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Abstract: High temperatures and external force can easily lead to a decline in the bond strength
of reinforced concrete components. Microbial-induced calcium carbonate precipitation (MICP)
technology has considerable potential for repairing concrete. Given this, this study utilized MICP
technology to improve the bond strength of heat- and pull-damaged lightweight aggregate concrete
(LWAC). The specimens of a control group (Group A) and two experimental groups (Group B and
Group C) were prepared. The experimental group was prepared using lightweight aggregates (LWAs)
that had been immersed in a nutrient solution and a bacterial solution. The control group was
prepared using LWAs that were not immersed in a nutrient solution or bacterial solution. These
specimens healed themselves in different ways after exposure to high temperatures (300 ◦C and
500 ◦C) and pull-out damage. Groups A and B adopted the same self-healing method; that is, their
specimens were placed in a computer-controlled incubator at 40 ◦C. Group C used different self-
healing methods. The specimens in this group were soaked in a mixed solution of urea and calcium
acetate at 40 ◦C for two days and then taken out and placed in an incubator at 40 ◦C for two days. A
cycle took four days until the expected self-healing age was reached. After being exposed to 300 ◦C
and self-healed for 90 days, the residual bond strengths of the secondary pull-out tests in Groups
A, B, and C were 20.63, 22.13, and 25.69 MPa, respectively. Moreover, compared with Group A, the
relative bond strength ratios of the secondary pull-out tests in Groups B and C increased by 5.8% and
20.3%, respectively. This demonstrates that MICP technology could effectively improve the bond
strength of LWAC after high-temperature and pull-out damage.

Keywords: microbial-induced calcium carbonate precipitation; heat damage; self-healing; pull-out test;
bond–slip relationship

1. Introduction

Concrete mixed with lightweight aggregates (LWAs) instead of normal-weight aggre-
gates is called lightweight aggregate concrete (LWAC). Since most LWAs are porous and
have a low specific gravity, LWAC is lightweight and has better seismic resistance than
traditional normal-weight aggregate concrete (NWC) [1]. Taking structural LWAC as an
example, its main benefit is to reduce the weight of the structure so the size of columns,
foundations, and other stress-bearing members can be reduced. Therefore, the inertial force
generated by an earthquake due to the structure is relatively small, and the design load
can be reduced to save on construction costs. Moreover, LWAC has very good thermal
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insulation performance, and its thermal conductivity is only half that of ordinary NWC.
However, LWAC usually has higher levels of brittleness and worse mechanical properties
compared with NWC, which has the same compressive strength [2]. With the innovation
of modern science and technology, on the one hand, the production technology used for
artificial lightweight aggregates (LWAs) has been continuously improved. On the other
hand, nanosilica, nanoscale titanium oxide, and various fibers have been appropriately
mixed into LWAC [3–6]. Therefore, fiber-reinforced LWAC with a high strength and good
toughness has emerged as the times required, making its application in structural concrete
more common [7–10].

In reinforced concrete (RC) members, most researchers agree that the bond behavior
between the rebars and the concrete mainly consists of three resistance mechanisms: adhe-
sion, friction resistance, and rib support [11–17]. In terms of exploring the bond behavior
between concrete and rebar, pull-out tests are generally used. Many studies have explored
the bond behavior of rebar to LWAC at room temperature. Previously, the strength of LWAs
was lower, resulting in LWAC having a worse bond strength than NWC at the same level of
compressive strength [18]. However, some studies have shown the opposite result, namely,
that LWAC has a better bond strength. The research conducted by Mo et al. [19] showed
that the peak bond stress of a well-confined LWAC could be expressed as 3.5

√
f ′c . This is

significantly larger than the value of 2.5
√

f ′c suggested by the CEB-FIP standard [20]. Wang
et al. [21] established a theoretical analysis model for the bond stress slip between rebar and
LWAC. Liu et al. [22] studied the bond–slip behavior between corroded bars and LWAC.
Yang et al. [23] proposed a bond–slip relationship of rebar in LWAC under the influence of
additional embedded rebar around the central rebar. Tang [1] studied the uniaxial bond
stress–slip behavior of reinforcing bars in LWAC. The results showed that the larger the rib
height to the diameter ratio of the rebar, the greater the peak bond stress.

In contrast, there is relatively little research on the bond behavior between rebar and
LWAC after being exposed to high temperatures. The chemical composition, physical
structure, and water vapor moisture content of LWAC change when it is exposed to high
temperatures. This results in a severe decrease in its mechanical properties, thereby affecting
its bond behavior with steel bars. Varghese et al. [24] pointed out that the failure of RC
members exposed to fire mainly arises due to the reduction in the bond strength between
the embedded rebar and concrete. Kelvinley et al. [25] conducted experimental studies
on the bond–slip behavior of rebar in fiber-reinforced LWAC at ambient and elevated
temperatures, respectively. Their experimental results showed that exposure to high
temperatures changed the failure mode from a more ductile pull-out mode to a brittle
splitting mode. As a result, the peak bond strength and toughness of the specimen’s bond–
slip behavior were reduced. Tang [26] studied the effects of steel fiber and polypropylene
fiber blending on the bond strength of LWAC after being exposed to high temperatures.
The results showed that the blending method of using one type of fiber or mixing two
types of fiber had no significant effect on the residual bond strength of LWAC after being
exposed to a temperature of 800 ◦C.

Due to many unavoidable factors, RC members often exhibit cracks or local damage.
If these cracks or local damage are not repaired in time or are handled improperly, it will
further lead to the loss of bond strength between the rebar and concrete [27]. Therefore,
repairing damaged concrete to ensure the performance of RC components has always been
a research focus in academic circles. General repairs use commercially available chemicals
and polymers, which are sources of health and environmental risks [28]. In addition, these
methods of repairing damaged concrete structures are less than satisfactory. In view of this,
many researchers have changed their approach to biomineralization technology [29–33].
The use of insoluble compounds produced through microbial metabolism to fill cracks in
concrete materials is a developing self-healing technology for concrete [34–36]. Therefore,
research on microbial-induced calcium carbonate precipitation (MICP) to repair concrete
cracks is gaining prominence. However, if unprotected bacteria are added directly to
concrete, which is highly alkaline in nature, it can easily lead to bacterial death. This results



Appl. Sci. 2024, 14, 1416 3 of 25

in a substantial reduction in bacterial populations [29]. Jonkers et al. [30] confirmed that
alkali-resistant spore bacteria have the ability to repair cracks in concrete. To avoid the
reduction in or disappearance of the bacterial population, appropriate carriers must be used
to protect the bacteria [31]. Nimafar et al. [32] used bacteria to repair concrete cracks caused
by high temperatures and improve concrete properties. Their test results showed that
specimens repaired using Saccharomyces pasteurianus and Bacillus sphaeroides showed a
31–93% increase in compressive strength. Chen et al. [33] explored the feasibility of using
biomineralization technology to repair the performance of fiber-reinforced LWAC after
exposure to high temperatures. The test results showed that, in the absence of nutrient
sources, the bacterial mineralization rate of the test specimen was slow. Chen et al. [9]
applied biomineralization technology to improve the bond strength of fiber-reinforced
LWAC damaged in pull-out tests. Their test results show that biomineralization technology
could effectively improve the residual bond strength of the damaged specimens.

