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With the increasing number of underground engineering construction projects such as coal mining, tunnel, and subway, water
inrush disasters occur more and more frequently. Inspired by the phenomenon of microbial mineralization and diagenesis,
microbial-induced calcium carbonate precipitation (MICP) is used to repair cracks in cement-based materials, which provides a
new idea to solve the problem of water inrush. To investigate the self-healing properties of microbial capsules, this paper selected
epoxy resin E-51 cured by DMP-30 as the wall material and Bacillus pasteurii as the core materials for experiments. In this paper, a
single-factor method was adopted to determine the optimal preparation process of microbial capsules and the oil-phase separation
method to prepare the microbial capsules. ,e effects of various factors on the experimental results under different core-wall
ratios, reaction time, reaction temperatures, and agitation rates were analyzed. Microbial capsules were analyzed by Fourier
transform infrared spectroscopy and optical microscopy to explore the functional groups and features of microbial capsules. ,e
experimental results showed that the microbial capsules achieved the best performance with a core-to-wall ratio of 1 : 3, a reaction
temperature of 50°C, a reaction time of 40min, and a stirring rate of 300 rpm.Meanwhile, we determined the spore survival rate of
microbial capsules and finally studied the waterproofness, storage stability, and rupture under the pressure of microbial capsules.
We concluded that microbial capsules have high-efficiency and self-healing properties.

1. Introduction

In the underground engineering, microcracks often occur in
concrete layer, which not only reduces the bearing capacity of
the concrete structure but also affects its durability and wa-
terproofness [1–8]. Currently, a more effective method for
repairing concrete cracks is microcapsule technology. ,is
technique involves coating the desired material with a suitable
material to form a core-wall structure. ,e material used for
coating is called a wall material, and the material to be coated
is called a core material. ,e wall material is usually selected
from organic polymer materials and inorganic materials, and
the selection of the core material is determined according to
the application of the microbial capsules. When microcapsule
technology applies to the crack repair of concrete, its essence
is the use of microorganisms to induce the formation of

calcium carbonate. A specific microorganism is coated as a
core material and embedded in concrete [9–13]. When the
concrete cracks, the microbial capsule will break, and mi-
crobial metabolism will produce calcium carbonate, thereby
repairing the crack.

At present, microcapsule technology has made some
progresses in concrete repair. To improve cemented coral
sand’s self-healing efficiency, Xu et al. [14] fabricated the
urea-formaldehyde (UF) microcapsule with in situ poly-
merization using controlled particles size distributions.,ey
confirmed that the specimen’s crack or compression trig-
gered the microcapsules, which then reacted with the
contribution from the healing agent to self-heal the internal
cracks. Singh et al. [15] found that the crack healing capacity
of the calcium lactate-prepared samples significantly im-
proved, in spite that the expanded clay aggregates-based
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samples featured a considerable decrease in strength. Also,
the use of Bacillus sp. bacterial solution in the concrete mix
enhances its mechanical properties. Wang et al. [16] studied
the physical properties of microcapsules and the micro-
structure of self-healing concrete. ,ey also analyzed the
influence of microcapsules on the strength, permeability,
and long-term shrinkage of self-healing concrete. Al-Tabbaa
et al. [17] focused on microcapsules, which contain a healing
agent. ,is healing agent will be released upon crack
propagation. Han et al. [18] pointed out that bacteria with
expanded clay (EC) are very active in generating CaCO3. Liu
[19] prepared a kind of microcapsule and manufactured a
new type of self-healing asphalt. To do so, he mixed asphalt,
microcapsule, and curing agent with proper ratio. Mohamed
et al. [20] found that efficient self-healing capacity not only
requires sufficient healing compounds (e.g., calcium acetate)
but also demands a minimal number of bacterial spores.
Tripathi et al. [21] studied the effect of microcapsule shell
material on the mechanical behavior of self-healing epoxy
composites. ,ey encapsulated the liquid epoxy healant in
melamine-formaldehyde (MF) and urea-formaldehyde
(UF), using the emulsion polymerization technique to
prepare microcapsules of different shell walls. Singh and
Gupta [22] produced self-healing mortar by using alkaline
bacteria producing minerals. Shahid et al. [23] focused on
the microcracks’ self-healing capability in concrete by using
different Bacillus strains. ,ey achieved a 16% increase in
compressive strength in concrete and significant healing
with Bacillus subtilis. Hu et al. [24–26] considered three
novel types of healing agent encapsulation systems, namely,
body-contact double capsule, parallel-style double capsule,
and concentric-style capsule. ,ey examined the compati-
bility of the PU healing agent with a dynamic crack using
different accelerants. ,ey also investigated the crack’s ad-
hesion area for different healing systems in terms of the
capsule type, capsule spacing, accelerant, and crack width.
Al-Ansari et al. [27] characterized the average diameter and
shell thickness of the producedmicrocapsules. Souza and Al-
Tabbaa [28] found that the aqueous core microcapsules
presented a thicker shell which precluded the rupture upon
crack. Cheng [29] researched into the epoxy resin micro-
capsules which contain both solid particles and cured epoxy
resin. He finally obtained the thickness of the shell coated
with alkali-resistant Bacillus H4.

