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Abstract: The interfacial transition zone (ITZ) around aggregates in concrete is a weak area with
higher porosity than the matrix; it breaks easily under stress and is not conducive to the durability of
concrete. However, the ITZ in concrete is full of calcium hydroxide crystals, which can provide the
calcium source required for biomineralization. In view of this, this study aims to use the biological
activity (i.e., biomineralization technology) existing in nature to enhance the ITZ in concrete and
repair concrete cracks to improve the strength and durability of concrete. In this study, the bacterial
strain Sporosarcina pasteurii, which is environmentally friendly, was selected. In addition, lightweight
aggregate was used as a bacterial carrier. The bacteria were first sporulated. To protect the strains,
the biological species were fixed in porous lightweight aggregates. These lightweight aggregates were
then used as concrete aggregates. The planned tests included concrete engineering properties (i.e.,
compressive strength, chloride ion penetration, and water permeability tests) and residual strength
after crack repair. The test results show that the use of lightweight aggregate as a carrier and the
implantation of Sporosarcina pasteurii can induce biomineralization, strengthen the ITZ, and repair
small internal cracks in concrete, thereby improving the strength and durability of the concrete.
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1. Introduction

Concrete is a composite material that is constituted by its basic elements. Due to its excellent
properties and relatively cheap cost, concrete has become the most commonly used building material
in the world. In essence, durable concrete will retain its original form, quality, and serviceability
when exposed to the environment [1]. However, deformations in concrete occur as a result of the
material’s response to external loads and the environment [2]. These deformations often lead to
cracking. The resulting cracks can reduce the durability of concrete structures. Therefore, the issue of
how to extend the life of concrete structures has been the focus of research by experts in the concrete
field in various countries around the world.

The factors that cause cracking of concrete can be roughly divided into internal causes, such as
alkali aggregate reactions, and external causes, such as physical, chemical, and mechanical effects [2].
Depending on the factors responsible for the formation of concrete cracks, many different repair methods
have been developed. However, most of the materials currently used for concrete crack repair are epoxy
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systems, acrylic resins, or silicone-based polymers [3,4]. With the increase in environmental protection
awareness, these environmentally unfriendly repair materials must be eliminated. In addition, the
repair effect of these substances is not very significant due to compatibility issues with the concrete
substrate, so researchers from various countries have been working toward environmentally friendly
and sustainable repair of biological systems [5–22].

Many studies have pointed out that small cracks in concrete can be repaired by themselves based
on the continuous hydration of cement or other physical and mechanical behaviors [5,6,10,11,13,14].
In the field of concrete science, this phenomenon is often called “autogenous healing” or “concrete
self-healing.” Biomineralization is an effect that occurs widely in nature and is defined as the
process by which organisms produce minerals through metabolic activities related to interaction
with the environment [13]. In biomineralization, living organisms produce biomineral phases with
biopolymers [20]. The microorganisms involved secrete one or more metabolites that react with ions
or compounds in the environment, resulting in the subsequent deposition of mineral particles as
metabolites [23]. Biomineralization is significantly different from geological mineralization because
the crystallization of the inorganic phase is strictly controlled by the organic matter secreted by the
organism [24]. Therefore, biomineralization can often form an ordered natural organic–inorganic
composite material with excellent structure. In view of this, in recent years, microbiologically induced
calcium carbonate precipitation (MICP) technology based on microbial mineralization has become a
hot topic in concrete self-healing technology and has attracted widespread attention in the academic
community [5–23].

In biomineralization, the most commonly used strain is Sporosarcina pasteurii (formerly Bacillus
pasteurii) [25]. It is a Gram-positive bacterium commonly found in soil and produces a large amount
of intracellular urease. These ureases can catalyze the hydrolysis of urea to produce carbon dioxide,
ammonia, and hydroxide ions. With the release of hydroxide ions, the pH gradually rises, and
carbon dioxide is converted into carbonate ions, which combine with calcium ions in the environment
to form calcium carbonate precipitates or gel with other substances [26,27]. Therefore, the use of
Sporosarcina pasteurii for MICP has been extensively studied [25–30]. In fact, the main behavior of
MICP is calcium carbonate precipitation. As far as concrete is concerned, most scholars believe that
calcium carbonate precipitation is the most important factor affecting the autogenous healing of
concrete. MICP technology uses urease secreted during microbial metabolism to hydrolyze urea in
order to generate carbonate ions, which combine with calcium ions to form calcium carbonate with
high-quality cementation, thereby achieving the purpose of improving the mechanical properties of
concrete [26–30]. Compared with traditional repair methods, MICP technology has obvious advantages
such as eco-environmental protection, economic efficiency, and so on. In view of this, many scholars
have carried out extensive research to discuss MICP technology and its application.