The principle of MICP technology is to use the bacteria found in nature that can
produce urease through their own metabolic activities to decompose carbon sources in the
surrounding environment [37]. It then undergoes a biomineralization reaction with the
calcium source material to form dense calcium carbonate precipitation with a cementing
effect. The minerals formed are naturally pollution-free and have high cementing properties.
They can better replace the traditional cementing building materials currently on the market,
such as epoxy resin, polyurethane, cement, etc., effectively avoiding chemical erosion of
the environment [38]. The concept of this technology was proposed in the early 21st
century and is still being improved. Research directions include the selection and culture
of bacteria and the effects of changes in temperature, acid, liquid concentration, injection
rate, and other conditions on cementation strength during the mineralization process.
At present, this technology can be realized relatively stably under certain experimental
conditions, and it is mainly used in four applications: solidifying soil, repairing concrete
cracks, impermeabilizing building materials, and controlling heavy metals or radioactive
metals. From this point of view, MICP technology contributes to the sustainability of
building materials [39,40].

This study aims to apply MICP technology to improve the bond strength of fiber-
reinforced LWAC after high-temperature and pull-out damage. This is an innovative
research topic, as we found few studies exploring this topic. In view of this, fiber-reinforced
LWAC specimens were prepared and sorted into a control group and two experimental
groups. The experimental groups were prepared using specially treated LWAs. The
control group was prepared using ordinary LWAs. The planned testing included high-
temperature testing, compressive strength testing, and a series of tensile tests. In addition,
the precipitates filling the cracks in the MICP-repaired specimens were also analyzed.

2. Experimental Programs
2.1. Test Items and Parameters

The novelty of this study is the application of MICP technology to improve the bond
strength of LWAC after high temperatures and pull-out damage. Specimens for a control
group (Group A) and two experimental groups (Group B and Group C) were prepared.
The control group was prepared using LWAs that were not immersed in a nutrient solution
or bacterial solution. The experimental group was prepared using LWAs that had been
immersed in a nutrient solution and a bacterial solution. Each liter of nutrient source
solution contained 80 g of calcium lactate and 1 g of yeast extract. The concentration of
bacterial solution was approximately 108 cells/mL. When the concrete specimens had been
cured to the age of 28 days, they were divided into two parts. A portion of the specimens
was designed to undergo compressive strength and pull-out tests at room temperature.
Another part of the specimen was first subjected to a high-temperature test. After reaching
the target temperature and cooling to room temperature, the specimens were divided into
unhealed ones and healed ones. The unhealed specimens were immediately subjected
to the pull-out test. The healed specimens were first self-healed to the planned age, and
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then the pull-out test was performed. Groups A and B used the same self-healing method,
which involved placing their specimens in a programmable incubator at 40 ◦C. Group
C used different self-healing methods. The specimens in this group were soaked in a
nutrient solution at 40 ◦C for two days and then taken out and placed in a programmable
incubator at 40 ◦C for two days. A cycle took four days until the expected self-healing age
was reached, such as 28 days or 90 days. After self-healing, the damaged specimens were
subjected to a secondary pull-out test.

Table 1 lists the test items and test parameters of this study. The test project is mainly
a series of pull-out tests. The test parameters include the self-healing method, self-healing
age, and target temperature. Research on the repair of fire-damaged reinforced concrete
shows that the fire damage temperature is mostly between 300 ◦C and 500 ◦C. When the
temperature is higher than 500 ◦C, the hydrate of cement has been severely decomposed,
and the aggregates have also degraded to varying degrees. In this case, there is no need to
repair the concrete. Based on the above, this study conducted high-temperature exposure of
LWAC specimens at specific temperatures of 300 ◦C and 500 ◦C. This is different from a real-
world fire scenario, but it still provides insight into the effectiveness of MICP technology in
repairing LWAC specimens within the temperature range discussed.

Table 1. Test items and test parameters.

Test Items Number of Specimens
Test Parameters

Curing/Healing Method Self-Healing Age
(Day)

Target Temperature
(◦C)

Pull-out test (before and
after exposure to

high temperatures)

Group A: 21 Group A: incubator

0, 28, 90 300, 500Group B: 21 Group B: incubator

Group C: 21 Group C: cyclical treatment

Secondary pull-out test
(after self-healing)

Group A: 18 Group A: incubator

28, 90 300, 500Group B: 18 Group B: incubator

Group C: 18 Group C: cyclical treatment

Observation of crack repair
of the pull-out specimens

after exposure to
high temperatures

Group A: 18 Group A: incubator

7, 14, 21, 28 300, 500Group B: 18 Group B: incubator

Group C: 18 Group C: cyclical treatment

FESEM, EDS, and
XRD analyses

Group A: 18 Group A: incubator

0, 28 300, 500Group B: 18 Group B: incubator

Group C: 18 Group C: cyclical treatment

2.2. Microbial Culture and Raw Materials Used

In terms of the bacterial culture, the materials used included Sporosarcina pasteurii
(S. pasteurii), calcium lactate, yeast extract, calcium acetate, and urea. The details of these
materials can be found in the authors’ previously published paper [9]. For the concrete
testing, the materials used included cement, water, fine aggregate, lightweight coarse
aggregate (as shown in Figure 1), superplasticizer, fiber, reinforcement, and a thermocouple.
The thermocouple was a K-type nickel–aluminum alloy, with a sensitivity of 41 µV/◦ Cand
a temperature range of −50 ◦C to 1200 ◦C. Detailed information on the remaining materials
can be found in the authors’ previously published paper [9].
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2.3. Strain Implantation and Mixture Proportion

The details on the culture and sporulation of the strains can be found in the authors’
previously published article [41]. The LWAC specimens of the control group (Group A)
and the experimental groups (Group B and Group C) were made. The LWAs used in Group
A were not implanted with bacterial strains, while the LWAs used in Groups B and C
were implanted with bacterial strains. The detailed steps for the implanting the bacterial
strains into the LWAs can be found in the authors’ previously published article [9]. The
required 28-day compressive strength of each group of LWAC was 45 MPa. The amount
of each material was determined based on trial mixing, taking into account both the fresh
and hardened characteristics of the concrete. Each group of LWAC had the same mix
proportions, as shown in Table 2. The mixing of each group of concrete followed ASTM
C511 [42] specifications.

Table 2. Mix proportions of the concrete.

