concrete specimen for the distribution
of glue (Figure 4). This vessel network was brittle and
placed inside a concrete specimen, with one end linked to
the supply of glue and the other end sealed. Other

Tank containing glue

Concrete

Vessels network for
distribution of glue
Figure 4: Schematic diagram for vessel networks

Vessel containing
glue

Self-healing
concert

Crack

Rupturing of vessel by crack

Vessels
connected to
the external
tank

Filling crack by released
glue

Vessels
connected to
the external
tank

(B) Crack ruptures the vessel and glue
released into the crack and is filled

(A) Crack being propagated into concrete

Figure 5: Crack-healing mechanism using vessels containing glue

purposes and were eventually replaced. White et al. [41]
introduced the application of microcapsules containing
glue for designing self-healing concrete and the concept
is shown in Figure 6. Normally cracks would rupture the
embedded microcapsules hence the glue is released into
the crack faces through capillary action and the crack
gets filled.

2-2-2- Encapsulated glue
Encapsulation of glue is evolved from the eggs of
bird (in macro-scale) or cells (in micro-scale) [40]. The
size for capsules containing glue used for self-healing
concrete varies from microcapsules to nanocapsules [35].
Microencapsulation was developed beginning with the
preparation of capsule containing dyes. These capsules
containing dyes were introduced into paper for copying
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Crack

Rupturing of micro-capsule by
crack

Filling crack by released
dye and glue

(B) The crack ruptures the microcapsule and
glue released into the crack and is filled

(A) Crack is being propagated into concrete

Figure 6: Crack-healing mechanisms using encapsulated glue

Microorganisms can be added to the biological selfhealing concrete through different approaches. These
includes the addition of microbial broth directly into the
fresh concrete; additions in the form of spores,
immobilized form onto silica gel or activated carbon,
encapsulated form, or using the vascular networks as
described under the chemical method to distribute the
microorganisms [11, 20, 44].
The pH, temperature and moisture content of the
concrete are typically not suitable for the growth of
bacteria. Hence, in certain cases, resistant form of
bacteria (spore) is used instead of using fresh microbial
broth. Alternatively, encapsulated microorganisms can
also be used to withstand the harsh condition of concrete.
Encapsulation of microorganisms are however an
expensive and complex method. The use of vascular
networks to distribute the microbial broth throughout the
cemetitious matrix is another way of protecting the
microorganisms from inappropriate conditions. However,
these methods are complicated and subjected to lack of
constructability using current technology.
The use of immobilized microorganisms onto silica
gel or activated carbon is a suitable way in terms of
financial aspect. However, the effect of using these
materials on strengthening of concrete is still not
completely clear. Jonkers et al., (2010) showed that
applying 6×108/cm3 bacterial spores to design selfhealing concrete resulted in a decrease in strength of less
than 10% for 3, 7 and 28 days cured specimens [76]. This
study showed that the effects of bacteria on concrete
straightness are not considerable. However, it can be very
effective to repair cracks and extension of concrete
durability.

Micro-capsules containing epoxy resin (as glue) and
acrylic resin (as a hardener) were used by Nishiwaki
(1997) to research on the improved materials for selfhealing concrete [34]. Both splitting and compression
tests were carried out. The results elaborated that: (a) two
healing agents are difficult; (b) very small amount of
healing agent could be filled in one microcapsule; (c) the
bonding strength between the microcapsules and the
cementitious matrix had to be stronger than the strength
of the microcapsules. In order to solve these problems:
(1) one of the healing agents might be used as core
material; (2) diameter of the microcapsule should be big
enough; (3) bonding strength between the encapsulated
shell material and the cementitious matrix should be
improved. Finally, it was concluded that there were a lot
of technical problems.
According to Homma [25], a self-healing concrete
specimen containing microcapsules was loaded to the
point of almost breaking. The results elaborated that;
self-healing concrete specimen could recover 26% of its
original strength as compared to the control specimen
that recovered 10%. Based on this study, increasing the
quantity of glue can raise the strength recovery ratio of
self-healing concrete.
2-3- Biological self-healing process
The use of microorganisms to design self-healing
concrete has been categorized as biological strategy by
several researchers [11, 12, 13]. Microorganisms can
grow allmost everywhere such as soil, water and oil
reservoir, acidic hot springs and industrial wastewater.
The use of microorganisms to design self-healing
concrete has been suggested by several researchers [42,
43]. Gollapudi et al. introduced biological self-healing
concrete as environment friendly process [16].
Microorganisms are mostly divided into three important
categories: bacteria, fungi, and viruses. Among these
microorganisms, special strains of bacteria capable of
precipitating certain chemicals are used to design the
biological self-healing concrete. Precipitation of
polymorphic
iron-aluminum-silicate
((Fe5AI
3)
(SiAl)Ol0(OH)5) and calcium carbonate (CaCO3) are the
most important processes use for designing the biological
self-healing concretes.