Many published studies have confirmed that calcium carbonate precipitates produced by bacteria
have been successfully used to repair concrete or limestone surfaces, and that they significantly increase
the strength or durability of concrete [6–8,10–12,15,16]. However, in essence, the bacteria in these
studies were applied externally to cracked concrete structures or specimens. Strictly speaking, the
repair mechanisms in these studies cannot meet the definition of self-healing. In view of this, scholars
have recently tried to mix bacterial spores and organic compounds required for metabolism with
fresh cement paste [30–32]. In these studies, calcium carbonate precipitation from bacteria was clearly
observed, but only in early concrete specimens (days 1–7). It is speculated that due to the continuous
hydration of concrete, the colloidal pores gradually shrink, causing bacterial cells or spores to be
crushed and destroyed during the cement hydration stage [30–32]. Therefore, most scholars agree
that a carrier with a “shell” function is needed to protect the added bacteria, so that the bacteria can
remain active and mineralize to produce carbonate precipitation without negatively affecting the
concrete matrix.

At the macroscopic level, concrete may be considered to be a two-phase material, consisting of
aggregate particles dispersed in the matrix of the cement paste. However, the interfacial transition



Sustainability 2020, 12, 1242 3 of 12

zone (ITZ) between aggregate and bulk paste constitutes the weakest link in the concrete matrix and
significantly affects the performance of concrete [2]. The structure of the ITZ is different from bulk
cement paste. The transition zone consists of two layers. One is a composite film with a thickness of
about 1 µm on the surface of the coarse aggregate, which is mainly composed of calcium hydroxide
(CH) crystals and calcium silicate hydrates (C-S-H) colloid; the other is a porous transition zone with a
thickness of about 10 to 40 µm [33]. Generally, the ITZ is weaker than pastes or aggregates due to the
local high water-binder ratio and “wall effect” [2]. In some cases, large crystals of calcium hydroxide
and ettringite are mainly oriented perpendicular to the surface of the aggregate. The ITZ in concrete is a
weak area with poor strength, which is easy to break under stress and is not conducive to its durability.
Therefore, when evaluating the macroscopic nature of concrete, special consideration must be given to
the impact of the ITZ. However, the ITZ in concrete is full of CH, which can provide the calcium source
required for biomineralization. In other words, the ITZ should facilitate the mineralization reaction.

In view of the above, the purpose of this research is to strengthen the ITZ in concrete and repair
concrete cracks by using biological activities that exist in nature, that is, biomineralization technology,
to improve the strength and durability of concrete.

2. Experimental Details

2.1. Test Program

In this study, the bacterial strain Sporosarcina pasteurii, which is environmentally friendly, was
selected. In addition, lightweight aggregate was used as a bacterial carrier. The bacteria were first
sporulated. To protect the strains, the biological species were fixed in porous lightweight aggregates
and then added to the concrete. In this way, on the one hand, the porous lightweight aggregate is used
as an aggregate in the concrete, and on the other hand, it is also used as a protective container for
bacterial spores. Such a system can improve the feasibility and success rate of bacterial mineralization
in concrete.

The planned tests included concrete engineering properties and residual strength after crack
repair. Engineering property tests included compressive strength, chloride ion penetration, and water
permeability tests to understand whether lightweight aggregate concrete can significantly strengthen
its ITZ, reduce its permeability, and thereby increase the strength of the concrete after implantation of
bacteria. As for the residual strength test after crack repair, the purpose of this was to understand the
crack repair effect of lightweight aggregate concrete implanted with bacteria.