Water–Binder
Ratio

Water
(kg/m3)

Cement
(kg/m3)

Lightweight
Aggregate

(kg/m3)

Fine Aggregate
(kg/m3)

Steel Fiber
(kg/m3)

Polypropylene
Fiber

(kg/m3)

Superplasticizer
(kg/m3)

0.45 220 489 345 734 58.5 1.17 0.978

2.4. Specimen Preparation

The compression test was performed on cylindrical specimens with a diameter of
100 mm and a height of 200 mm. The pull-out specimen was a cube with a side of 150 mm,
and a #6 rebar was embedded vertically along its central axis, as shown in Figure 2. The
embedded length (le) was three times the rebar diameter (db) to create a local bonding. To
achieve the effect of local bonding, when casting the pull-out specimen, the unbounded area
of the rebar was sealed with PVC sleeves. In addition, to prevent the rebar of the specimens
from being corroded during the curing process, the joints between the PVC sleeves and
the rebar were filled with water-based sealant, and high-temperature anti-rust paint was
sprayed on the surface of the protruding rebar. Moreover, the specimen contained three
transverse stirrups made of #3 rebar to prevent its splitting failure when the longitudinal
rebar was under tension.

After the mixing operation of each group of concrete mixtures was completed, a slump
test was performed, and the slump value was recorded. Then, twenty-four cylindrical
specimens and twenty-one pull-out specimens were cast for each group of concrete mixtures.
The specimens were demolded after 24 h. All the specimens were then immersed in
laboratory-saturated limewater tanks. On the 14th day, the specimens were taken out and
placed in a programmable incubator at 40 ◦C for 14 days. After casting and curing for
28 days, compressive strength, high-temperature, and pull-out tests were conducted for
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each group of specimens. Then, different self-healing methods were used for each group of
specimens damaged in the high-temperature and pull-out tests.
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2.5. Testing Methods

The concrete slump was carried out in accordance with ASTM C143 [43]. The concrete
unit weight was determined in accordance with ASTM C138 [44]. Cylindrical concrete
specimens were tested for compressive strength according to ASTM C39 [45], and their
static modulus of elasticity were tested according to ASTM C469 [46]. The compressive
strength and static modulus of elasticity were the average values of three specimens. The
pull-out test was carried out following the specifications of ASTM C234 [47]. A 200 kN
MTS servo valve-controlled machine equipped with a special test frame was used to apply
the tensile force to the pull-out specimen, as shown in Figure 3.
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The embedded rebar of the pull-out specimen was loaded at one end and was set
to a free state at the other end, as shown in Figure 3a. Three linear variable differential
transformers (LVDTs) were set up using a test frame, as shown in Figure 3b. The purpose is
to measure the relative slip between the longitudinal rebar and the surrounding concrete.
During the entire pull-out test process, displacement control was adopted. The load was
applied at a constant displacement rate of 0.01 mm/s. In the first pull-out test, the test was
stopped when the slippage of the specimen reached 5 mm. In the secondary pull-out test,
the test was terminated only when the specimen failed completely.
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Assuming that the bond stress is uniformly distributed along the length of the steel
bar, the bond stress can be calculated as follows [48]:

τ =
P

πdble
(1)

where τ = the bond stress; P = the applied load; db= the rebar diameter; and le = the
embedded length.

After the specimens were cured for 28 days, the incubator was adjusted to 60 ◦C
for five days to dry the moisture inside the concrete specimens, to reduce the risk of the
specimens spalling at high temperatures. To understand the relationship between the
temperature of the concrete inside the pull-out specimen and the heating time, thermo-
couples were embedded at different places inside the specimen. Two thermocouples were
embedded in the 150 mm cubic concrete block of the pull-out specimen: one 2 cm away
from the surface of the specimen and the other 4 cm away (as shown in Figure 4).
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When the specimen was subjected to high-temperature testing, the heating rate of
the high-temperature furnace was 10 ◦C/min. After the target temperature was reached,
the power supply of the high-temperature furnace was turned off immediately. After the
specimens were naturally cooled to room temperature in the high-temperature furnace,
the residual bond strength (BS) was tested. The pull-out test was divided into five types
according to the state of the LWAC specimen. The test sequences for these five types of
pull-out tests are shown in Table 3.

Table 3. Pull-out test items and test sequence.

Test Item Test Sequence

Pull-out test of the LWAC after 28 days of curing at room temperature Curing→loading
First pull-out test of the unhealed LWAC damaged in high-temperature tests Curing→heating→loading

Secondary pull-out test of the unhealed LWAC damaged in high-temperature and first
pull-out tests Curing→heating→loading→self-healing→reloading

First pull-out test of the healed LWAC damaged in high-temperature tests Curing→heating→self-healing→loading
Secondary pull-out test of the healed LWAC damaged in high-temperature and first

pull-out tests Curing→heating→self-healing→loading→self-healing→reloading

Furthermore, field emission scanning electron microscopy (FESEM) and energy dis-
persive spectroscopy (EDS) were used to conduct microscopic morphology and elemental
analysis of the precipitation. The cylindrical concrete specimen damaged after the compres-
sion test was used for FESEM observation. Samples were taken from two different parts of
each group of cylindrical specimens; that is, two centimeters near the surface and the center.
In addition, X-ray diffraction (XRD) analysis was used to determine the type of crystals
that precipitated.
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3. Tests Results and Discussion
3.1. Fresh and Hardened Properties of Concrete

The slump test results show that each mixture had appropriate workability, with a
slump value of 13 cm. At the same time, the unit weight of each mixture was 1849 kg/m3

(20% less than ordinary NWC), which met the requirements of general LWAC. At room
temperature, the 28-day compressive strength of each mixture is shown in Figure 5. As
shown in Figure 5, the 28-day compressive strength of each group was similar to the
required 28-day compressive strength. Overall, the structural efficiency (strength/density)
of each group was 24.3 MPa/(t/m3). This value was already within the structural efficiency
range of most LWACs; that is, 10–40 MPa/(t/m3) [49]. On the other hand, the 28-day elastic
modulus of each mixture was also almost the same, ranging from 18.75 to 19.26 GPa. For
a typical expanded clay–LWA-cast LWAC, its elastic modulus is generally in the range of
10–20 GPa. Therefore, these results are consistent with the literature [50,51].

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 26 
 

First pull-out test of the healed LWAC damaged in high-tem-
perature tests 

Curing→heating→self-healing→loading 

Secondary pull-out test of the healed LWAC damaged in 
high-temperature and first pull-out tests 

Curing→heating→self-healing→loading→self-heal-
ing→reloading 

Furthermore, field emission scanning electron microscopy (FESEM) and energy dis-
persive spectroscopy (EDS) were used to conduct microscopic morphology and elemental 
analysis of the precipitation. The cylindrical concrete specimen damaged after the com-
pression test was used for FESEM observation. Samples were taken from two different 
parts of each group of cylindrical specimens; that is, two centimeters near the surface and 
the center. In addition, X-ray diffraction (XRD) analysis was used to determine the type of 
crystals that precipitated. 