2-3-1- Biological precipitation of calcium carbonate
The pH of fresh concrete is usually between 10 to 13.
The temperature of fresh concrete can go up to 70◦C.
After the drying of concrete, there is not enough water.
Therefore, the selected bacteria needs to exhibit high
resistance against high pH, temperature, and serious
limitation of water. Usually mesophilic microorganisms
cannot grow normally in these conditions. To solve this
problem Ghosh and Mandal (2006) successfully used
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thermophilic bacteria to design self-healing concrete
[19].
Microbial calcium carbonate can be precipitated as a
by-product during urea hydrolysis, photosynthesis, and
sulfate reduction [45]. As a microbial sealant, calcium
carbonate showed its positive potential in selectively
consolidating simulated fractures and surface fissures in
granites and in the consolidation of sand. Calcium
carbonate can be found in three-precipitated form of
mineral crystals. They have similar chemical formula but
different structures, namely calcite, aragonite and
vaterite. The most stable form of calcium carbonate is
calcite. Aragonite is meta-stable and can be converted
into calcite over time. Vaterite is rarely found in nature
[46]. Only calcite is of greater interest for developing
self-healing concrete.
Several factors affecting the precipitation rate of
biological calcite are (1) concentration of the dissolved
inorganic carbon content, (2) pH, (3) concentration of
calcium ions (
) concentration, (4) presence of
nucleation sites. Microbial metabolisms can provide first
three of these factors and the cell wall of the bacteria acts
as nucleation site [27].
Bacterial calcium carbonate precipitation on concrete
surface can reduce permeability towards gas and
capillary water uptake. Carbonate precipitation is found
throughout the world, especially in the oceans [48, 49].
This type of bacterial culture and medium composition
has a profound impact on the morphology of calcium
carbonate crystal. For example, precipitation of calcite
can be raised by magnesium [50]. Several microbial
metabolic pathways can contribute to the precipitation of
biological mineral. For instance, the famous pathways to
precipitate calcium carbonate are anaerobic sulphide
oxidation, ammonification, denitrification, sulfate
reduction and photosynthesis [51, 52].
The primary role of bacteria to precipitate calcium
carbonate is attributed to their ability to increase the pH
of the environment through different bacterial
metabolisms [53]. Apparently, biological calcium
carbonate precipitation using ureolytic bacteria is one of
the most popular way to design self-healing concrete.
These bacteria are able to produce extracellular urease
enzyme. The hydrolysis of urea to carbon dioxide and
ammonia can be catalyzed by urease enzyme. The
hydrolyzed ammonia and carbon dioxide increases the
pH and carbonate concentration in the bacterial
environment, respectively. A series of biochemical
reaction takes place to form calcium carbonate as shown
in Eqn. (4) to (10) [11].
Urea is hydrolyzed to carbamate and ammonia in the
presence of urease as shown in Eqn. (4).
) +

+

Carbamate is spontaneously hydrolyzed
ammonia and carbonic acid as in Eqn. (5).
+

→

+

to

form

Eqn. (5)

Carbonic acid is hydrolyzed to form carbonate ion and
hydrogen ion as shown in Eqn. 6.
↔

+

Eqn. (6)

Ammonia spontaneously hydrolyses to form ammonium
and hydroxide ion as shown in Eqn. 7.
2

+2

↔2

+2

Eqn. (7)

The reaction in Eqn. (7) continuously produces
hydroxide ion, this gives rise to a pH increase, which
shifts the overall equilibrium of bicarbonate ion (
)
towards the formation of carbonate ions as shown in Eqn.
(8).
+

+2

+2

↔

+2

+2

Eqn. (8)

Bacterial cell wall has negative charge and for this
reason, cell wall is able to draw positively charged
calcium ions (Ca2+) to deposit on their cell wall surface
(Eqn. 9). The Ca2+ ions then react with the CO ions
leading to the precipitation of calcium carbonate
) at the cell surface as shown in Eqn. (10). This
precipitation serves as the nucleation site.
+
!! −

!! →

!! −

+ CO

→

Eqn. (9)
−

!! ↓

Eqn. (10)

A schematic diagram of the microbiological
precipitation of calcium carbonate into concrete cracks
based on above reactions is seen in Fig. 7.
Based on the microbial pathway for the precipitation
of calcium carbonate, urea has to be present in the selfhealing concrete to initiate the necessary biochemical
reactions. Biological precipitation of calcite can be
detected using x-ray diffraction (XRD). Calcite crystals
can also be observed by scanning electron microscopy
(SEM) [49]. Talaiekhozani et al. (2013) have prepared
some pictures of biological calcium carbonate
precipitation on the surface of concrete. This study is
carried out through the isolation of microorganisms from
soil. The isolated microorganisms could help in concrete
healing process after one-month observation. Healed
concrete cracks are show in figure 8 (from (a) to (c))
[74]. Also, similar type of microscopic picture has been
prepared by Zwaag and Routes (2010) that can be
observed in figure 8(d). In this picture, bacteria and their
calcium carbonate precipitation are clearly observed [75].