2.2. Materials

The materials used in this study included cement, water, fine aggregate, lightweight aggregate,
Sporosarcina pasteurii (DSM 33), calcium lactate, yeast extract, calcium acetate, and urea. The cement
was locally produced Class I Portland cement with a density of 3.15 g/cm3 and a fineness of 3400 cm2/g.
The water was ordinary tap water. The fine aggregate was natural sand with a particle size of less than
1 mm. The lightweight aggregate used was crushed from natural shale and fired at a temperature of
1100–1200 ◦C. As shown in Figure 1, the surface is porous and irregular in shape, with a particle size of
1–8 mm. The basic properties of the artificial lightweight aggregate are shown in Table 1. Sporosarcina
pasteurii (DSM 33), whose strain number is BCRC11596, was ordered from the Taiwan Food Industry
Development Institute. Calcium lactate was implanted in lightweight aggregates as a nutritional source
for Sporosarcina pasteurii. Yeast extract was used, which is powdery, contains a variety of vitamins,
minerals, amino acids, etc., and is widely used as a nutrient. Calcium acetate was used as a source of
calcium ions in the curing process. Urea was used as a source of carbonate ions during curing.
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Table 1. Basic properties of the lightweight aggregate.

Particle Density
(g/cm3)

Water Absorption (%) Loose Unit Weight
(kg/m3)

Crushing Strength
(MPa)

Porosity
(%)1-h 24-h

0.99 5.28 7.35 477.86 >3 24.97

2.3. Strain Implantation

Two groups of concrete were prepared in this study, one for the control group and the other for
the experimental group. The lightweight aggregates of the control group were not implanted with
biological species, while the lightweight aggregates of the experimental group were implanted with
biological species. The steps to implant the strain into lightweight aggregates were as follows:

(1) Immerse the treated lightweight aggregates in a nutrient source containing 80 g/L of calcium
lactate and 1 g/L of yeast extract for 30 min.

(2) After soaking, drain the moisture from the lightweight aggregates and place them in an oven at
37 ◦C for 5 days.

(3) Repeat steps (1) and (2) once, and then immerse the lightweight aggregates into the nutrient
source twice.

(4) Dip the lightweight aggregates containing the nutrition source into the bacterial spore solution
for 30 min.

(5) Drain the soaked lightweight aggregates and place them in an oven at 37 ◦C for 5 days to complete
the implantation of the strains in the lightweight aggregates.

2.4. Mix Proportions

After the strains were implanted into the lightweight aggregate, concrete mixing was carried out.
The water-to-cement ratio of the mixed concrete was 0.60, and the detailed proportioning design is
shown in Table 2. Once the concrete was mixed, 33 cylindrical specimens (100 mm in diameter ×
200 mm in height) and 18 cylindrical specimens (150 mm in diameter × 300 mm in height) were cast
and compacted using an external vibrator. Cylindrical specimens with a diameter of 100 mm and a
height of 200 mm were used for the compressive strength and chloride ion penetration tests of the
biomineralized concrete. Cylindrical specimens with a diameter of 150 mm and a height of 300 mm
were used for the residual strength and water permeability tests after biomineralization repair. After
casting, all the specimens were covered overnight with wet hessian and polyethylene sheets for a
period of 24 h. After 24 h, the specimens were demolded.

Table 2. Mix proportions of concrete.

Mix No. W/C Water (kg/m3) Cement (kg/m3) Lightweight Aggregate (kg/m3) Sand (kg/m3)

LC 0.60 240 400 399 524

Notes: LC = lightweight aggregate concrete; W/C = water-to-cement ratio.
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2.5. Curing Methods

The specimens of the control group were lightweight aggregate concrete without implanted
bacteria or a nutrient source. The curing method was to place the specimens directly in the curing room
for air curing. The temperature of the curing room was maintained at 23 ± 1.5 ◦C, and the humidity
was 100%. According to the different curing methods, the experimental group of concrete specimens
was divided into experimental group I and experimental group II. Among these groups, the air-cured
concrete specimens were regarded as experimental group I, and the cycle-cured concrete specimens
were regarded as experimental group II. The specimens in experimental group I were implanted
with bacteria and a nutrient source. The curing method was the same as that of the control group.
The specimens in experimental group II were immersed in a mixed aqueous solution of urea and
calcium acetate, wherein the mixed aqueous solution contained urea at a concentration of 1 mole and
calcium acetate at a concentration of 0.5 moles. The bacteria implanted into the lightweight aggregate
are aerobic bacteria. If the specimen is continuously immersed in the aqueous solution, the strain will
not be able to operate due to hypoxia and so it will still be dormant. Therefore, the specimens were
alternated between curing in a mixed aqueous solution and air. That is to say, the specimens were
immersed in an aqueous solution for 1 day, and then the specimens were taken out and placed in the
air for 1 day, and the cycle number was 2 days until the required age, at which point they were taken
out and observed. All specimens were cured until the day before the test age. After the specimens
were taken out of the curing tank, they were kept in a dry state, and various tests were carried out to
verify the self-healing effect of the concrete.