3. Tests Results and Discussion 
3.1. Fresh and Hardened Properties of Concrete 

The slump test results show that each mixture had appropriate workability, with a 
slump value of 13 cm. At the same time, the unit weight of each mixture was 1849 kg/m3 
(20% less than ordinary NWC), which met the requirements of general LWAC. At room 
temperature, the 28-day compressive strength of each mixture is shown in Figure 5. As 
shown in Figure 5, the 28-day compressive strength of each group was similar to the re-
quired 28-day compressive strength. Overall, the structural efficiency (strength/density) 
of each group was 24.3 MPa/(t/m3). This value was already within the structural efficiency 
range of most LWACs; that is, 10–40 MPa/(t/m3) [49]. On the other hand, the 28-day elastic 
modulus of each mixture was also almost the same, ranging from 18.75 to 19.26 GPa. For 
a typical expanded clay–LWA-cast LWAC, its elastic modulus is generally in the range of 
10–20 GPa. Therefore, these results are consistent with the literature [50,51]. 

 
Figure 5. Compressive strength and elastic modulus of LWAC. 

3.2. Results of the Pull-Out Test 
3.2.1. Local Bond–Slip Relationship and Bond Strength of LWAC at Room Temperature 

Under room-temperature conditions, the failure modes of the specimens in each 
group showed rebar pull-out failure. One characteristic of this phenomenon is that the 
longitudinal rebar of the specimen was pulled out of the concrete, while only a few cracks 
appeared in the surrounding concrete. In other words, no splitting failure occurred in the 
specimen during the pull-out test process. This can be attributed to the presence of stir-
rups, which effectively confined the specimen and limited the development of cracks. In 
this study, the concrete cover of the pull-out specimens was 6.5 cm and surrounded by 
transverse stirrups. The concrete between the transverse ribs was sheared off due to 
punching, causing the rebar to be pulled out of the concrete directly. Generally speaking, 
if the concrete cover-to-diameter of the rebar (C/D) ratio of the pull-out specimen is within 

44.59 44.81
45.88

18.75

19.09
19.26

17.0

17.5

18.0

18.5

19.0

19.5

20.0

40

42

44

46

48

50

Group A Group B Group C

El
as

tic
 m

od
ul

us
 (G

Pa
)

C
om

pr
es

si
ve

 s
tr

en
gt

h 
(M

Pa
)

Group type

Compressive strength (MPa)
Elastic modulus (GPa)

Figure 5. Compressive strength and elastic modulus of LWAC.

3.2. Results of the Pull-Out Test
3.2.1. Local Bond–Slip Relationship and Bond Strength of LWAC at Room Temperature

Under room-temperature conditions, the failure modes of the specimens in each
group showed rebar pull-out failure. One characteristic of this phenomenon is that the
longitudinal rebar of the specimen was pulled out of the concrete, while only a few cracks
appeared in the surrounding concrete. In other words, no splitting failure occurred in
the specimen during the pull-out test process. This can be attributed to the presence of
stirrups, which effectively confined the specimen and limited the development of cracks.
In this study, the concrete cover of the pull-out specimens was 6.5 cm and surrounded
by transverse stirrups. The concrete between the transverse ribs was sheared off due to
punching, causing the rebar to be pulled out of the concrete directly. Generally speaking, if
the concrete cover-to-diameter of the rebar (C/D) ratio of the pull-out specimen is within
the range of 2.5–3.0, the failure mode is mostly rebar pull-out failure [52]. The C/D ratio of
the pull-out specimen in this study was 3.4; thus, all the pull-out specimens suffered rebar
pull-out failure.

The literature data shows that the rebar slipping at the end of the peak bond stress
of the pull-out specimen is roughly in the range of 2–6 mm [20,53]. In view of this, the
first pull-out test of the specimen was terminated when the rebar slippage reached 5 mm.
Then, the damaged specimens were allowed to heal themselves in a planned manner before
conducting a secondary pullout test. Therefore, when analyzing the first pull-out test of
each group of specimens, the slip amount of the rebar was limited to the range of 0 to 5 mm.
The local bond stress–slip (τ–s) relationship curves of the pull-out tests for each group of
specimens at room temperature are shown in Figure 6.

As shown in Figure 6, with the increase in load, the curves of each group of specimens
in the pull-out test could be divided into linear ascending, nonlinear ascending, and
descending stages. Notably, the ascending branch of the τ–s relationship exhibited linear
behavior. In addition, the surfaces of the specimens that suffered pull-out failure exhibited
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neither any splitting cracks nor any sudden drop in bond stress when it reached its peak.
The peak bond stress of Groups B and C was slightly higher than that of Group A, but the
corresponding slip to the peak bond stress was smaller, and its value was about 1–3 mm.
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Figure 6. The τ–s curve of each group of specimens at room temperature.

Figure 7 shows the bond strength of the first pull-out test for each group of specimens.
As shown in Figure 7, at room temperature, the average bond strengths of each group
at the age of 28 days were close to 28 MPa. The standard deviations of the compressive
strength of Groups A, B, and C were 1.56, 1.34, and 0.40 MPa, respectively. These bond
strength values significantly exceeded the values recommended by Mo et al. [19] and the
CEB-FIP standard [20]. This is mainly attributed to the stronger overall interlocking effect
of the LWAs.
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Figure 7. Bond strength of LWAC at room temperature.