Eqn. (4)
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Concrete

Concrete

Water

(A)

(B)

(C)

Figure 7: Schematic scenario of crack healing by microorganisms (A) crack is propagating into concrete; (B) microorganisms can be activated into crack; (C)
microorganisms grow and precipitate calcium carbonate around their wall cells and can fill the crack

1 cm
(a)

0.05 cm
(b)

0.025 cm
(c)

(d)
Figure 8: Four different pictures of microbiological precipitated calcium carbonate on the concrete cracks, figure (a) is without magnification, figure (b) with
20x magnification, (c) with 40x magnificationand (d) [74] ESEM picture of bacterial activates and precipitation of calcium carbonate with 20000x magnification
[75]

A large domain of bacteria [56, 57, 58, 59, 60] have
been reported to produce self-healing concrete.
Unfortunately, the pH of the fresh concrete is between 10
and 13, which is rather harsh for the survival of majority
of bacteria. In addition, the temperature of the fresh
concrete (~70◦C) is also too high for cell growth. Upon
drying of the concrete, there is not enough water for cell
growth to occur. Therefore, the suitable bacteria have to
exhibit high resistance against high pH, temperature, and
serious limitation of water. Typically, mesophilic
microorganisms cannot grow under these conditions.
Unlike the live bacteria, bacterial spore is very resistant
against the harsh conditions as mentioned and some
bacterial spores can live for more than 60 years. In many
studies, instead of the direct use of bacteria in the fresh
concrete, bacteria spores were used [15].
The range of bacteria strains useful to design
biological self-healing concrete are presented in Table 1.
Bacillus pasteurii and Bacillus sphaericus family are the
most common microorganisms used in designing self-

healing concrete. Bacillus pasteurii is easily found in
soil. Five different strains of the Bacillus sphaericus
family and one strain of Bacillus lentus were evaluated
for the precipitation of calcium carbonate on the
degraded limestone [61]. The results showed that, all
Bacillus sphaericus family could precipitate calcium
carbonate, but in different amounts. Bacillus strains were
found to produce the intracellular urease [61, 62].
Ureolytic activity can be used to measure the
precipitation of calcium carbonate [63, 15, 57]. The
amount of urease available is close to 1% of the cell dry
weight [64].
2-3-2- Biological precipitation of polymorphic ironaluminum-silicate
The silica accumulating bacteria have been reported
in several studies [54]. A complex iron-aluminumsilicate was found on the surface of isolated bacteria cells
from a lake contaminated with metal sediment [55]. The
experiments showed that the chemical formation of
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polymorphic
iron-aluminum-silicate
is
(Fe5AI3)
(SiAl)Ol0(OH)5. The bacteria Leuconostoc mesenteroides
plays an important role in precipitating the silica at acidic
pH. This bacterium utilizes carbohydrate to produce

lactic acid hence creating an acidic environment, the
reduced solubility of the colloidal silica results in
precipitation. This method is not popular as acidic
condition and is not good for the durability of concrete.

Table 1: List of microorganisms applicable for developing self-healing concrete based on respective self-healing
mechanisms
Self-healing mechanism
Name of microorganism
References
Sporosarcina Pasteurii (or Bacillus Pasteurii)
13, 65, 66, 14
Bacillus megaterium
Halomonas euryhaline
12, 67, 68, 77
Myxococcusxanthus
Deleya halophila
42
Bacillus sphaericus
43
Bacillus lentus
17
Ureolytic process
Acinobacter species
46
Escherichia coli
19, 69, 70
Pseudomonas aeruginosa
19
Shewanella species
72
Bacillus Cohnii
55
Bacillus pseudofirmus
55
Bacillus amyloliquefaciens
71
Bacillus alkalinitrilicus
73
Silica process
Leuconostoc mesenteroides
16
3- Future challenges
Although, self-healing processes containing natural
and chemical are well known to design self-healing
concrete, biological process is a young promising
technology, which has not been fully understood yet.
Till now, many bacteria can be isolated from nature
that are useful for designing self-healing concrete (Table
1). Using bacteria have many advantages such as (1)
Bacteria are easy to culture. (2) Isolation of bacteria is
not very complex and (3) many methods have been
describe for adding bacteria to concrete. On the other
hand, bacteria are not enough resistance against harsh
condition of concrete such as high pH, low level of
water, high temperature and etc. Therefore, the study
about other type of microorganisms especially fungi is
very important. Although, few article on using fungi for
self-healing concrete design can be found, the
mechanism of fungi for filling cracks or optimum
growing condition of fungi have not been completely
understood and they can be a good area for future
research.
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