2.6. Test Methods

The compressive strength test was performed in accordance with the Chinese National Standards
CNS 1232 test method [34], and loading was performed at a rate of 588 N/s until the test specimen
was broken. After this, the concrete of the control group and the experimental group was made into
a cylinder with a diameter of 10 cm and a height of 20 cm, and then cured to the planned age. The
specimen was then sawn into a circular cake with a diameter of 10 cm and a thickness of 5 cm for a
chloride ion penetration test. The 5 cm thickness of each circular cake was taken from the body of
the cylinder starting at 6 cm from the bottom. The chloride ion penetration test is based on the CNS
14795 test method [35]. It mainly measures the current passing through a cylindrical specimen with a
thickness of 51 mm and a nominal diameter of 102 mm during a 6 h test period. The water permeability
test was performed under a pressure of 0.29 MPa for 1 h. After the test, the specimen was split to
observe the water permeability traces instead of water permeability. The equipment related to the
chloride ion penetration test and the water permeability test is shown in Figure 2.
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3. Results and Discussion

3.1. Sporosarcina pasteurii Strain Sporulation and Reactivation Confirmation Test

In this study, Sporosarcina pasteurii was first treated to a spore state by means of temperature
increase. Then, field emission scanning electron microscopy (FE–SEM) observations and spore staining
tests were used to verify whether sporulation occurred. After the spore-treated strains were placed
in the lightweight aggregate, the spore-forming strains were reactivated to restore their activity for
subsequent concrete crack repair testing. Moreover, an XRD test confirmed that the repair material
was a bacterial product. For more details, please refer to another published article by the authors [36].

3.2. Test Results of Compressive Strength of Biomineralized Concrete

In order to understand the effect of lightweight aggregates implanted with biological strains
on the ITZ and strength of concrete, compressive strength tests were performed in accordance with
CNS 1232 [34]. The compressive strength of the concrete was evaluated using cylindrical specimens
(100 mm in diameter × 200 mm in height). The strength of the control group and experimental group I
at different ages (i.e., 7, 28, 56, and 91 days) was tested. The measured compressive strengths of each
group of concrete at different ages are listed in Table 3, which shows the average of three specimens.
It can be seen from Figure 3 that as the age increased, the strength of both the control group and
experimental group I showed an increasing trend. It can also be seen in Table 3 that the strength at each
age of experimental group I was about 6.7%–32.8% higher than that of the control group. This result is
similar to that of Balam et al. [37]. The results of the experiments by Balam et al. showed that at ages
higher than 28 days and when bacteria were used in lightweight aggregate concrete, the growth of
relative compressive strength of concrete increased; it came up to 21.5% and 26.4% at ages of 90 days
and 150 days, respectively [37]. In addition, it can be clearly seen from Figure 3 that the early strength
of experimental group I was higher than that of the control group. As the age increased, the strength of
experimental group I and the control group slowed down. Although the strength of the control group
increased to become similar to experimental group I, it was not greater than experimental group I.

Table 3. Results and comparison of concrete compressive strength tests.

Group
Compressive Strength (MPa)