3.2.2. Local Bond–Slip Relationship and Bond Strength in Unhealed LWAC after Exposure
to High Temperatures

According to the plan, the high-temperature test was conducted immediately after
the specimens were cast and cured for 28 days. The high-temperature test used a faster
heating rate; that is, 10 ◦C/min. Once the high-temperature furnace reached the target
temperature, the power was turned off. After exposure to 300 ◦C and 500 ◦C, there was no
obvious spalling of the two groups of LWAC specimens. Theoretically, a longer embedded
length of rebar will lead to strain penetration [54], which makes the strain distribution of
the rebar along the longitudinal direction uneven, resulting in lower bond strength in the
concrete. In the pull-out test, the bond anchorage length of the rebar was set to be short
(le = 3db). Therefore, the rebar remained in the elastic stage [55]. As mentioned above, for
rebar with short bonded anchor lengths, good restraint, and adequate cover, the pull-out
specimen should exhibit rebar pull-out failure. After being exposed to high temperatures,
the concrete specimens suffered some degree of heat damage. Regardless of the control
group or the experimental group, the pullout test showed rebar pull-out failure.
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As mentioned previously, thermocouples 1 and 2 were embedded inside the pull-out
specimens, as shown in Figure 4. Under different target temperatures, the relationship
between the internal concrete temperature and the heating time of each group of specimens
was roughly the same. Therefore, only the results of certain specimens were selected
as representatives. Figure 8 shows the results of a single measurement. In the case of
a target temperature of 300 ◦C, the maximum temperatures of the two thermocouples
were approximately 98.2 ◦C and 90.8 ◦C, respectively, as shown in Figure 8a. In the case
of 500 ◦C, the maximum temperatures of the two thermocouples were approximately
235.7 ◦C and 230 ◦C, respectively, as shown in Figure 8b. From this point of view, the
temperature difference between these two places inside the concrete was approximately
5.7–7.4 ◦C. In addition, even though the target temperature was 500 ◦C, the maximum
temperature inside the specimen did not yet reach 240 ◦C. Metha and Monteiro [56] pointed
out that when the heating temperature of concrete reaches above 200 ◦C, cement hydrates
gradually decompose. For example, calcium silicate hydrate (C-S-H) colloids begin to
lose bonding water. However, the internal temperature of the specimen did not exceed
250 ◦C, and the changes in its microstructure and properties were still slight. In other
words, the high-temperature test in this study did not cause significant degradation of the
matrix of the specimens. This is mainly because the high-temperature furnace was shut
down after reaching the set temperature, resulting in the maximum temperature inside the
specimen not exceeding the critical temperature of rebar and concrete materials. Therefore,
the strength of the specimen did not significantly degrade.
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Figure 8. Relationship curve between the temperature of the concrete and time inside the pull-out
specimen: (a) target temperature: 300 ◦C; (b) target temperature: 500 ◦C.

The τ–s relationship curves of the unhealed specimens after exposure to high tempera-
tures are shown in Figure 9. As shown in Figure 9, the τ–s relationship curves of the LWAC
specimens after exposure to high temperatures could be divided into different stages; that
is, linear ascending, nonlinear ascending, and descending stages. Regardless of whether
the target temperature was 300 ◦C or 500 ◦C, there was no significant difference in the peak
bond stress between the experimental group and the control group, and the corresponding
slip to the peak bond stress was between 1 and 3 mm.

On the other hand, each group of specimens that experienced rebar pull-out failure
healed themselves according to the aforementioned self-healing method. Once these
specimens healed themselves to the planned age, a secondary pull-out test was performed.
The test was stopped only when the specimen failed completely; that is, the rebar slippage
was no longer limited to 5 mm. Taking each group of specimens exposed to 300 ◦C as an
example, an obvious plateau appeared in the τ–s relationship curve, as shown in Figure 9a.
At this stage, the bond stress decreased slowly, but the slip continued to increase. Then, the
bond stress decreased significantly. Overall, the bond–slip curve of each group of LWAC
specimens was still consistent with the model suggested by CEB-FIP 2000 [20]. In the
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linear ascending branch, the specimen had no obvious cracks. In the nonlinear ascending
branch, the cracks in the specimen expanded and were in a continuous cracking state.
In the descending branch, the specimen was completely cracked and was penetrated by
cracks. In the residual branch, the bond stress of the specimen was mainly composed of
pure friction resistance. Moreover, after exposure to 300 ◦C, Figure 9a shows that the peak
bond stress of the secondary pull-out test in Groups B and C was significantly higher than
that in Group A. However, after exposure to 500 ◦C, Figure 9b shows that there was no
significant difference in the peak bond stress of the secondary pull-out test between the
experimental group and the control group.
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Figure 9. The τ–s curves of the unhealed LWAC specimens after exposure to high temperatures:
(a) target temperature: 300 ◦C; (b) target temperature: 500 ◦C.

The τ–s relationship curves of each group after being exposed to different temperatures
without healing are shown in Figures 10 and 11. As shown in Figures 10 and 11, as the target
temperature increased, the slope of the linear ascending branch in the figures tended to
become steeper. The load of each group was the largest after being exposed to a temperature
of 500 ◦C, followed by room temperature and 300 ◦C. Compared with room-temperature
conditions, the maximum load of each group of specimens after being subjected to 500 ◦C
increased by approximately 6% to 9%. Regarding the plateau sections of each group shown
in Figures 10 and 11, the experimental group had a smaller attenuation range after entering
the plateau section than Group A. This strength attenuation rate increased with the increase
in the target temperature, and it can be seen that the specimens subjected to temperatures
of 500 ◦C were particularly obvious. As shown in Figure 10, in the case of 300 ◦C, the peak
bond stress of the Group A specimens decayed only slightly. In the case of 500 ◦C, the
peak bond stress of Group A showed a phenomenon of increasing instead of decreasing.
Moreover, in terms of the peak bond stress in the secondary pull-out test, there was little
difference in Group A after exposure to different temperatures.
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Figure 10. The τ–s curves of unhealed Group A specimens after exposure to different temperatures.
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Figure 11. The τ–s curves of unhealed experimental group specimens after exposure to different
temperatures: (a) Group B; (b) Group C.

Under the conditions of different temperatures, the τ–s relationship curve of the
experimental group is shown in Figure 11. As shown in Figure 11a, in the case of 300 ◦C,
the peak bond stress of the specimens in Group B decayed only slightly. In the case of
500 ◦C, the peak bond stress of the Group B specimens showed a phenomenon of increasing
instead of decreasing. In addition, after being subjected to different temperatures, the peak
bond stress of the secondary pull-out test of Group B was significantly different. In the case
of 500 ◦C, the peak bond stress of the specimen decreased sharply. Furthermore, as shown
in Figure 11b, in the case of 300 ◦C, the peak bond stress of the Group C specimens decayed
only slightly. In the case of 500 ◦C, the peak bond stress of the Group C specimens did not
decrease but instead increased. After being subjected to different temperatures, the peak
bond stress of the secondary pull-out test of Group C was significantly different. That is, the
higher the target temperature, the smaller the limit of the bond stress. Compared with the
control group, the slope in the linear ascending branch of the experimental group was higher
and became steeper as the target temperature increased, as shown in Figures 10 and 11.
Observing the slip growth trend after 3 mm at room temperature and 300 ◦C, the curve of
the experimental group tended to be flat and slightly attenuated, while the curve of Group
A exhibited an obvious downward trend.

After the high-temperature test and without self-healing, the results of the first pull-out
test for each group are shown in Table 4. In the case of 300 ◦C, the maximum temperature of
the concrete inside the pull-out specimen was approximately 98.2 ◦C. In this case, there was
no degradation of the concrete substrate. Therefore, the residual BS of the specimen did
not decrease significantly. Table 4 shows that, after exposure to 300 ◦C, the average bond
strength of the unhealed specimens in each group was close to 27 MPa. These bond strength
values were only slightly lower than their bond strength values at room temperature. After
being subjected to 500 ◦C, the average first bond strength of the unhealed specimens in
each group was close to 30 MPa. These bond strength values were higher than those
of each group of specimens at room temperature. In the case of 500 ◦C, the maximum
temperature of the concrete inside the pull-out specimen was approximately 235.7 ◦C.
Under this temperature condition, water vapor evaporated inside the specimen, causing
a drying effect [57]. As a result, the bond strength of the specimen increased slightly.
Furthermore, the residual BS after exposure to high temperatures was divided by that at
room temperature. The calculated relative bond strength (BS) ratios are shown in Table 4.
As shown in Table 4, the relative BS ratios of Groups A, B, and C after exposure to 500 ◦C
were 1.09, 1.06, and 1.08, respectively.
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Table 4. Bond strength of unhealed LWAC after exposure to high temperatures.

Group BS at RT
(MPa)

Residual BS (MPa) Relative BS Ratio

300 ◦C 500 ◦C 300 ◦C 500 ◦C

Group A 27.99 (1.56) 27.35 (0.68) 30.53 (1.75) 0.98 1.09
Group B 28.38 (1.34) 27.07 (1.14) 30.02 (1.97) 0.95 1.06
Group C 28.02 (0.40) 27.41 (0.69) 30.34 (1.20) 0.98 1.08

Note: BS: bond strength; RT: room temperature. The data in brackets are standard deviations.

In addition, the specimens damaged by high temperatures and the first pull-out test
were subjected to self-healing. The results of the secondary pull-out test after 28 days of
self-healing are shown in Table 5. It can be seen that, in the case of 300 ◦C, the residual bond
strengths of the secondary pull-out test results of Groups A, B, and C were 18.89, 20.48,
and 20.70 MPa, respectively. Compared with Group A, the relative BS ratios in Groups
B and C after 28 days of self-healing increased by 5.9% and 8.8%, respectively. However,
in the case of 500 ◦C, the residual bond strengths of the secondary pull-out test results of
Groups A, B, and C were 18.17, 18.35, and 19.00 MPa, respectively. As shown in Table 5,
the relative BS ratios of Groups A, B, and C in the secondary pull-out test after exposure
to 300 ◦C were 0.68, 0.72, and 0.74, respectively. Compared with Group A, the relative BS
ratios in Group C after 28 days of self-healing increased by 8.4%. Overall, the relative BS
ratio of the secondary pull-out test results of Group C was higher than that of Groups A
and B. This result once again means that the healing method with an ambient temperature
of 40 ◦C and a two-day cycle had a better effect.

Table 5. Results of the secondary pull-out test of the unhealed LWAC after exposure to high temperatures.

Group BS at RT
(MPa)

Residual BS (MPa) Relative BS Ratio

300 ◦C 500 ◦C 300 ◦C 500 ◦C

Group A 27.99 (1.56) 18.89 (0.89) 18.17 (1.20) 0.68 0.65
Group B 28.38 (1.34) 20.48 (1.57) 18.35 (1.24) 0.72 0.65
Group C 28.02 (0.40) 20.70 (1.46) 19.00 (0.58) 0.74 0.68

Note: BS: bond strength; RT: room temperature.

In summary, for the specimens that did not heal themselves after being exposed
to high temperatures, the residual BS of each group in the first pull-out test was not
significantly reduced. This is attributed to the fact that the high-temperature test did not
cause serious degradation of the internal composition of the concrete in each group of
specimens. However, the damage caused during the first pull-out test was more severe.
The experimental group healed itself in a better environment, resulting in a significant
improvement in the residual BS in the secondary pull-out test.

3.2.3. Local Bond–Slip Relationship and Bond Strength in Healed LWAC after Exposure to
High Temperatures

The results of the pull-out tests indicated rebar pull-out failures in all the samples after
exposure to a temperature of 300 ◦C and being subjected to healing, as shown in Figure 12.
The corresponding τ–s curve is shown in Figure 13. The τ–s curve of the first pull-out
test of the healed specimen after 300 ◦C was the same as that of the unhealed specimen
and could be divided into three stages. As shown in Figure 13a, after 28 days of healing,
the peak bond stresses of the experimental group and the control group were similar. In
addition, the corresponding slip to the peak bond stress was very small, approximately
0.5–1 mm. In contrast, as shown in Figure 13b, after 90 days of healing, the peak bond stress
of Group C was higher than that of Group A. Furthermore, the corresponding slip to the
peak bond stress was approximately 1–1.5 mm. From this point of view, the improvement
in the peak bond stress in Group C was better after 90 days of healing. Moreover, after
the 28-day healing period of the first pull-out specimen, the τ–s curve of the secondary
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pull-out test still went through the four stages described previously. On the other hand,
after 28 days of healing, the peak bond stress of Group C was slightly higher than that
of Group A in the secondary pull-out test. However, after 90 days of healing, the peak
bond stress of Group C was significantly higher than that of Group A in the secondary
pull-out test.
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Figure 13. The τ–s curves of healed LWAC specimens after exposure to 300 ◦C: (a) a healing age of
28 days; (b) a healing age of 90 days.

After being subjected to 300 ◦C, the τ–s curves of the Group A specimens under
different healing age conditions are shown in Figure 14. As shown in Figure 14, with
the increase in healing age, the peak bond stress of the Group A specimens increased
significantly. In addition, with the increase in the healing age, the peak bond stress of the
secondary pull-out test in Group A also increased.

Moreover, the τ–s relationship curves of the experimental group specimens at different
healing ages after being subjected to a temperature of 300 ◦C are shown in Figure 15. As
shown in Figure 15a, with the increase in the healing age, the peak bond stress of the Group
B specimens increased significantly. As the healing age increased, the peak bond stress
in the secondary pull-out test of Group B also increased. As shown in Figure 15b, with
the increase in the healing age, the peak bond stress of the Group C specimens increased
significantly. With the increase in the healing age, the peak bond stress of the secondary
pull-out test in Group C also increased significantly. As shown in Figures 9 and 13, the slip
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in the experimental group was slightly smaller than that of the control group when the
maximum load occurred, and this phenomenon showed the same trend in each healing
age and target temperature. In addition, as shown in Figure 14, the trends of Group A at
the healing ages of 28 days and 90 days were similar. This result shows that the hydration
reaction of the cement itself had been roughly developed in 28 days, and there was no
obvious increase in the late age. In contrast, as shown in Figure 15, as the age increased, the
bond strength of Group C showed a more obvious improvement. This was especially true
in the secondary pull-out test, where the repair rate was higher when the healing age was
90 days. From this perspective, the curing method of Group C was more effective.
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Figure 14. The τ–s curves of healed Group A specimens after different healing ages.
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Figure 15. The τ–s curves of the healed experimental group after different healing ages: (a) Group B;
(b) Group C.