7 Days 28 Days 56 Days 91 Days

Individual
Value

Average
Value

Individual
Value

Average
Value

Individual
Value

Average
Value

Individual
Value

Average
Value

Control
Group

18.89
19.04

26.43
26.89

31.76
31.10

31.42
31.2019.09 26.75 30.53 31.19

19.14 27.49 31.01 31.03

Experimental
Group I

25.34
25.28

29.64
29.15

33.63
33.18

33.76
33.9225.69 29.50 32.40 34.12

24.87 28.31 33.52 33.89

The strength test results show that the early compressive strength of experimental group I
was higher than that of the control group. This should be because of the carbonate ion formed by
Sporosarcina pasteurii reacting with some cement hydration products (such as calcium hydroxide) to
generate calcium carbonate precipitation, which then filled the ITZ on the surface of the lightweight
aggregate (see Figure 4) and the tiny pores in the concrete. As a result, the early compressive strength
of the concrete was higher than that of the control group. This result is consistent with the study by
Harikrishnan et al. [38].
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In the later period, the strength growth of experimental group I slowed down. The possible reason
is speculated to be because the completeness of the hydration reaction of the cement made the matrix
denser, the pores smaller, and the amount of internal oxygen insufficient, resulting in a decrease in the
activity of Sporosarcina pasteurii and a poor mineralization reaction. This resulted in a decrease in the
amount of calcium carbonate produced and a reduction in the repair effect, so the strength growth
tended to slow down. In the control group without biological strains, the hydration reaction tended
to be complete (about 70% to 80%) after 56 days of age. The complete hydration reaction can make
the concrete denser, so the strength can rise steadily and approach the strength level of experimental
group I.

3.3. Results of Water Permeability and Residual Strength Tests after Biomineralization Repair

In this study, cylindrical specimens (15 cm in diameter and 30 cm in height) that were cured in
the air for 28 days were used to perform a compression test to create cracks. When the compressive
strength reached the ultimate load and then decreased by 981 N, the load was quickly decompressed
to prevent the specimens from being broken. Then, according to the individual curing methods of the
control group, experimental group I, and experimental group II, the unbroken specimens (with internal
microcracks) were cured for another 28 days. After that, at the age of 56 days, the water permeability
test was performed first, and then the second compressive strength test was performed to test the
specimen’s residual compressive strength.

The average depth of water permeation in the longitudinal section of a cylindrical specimen is
discussed. For the area where water permeation occurred, it is divided into five equal subareas, and
then the penetration depth at the center of each subarea is measured, as shown in Table 4. On the other
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hand, it can be seen from Figure 5 that the permeation depth of the control group at the age of 56 days
was significantly deeper than that of experimental group I and experimental group II, and the naked
eye can clearly see that the control group had a larger permeation area.

Table 4. Average permeation depth and total permeation area of concrete.

Group Point 1
(mm)

Point 2
(mm)

Point 3
(mm)

Point 4
(mm)

Point 5
(mm)

Average
Permeation
Depth (mm)

Permeable
Section

Width (mm)

Total
Permeation
Area (mm2)

Control
Group 30 36 38 35 30 34 142 4828

Experimental
Group I 16 23 25 20 15 20 82 1640

Experimental
Group II 8 8 8 16 25 13 150 1950
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As can be seen from Table 4, the average permeation depths of the control group, experimental
group I, and experimental group II were 34, 20, and 13 mm, respectively. The results show that,
regardless of the curing method, the cracked concrete specimens containing biological bacteria
can reduce the water penetration depth in concrete. This result is consistent with the study by
Balam et al. [37]. This should be because of the calcium carbonate produced by mineralization in
the cracks of the concrete repairing and even strengthening the ITZ on the surface of the aggregate.
As a result, the compactness of the concrete was better, and the water permeability of the specimen
was reduced. In terms of total permeation area, experimental group II was larger than experimental
group I, but compared with the control group, the experimental group with biomineralization had
a total permeation area of only about one-third of the control group. This result shows again that
biomineralization technology can strengthen the ITZ in concrete and repair concrete cracks to improve
the durability of concrete.

The comparison between the original strength measured in the first compressive strength test after
28 days of curing and the residual strength measured in the second compressive strength test after 28
days of curing (age 56 days) after making cracks is shown in Table 5. As can be seen from Figure 6, in
terms of the original strength of the specimens at the age of 28 days, the strength of experimental group
I was increased by 15% compared with the control group, and the strength of experimental group II
was increased by 17% compared with the control group. This result shows that the biomineralization
technology can indeed increase the strength of concrete.
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Table 5. Comparison of concrete strengths before and after biomineralization.

Group
Original Strength at 28 Days (MPa) Residual Strength at 56 Days (MPa)

Individual Value Average Value Individual Value Average Value

Control Group
26.19

26.00
21.09

21.9725.51 19.72
26.29 25.11

Experimental Group I
29.92

29.96
25.51

25.4129.82 25.31
30.15 25.40

Experimental Group II
31.10

30.46
27.32

27.3031.18 27.81
29.74 26.78
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Figure 6. Comparison of concrete strengths.