The pull-out test results of the healed specimens after exposure to 300 ◦C are shown in
Table 6. As shown in Table 6, taking the specimen that underwent 28 days of self-healing
as an example, the residual bond strengths of Groups A, B, and C were 28.82, 28.36, and
28.64 MPa, respectively. In addition, taking the specimen that underwent 90 days of self-
healing as an example, the residual bond strengths of Groups A, B, and C were 29.99, 30.37,
and 31.08 MPa, respectively. Moreover, for the specimens of different self-healing ages after
300 ◦C, the relative BS ratio was calculated based on the bond strength without self-healing
after 300 ◦C, and the results are shown in Table 6. As shown in Table 6, taking the specimen
that underwent 90 days of self-healing as an example, the relative BS ratios of Groups A, B,
and C were 1.10, 1.12, and 1.13, respectively. Compared with Group A, the relative BS ratios
in Groups B and C after 90 days of self-healing increased by 2.3% and 3.4%, respectively. In
terms of self-healing for 90 days, the relative BS ratio of Group C was the highest, which
again proved that the curing method with a curing temperature of 40 ◦C and a two-day
cycle was better.



Appl. Sci. 2024, 14, 1416 16 of 25

Table 6. Residual BS and relative BS ratios of the healed LWAC after exposure to a temperature of 300 ◦C.

Group Unhealed
BS (MPa)

Residual BS (MPa) Relative BS Ratio

28 Days of
Self-Healing

90 Days of
Self-Healing

28 Days of
Self-Healing

90 Days of
Self-Healing

Group A 27.35 (0.68) 28.82 (0.55) 29.99 (1.19) 1.05 1.10
Group B 27.07 (1.14) 28.36 (2.23) 30.37 (0.63) 1.05 1.12
Group C 27.41 (0.69) 28.64 (0.32) 31.08 (0.72) 1.05 1.13

Note: BS: bond strength.

On the other hand, each group of specimens exposed to a temperature of 300 ◦C
that underwent different self-healing ages and were damaged in the first pull-out test
were allowed to self-heal for another 28 days. The results of the secondary pull-out test
after self-healing for 28 days were analyzed. As shown in Figure 16, taking the case after
exposure to 300 ◦C and a healing period of 90 days as an example, the relative BS ratios
of the secondary pull-out test results of Groups A, B, and C were 0.69, 0.73, and 0.83,
respectively. Compared with Group A, the relative BS ratios in Groups B and C after
90 days of self-healing increased by 5.8% and 20.3%, respectively.
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Figure 16. Secondary relative BS ratio of the healed specimens after they were exposed to 300 ◦C and
damaged in the first pull-out test.

In summary, for the specimens that healed themselves after being exposed to 300 ◦C,
the residual BS of the first pull-out test in each group did not significantly attenuate. This is
attributed to the fact that the high-temperature test did not cause serious degradation of
the internal composition of the concrete in each group of specimens. However, the damage
caused by the first pull-out test was relatively severe. Group C healed itself in a better
environment. As a result, its residual BS in the secondary pull-out test was significantly
better than that of Group A.

3.3. Crack Healing of the Pull-Out Specimens

After the pull-out specimens were exposed to high temperatures, the cracks on their
surfaces were observed at different self-healing ages. In terms of exposure to 300 ◦C,
obvious crystal precipitations began to appear on both sides of the cracks in Group C
after 7 days of self-healing, as shown in Figure 17. These precipitates were confirmed
to be calcium carbonate (CaCO3) in Section 3.4. In addition, the distribution of CaCO3
crystal particles was visible on the surface around the crack. In contrast, only sporadic
CaCO3 particles appeared in the cracks in Groups A and B. The crystallization of Group
C reached its peak on the 14th day of the self-healing age. The interior of the cracks
was more or less filled with CaCO3 crystals and tended to gradually expand outward.
However, for Groups A and B, there was no significant difference from the situation at the
self-healing age of seven days. Then, at the self-healing age of 21 days, it was found that
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the concrete surface of Group C exhibited some peeling of the surface. This may be due to
the long-term soaking in the curing solution causing some slight erosion damage to the
concrete surface. However, when the healing time was extended to 28 days, CaCO3 crystal
crystallization again occurred on the surface of Group C. It is speculated that, as the age
increased, the CaCO3 crystals continued to penetrate deep into the interior of the specimen
to crystallize, causing tension damage near the surface and falling off. This inference could
reasonably explain the results of the pull-out test of Group C, which showed better strength
performance with increasing age. Furthermore, more granular crystal accumulation can be
seen in the cracks of Groups A and B. Although the deposition rate was slower, there was
still a continuous reaction. In terms of exposure to 500 ◦C, as the self-healing age increased,
the CaCO3 crystals in Groups A and B were not obvious, with only quite sparse granular
crystals. In comparison, Group C showed crystallization at the self-healing age of seven
days. However, compared with the situation at 300 ◦C, the crystals were fine and localized.
On the 14th day of self-healing, the healing of Group C was more obvious and began to
develop widely outward. There was a better repair trend at the self-healing ages of 21 and
28 days, but there was still some surface peeling on the concrete surface.

3.4. Microstructure and Phase Analysis

Under the attack of heat, the physical structure and chemical composition of concrete
will undergo a series of changes. Precisely because of the change in the form of hydration
products, concrete gradually or even drastically loses its mechanical strength and dura-
bility [58]. Essentially, after being exposed to high temperatures, concrete can improve
its microstructure to a certain extent through appropriate curing, thereby enhancing its
mechanical properties [59].

3.4.1. Results of the FESEM Images

Figure 18 shows the FESEM images of the LWAC samples. The figure shows that there
were many fine pores inside the LWAs. Essentially, the porosity and pore size distribution
in the matrix are key factors controlling the strength of concrete [56]. At room temperature,
the CaCO3 crystal particles in the Group C sample had a parallel polygonal cubic structure
mixed with some spherical structures, as shown in Figure 18a. Therefore, it is speculated
that there were a large number of CaCO3 crystals that precipitated. In other words, Group
C specimens exhibited microbially induced CaCO3 precipitation. Because of this, the
specimens in Group C showed better improvement effects. This is consistent with the
results of Kadapure and Deshannavar [60]. This is because the bacterial metabolic activity
during mineralization increased the local saturation state of the cells [61]. This is beneficial
to the precipitation of CaCO3. After the high-temperature treatment, Group C had a
relatively dense structure around the interfacial transition zones (ITZ) at 300 ◦C, as shown
in Figure 18b. While the ITZ at 500 ◦C was relatively loose, multiple small cracks could be
seen around the matrix. Furthermore, the high-temperature environment of 500 ◦C indeed
caused the hydrated C-S-H colloid to lose its bound water and undergo decay. In addition,
parts of the ettringite and calcium hydroxide (CH) were destroyed and dispersed, resulting
in the texture of the block having a smoother appearance, as shown in Figure 18c.
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3.4.2. Results of the EDS Analysis