From the results of the residual compressive strength in Table 5, it can be seen that regardless
of whether it is the control group, experimental group I, or experimental group II, after the ultimate
bearing capacity, the 56 day residual compressive strength could not be restored to its original strength
at the age of 28 days despite the different curing methods. It can be seen from Table 5 that the 56
day residual compressive strength of the control group, experimental group I, and experimental
group II was reduced by about 15%, 15%, and 10%, respectively, compared to the original strength
at the age of 28 days. In addition, as can be seen from Figure 6, the residual compressive strength
of experimental group I after mineralization was 16% higher than that of the control group, and the
residual compressive strength of experimental group II was 24% higher than that of the control group.
This result once again proves that biomineralization technology can strengthen the ITZ in concrete or
repair concrete cracks and improve the strength of concrete.

From the results of the above compressive strength test, it can be seen that after the lightweight
aggregate concrete containing biological bacteria was damaged, whether it was subjected to air curing
or cyclic curing, the residual strength decreased less than it did in the control group. The residual
strength of experimental group II was even greater than the original strength of the control group at
the age of 28 days. It is speculated that the sufficient calcium source in the external environment can
lead to a full biomineralization reaction to repair the cracks caused by the damage and thus maintain
the residual strength of the concrete.

3.4. Test Results of Chloride Ion Penetration of Biomineralized Concrete

The chloride ion penetration test also helps to understand whether the implantation of biological
bacteria in lightweight aggregates can affect the compactness of concrete. The test results are shown in
Table 6. The average electric flux of the control group specimens was 19,043 Coulombs. The average
electric flux of experimental group I was 17,312 Coulombs, which was about 9.1% lower than that of
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the control group. The average electric flux of experimental group II was 17,157 coulombs, which was
about 9.9% lower than that of the control group. This result is similar to that of Wu et al. [39]. The results
of their experiments showed that the chloride ion permeability rate of specimens cultured in bacterial
liquids could be reduced by 10.9% [39]. From these results, it can be inferred that biomineralization can
indeed fill the pores in the concrete, causing the current path to be blocked, resulting in lower electric
flux than the nonmineralized concrete.

Table 6. Results of the chloride ion penetration test.

Group Electric Flux (Coulombs)

Individual Value Average Value

Control Group
18,867

19,04318,717
19,546

Experimental Group I
18,259

17,31217,017
16,660

Experimental Group II
17,320

17,15717,645
16,505

4. Conclusions

The development of biomineralization technology will provide the basis for high-quality concrete
and ultimately improve the durability of reinforced concrete structures. According to the test results
and analysis, the comprehensive conclusions are as follows:

• Biomineralized lightweight aggregate concrete can significantly increase its early strength due to
biomineralization, and its 7 day strength was increased by about 33% compared with the control
group. In the later period, as the hydration reaction of the concrete tended to be complete, the
matrix became denser, resulting in insufficient oxygen in the concrete. As a result, it was not easy
for Sporosarcina pasteurii to operate, which slowed down the growth of the concrete strength.

• The results of water permeability tests show that the permeation depth and total permeation area
of lightweight aggregate concrete containing biological bacteria were smaller than those of the
control group. This confirms that biomineralization can strengthen the ITZ in concrete and repair
concrete cracks, thereby increasing the compactness of concrete and improving its durability.

• The chloride ion test results show that the electric flux of lightweight aggregate concrete containing
biological bacteria was lower than that of the control group, indicating that biomineralization
can strengthen the ITZ in concrete and repair concrete cracks, thereby improving the durability
of concrete.

• The reduction ratio of the residual compressive strength of the biomineralized concrete was
lower than that of the control group concrete, indicating that biomineralization can repair the
damaged concrete and help it to maintain a certain residual strength. In particular, the residual
strength of the experimental group using cyclic curing was even higher than the original strength
of the control group. This result shows that biomineralization does have the effect of repairing
concrete cracks.

• This study demonstrates that the use of lightweight aggregate as a carrier and the implantation of
Sporosarcina pasteurii can induce biomineralization, strengthen the ITZ, and repair small internal
cracks in concrete, thereby improving the strength and durability of the concrete.
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