The EDS spectra of each group of samples at different target temperatures are shown
in Figures 19–21. The EDS analysis indicated that as the ambient temperature and sampling
location varied, the main elements (mass fraction) in the sample also varied. Overall, the
elements contained in the precipitate samples of each group were mainly C, O, and Ca. In
addition, some samples also contained other elements such as Mg and Al. Observing the
samples of Group C, it can be seen that after 28 days of self-healing, Ca, C, and O bonded
to form CaCO3, which filled the crack area. It can be concluded that the large number of
polygonal blocks observed in the previous FESEM images were CaCO3 crystals. Based
on this, it can be reasonably inferred that there should be microbial mineralization in the
specimens of Group C. This is consistent with the results of Kadapure and Deshannavar [60].
Therefore, Group C achieved a better performance than Group A. In the case of 500 ◦C,
compared with the block in the center, there was a large difference in the amount of CaCO3
precipitate in the blocks at the edges. This corroborated the inference that the strains near
the surface of the test specimen died at a high temperature of 500 ◦C and that the strains
inside could partially survive. This could reasonably explain the results of the pull-out
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test in Group C. The EDS analysis results showed that there were CaCO3 crystals in the
samples of the experimental group. It is worth noting that a higher mass fraction of calcium
was found in the experimental group samples. Moreover, the ratio of the atom fractions
of calcium to silicon is an important parameter. It can be used to reflect the changes in
the chemical composition of C-S-H colloids in ITZ and cement matrix [62]. As shown in
Figure 21, in the Group A sample, the Ca/Si ratio was 0.04; in the Group B sample, the
Ca/Si ratio was 0.07; and in the Group C sample, the Ca/Si ratio was 0.26.
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Figure 21. EDS analysis of the near-surface blocks of each group of samples (after being subjected to
a temperature of 500 ◦C and with a healing period of 28 days): (a) Group A; (b) Group B; (c) Group C.

3.4.3. Results of the XRD Analysis

As shown in Figure 22, the diffraction spectrum indicated an obvious peak at the main
reflection angle (2-theta) of 30.6◦. This is in good agreement with the strong peaks of pure
calcite. At the same time, the 2-theta values corresponding to other peaks of the mineralized
precipitate had a high degree of matching with the peaks of pure calcite crystals. This result
shows that the main component of the induced precipitation was calcite crystal-based
CaCO3. Regardless of the target temperature, the X-ray reflected energy intensity of Groups
B and C at all angles was higher than that of Group A. Another strong peak appeared at a
2-theta angle of 26.5◦, which had a high degree of matching with the peak of quartz crystal.
In addition, there were also strong peaks at 2-theta angles of 18.0◦ and 34.1◦, which had a
high degree of matching with the peaks of CH crystals. At different temperatures, the X-ray
reflection energy intensity of Groups B and C at all angles was lower than that of Group A.
In essence, CH crystals are hexagonal sheets with a loose structure, and their contribution
to the strength of concrete is less significant. It can be seen from the test results of the
experimental group that adding the S. pasteurii strain could effectively reduce the formation
of CH crystals and convert them into cubic crystals and agglomerated substances. This
illustrates that the experimental group indeed showed a higher strength in the pull-out test.
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4. Conclusions

In this study, biomineralization technology was applied to improve the bond strength
of fiber-reinforced LWAC after exposure to high temperatures. After exposure to high
temperatures, the residual bond strength of each group in the first pull-out test did not
decrease significantly, regardless of whether the specimens were unhealed or healed. This
is attributed to the fact that the high-temperature test did not cause serious degradation
of the internal composition of the concrete in each group of specimens. However, the
damage caused during the first pull-out test was relatively severe. Therefore, the residual
bond strength of each group in the secondary pull-out test was significantly reduced,
regardless of whether the specimens were unhealed or healed. After being exposed to a
temperature of 300 ◦C and undergoing self-healing for 90 days, the residual bond strengths
of the secondary pull-out tests in Groups A, B, and C were 20.63, 22.13, and 25.69 MPa,
respectively. Moreover, compared with Group A, the relative bond strength ratios of the
secondary pull-out tests in Groups B and C increased by 5.8% and 20.3%, respectively. The
test results verified that biomineralization can effectively improve the bond strength of
LWAC after high-temperature and pull-out damage.

After high-temperature action, the τ–s relationship curve of each group of concrete
pull-out specimens during the first pull-out could be divided into linear ascending, nonlin-
ear ascending, and descending stages. However, the τ–s curve of each group of concrete
pull-out specimens during the secondary pull-out process could be divided into four stages.
As the healing age increased, the bond strength of Group C increased significantly. In the
secondary pull-out test, the 90-day healing period had a higher repair rate, which confirmed
that the biomineralization curing method of Group C was more effective. Groups A and B
were healed in a constant-temperature incubator, and there was no significant difference
in the bond strength after self-healing. This is because the high temperatures caused the
bacterial strain of Group B to be lost, resulting in less obvious mineralization. Additionally,
the strains mineralized slowly in the absence of adequate nutrient sources. In contrast,
biomineralization in Group C operated effectively due to the provision of nutrient sources.
Its EDS and XRD analysis results confirmed that the precipitate formed at the crack was
CaCO3, which improved the bond strength after self-healing. As a result, the test results of
Group C were better than those of Groups A and B.

5. Future Recommendations

Self-healing concrete based on biomineralization uses bacteria to trigger microbial-
induced calcium precipitation, thereby promoting the healing of concrete cracks. Prelimi-
nary results have been achieved using MICP technology to improve the bond strength of
damaged concrete after high temperatures. We can further explore the use of MICP tech-
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nology to improve the flexural behavior of damaged concrete beam components after high
temperatures, such as flexural strength, stiffness, and ductility. This self-healing concrete
technology depends on environmental conditions such as pH and temperature, as well as
factors such as the implementation methods of bacteria in concrete. In order to extend the
life of bacteria, protection strategies for bacteria have been discussed in the literature. How-
ever, understanding the interplay between environmental factors and bacterial permanence
is crucial to optimize biomineralization-based self-healing and improve the durability of
concrete infrastructure. At present, the impact of some harsh environmental conditions on
the performance of bacterial carriers has not been studied. In actual projects, self-healing
concrete needs to face complex temperature, humidity, and salinity conditions, among
other factors, which requires further research. Furthermore, the cost of encapsulating
materials increases the initial expense of bacterially based cement composites. Based on the
consideration of microbial self-healing concrete being more widely accepted, it is crucial to
further study the performance and cost-effectiveness of bacterial self-healing technology
under real environmental conditions. At the same time, attention should also be paid to the
sourcing of carrier materials, as well as their eco-friendliness and economy. In the future,
this technology can be applied to small-scale projects first to continuously make up for the
technical deficiencies according to the application situation until a set of technical processes
can be formed for actual construction operations.
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interfacial transition zones, LWAC: lightweight aggregate concrete, LWAs: lightweight aggregates, le:
embedded length, MICP: microbial-induced calcium carbonate precipitation, NWC: normal-weight
aggregate concrete, P: applied load, RC: reinforced concrete, RT: room temperature, S. pasteurii:
Sporosarcina pasteurii, s: slip, XRD: X-ray diffraction, τ: bond stress.
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