Wang et al. [30, 31] used alginate as the wall material and
successfully prepared microbial capsules by using Bacillus
sphaericus fixed in hydrogel as the core material, thus ef-
fectively protecting the bacterial activity. Van Tittelboom
et al. [32] adopted epoxy resin as the wall material and
Bacillus coli as the core material to make spore bio-microbial
capsules, which solved the problem of spore burial and
dormancy in concrete. Cheng [33] prepared microbial
capsules with ethyl cellulose and epoxy resin as the wall
material, respectively, and Bacillus alkalisediminis H4 as the
core material. ,e experimental results showed that mi-
crobial capsules have an excellent repair effect on concrete
cracks [34, 35]. ,ere are still some issues in the existing
research that require further in-depth research. Among
them, one of the critical issues is how to reduce the

preparation cost and efficiently utilize the material to pre-
pare microbial capsules with the best biocompatibility and
mechanical triggering performance.

,is paper investigated the application of epoxy resin as
a bacterial carrier in the self-repairing system of Bacillus
pasteurii. First, we designed and successfully prepared Ba-
cillus pasteurianum microcapsules, optimized the micro-
capsule preparation process through experiments, and
obtained the process parameters such as the core-wall ratios,
reaction temperatures, reaction time, and agitation rate
required to achieve the best performance. Next, we char-
acterized the performance of the prepared microcapsules
and studied the biocompatibility of epoxy resin and Bacillus
pasteurii by measuring the spore survival rate of the mi-
crocapsules. In addition, the strength test of the pre-
fabricated cracks in this paper confirms that the prepared
microbial capsules have high-efficiency self-healing prop-
erties. ,e research results of this paper provide new ideas
for studying a wider range of self-repairing bacterial carriers
and improving the repair activity and strength repair rate of
bacteria in harsh environments such as mines.

2. Experiments and Materials

2.1. Selection of Wall Materials. In the preparation of mi-
crobial capsules, in order to achieve the best results, the wall
material needs to meet specific requirements. First, to
prevent the core material from oxidizing and volatilizing
during storage, the wall material needs to have good air-
tightness. Meanwhile, the wall material must have a specific
mechanical strength to ensure the isolation and protection of
the core material. ,e wall material also needs to have
suitable brittleness to guarantee that the core material can be
released typically when the triggering condition is reached.

On the other hand, in the preparation of microbial
capsules, attention should be paid to the adverse effects of
concrete conditions on microorganisms. In other words, we
should prevent outside air, moisture, and oxygen from
entering the microbial capsules to cause spores to germinate
in advance. Furthermore, the wall material needs to be
biocompatible and low in toxicity to maintain the activity of
the core material.

Epoxy resin is not only dense, waterproof, and
mechanically robust and brittle but also nontoxic and has
excellent biocompatibility. ,erefore, in all aspects, this
paper chooses epoxy resin E-51 as the wall material.

Table 1 shows the experimental instruments. ,is paper
utilized the ultraclean workbench and Chinese medicine
pellet machine for the preparation of bacterial core material.
Meanwhile, we used a digital constant temperature water
bath and drying box to complete the wall material to cover
the core material. We observed the microbial capsule’s core-
wall structure with an optical microscope and the absorption
peak in the infrared spectrum of the microbial capsule by
Fourier transform infrared spectroscopy. Additionally, a
television microscope was used to explore the waterproof-
ness, storage stability, and rupture ability under the pressure
of the microbial capsules. ,e survival rate of the spores was
measured using the biochemistry incubators.
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2.2. Selection of Core Materials. ,e microbial capsule core
must be a microorganism with life activity and minerali-
zation. Microbial mineralization types fall into two types:
microbial-controlled mineralization and microbial-induced
mineralization. Microbial-controlled mineralization de-
pends on the physiological processes of microorganisms and
has nothing to do with changes in the external environment,
while microbial-induced mineralization is produced by
activities such as cell metabolism.

,is research selects Bacillus pasteurii as the core mi-
crobe that adopts the microbially induced mineralization.
More specifically, we make microbes into dry spore powder
and mix the powder with the required nutrients and aux-
iliary materials such as microcrystalline cellulose to make
core particles. Meanwhile, we induce calcium carbonate by
cell metabolism to self-repair the concrete.

2.3. Measurement of Curing Agent Effect. To explore the
effect of the curing agent, the epoxy resin E-51 was precured
separately in advance with three curing agents: 2,4,6-tri-
sphenol (DMP-30), m-xylylenediamine (MXDA), and silane
coupling agent (KH-151). ,e amount of the curing agent
MXDA is usually calculated based on the active hydrogen
equivalent of the amine curing agent. Figure 1 illustrates the
structural formula of MXDA.

,e molecular weight of MXDA is 136.19, and the
number of active hydrogens is four. Accordingly, its active
hydrogen equivalent is 34.05. ,e epoxy value of epoxy resin
E-51 is 0.51, and the theoretical amount of MXDA is 17.37 g
per 100 g of epoxy resin E-51. Its calculation formula is
shown as follows:

W �
M

N
× E, (1)

whereW is the amount of curing agent required per 100 g of
epoxy resin E-51, M is the molecular weight of MXDA, N is
the number of active hydrogens of MXDA, and E is the
epoxy value of the epoxy resin.

,e amounts of curing agents DMP-30 and KH-151 were
added according to empirical values. ,at is, the amount of
DMP-30 is 10 g per 100 g of epoxy resin E-51, and the
amount of KH-151 is 15 g.

In order to determine the curing effect, we placed 20 g of
epoxy resin E-51 in a 50°C water bath for 10minutes, diluted,
and added with a curing agent. ,e bubbles were uniformly
discharged after we stirred it, and we then placed it in a water

bath for heat preservation. Afterward, we placed it in a
beaker and observed the curing phenomenon. Table 2 shows
the control experiments.

2.4. Microbial Capsule Preparation

2.4.1. Core Material Preparation. ,e microcapsule core
material is prepared by mixing dry spore powder, auxiliary
materials, and nutrients and then granulating by a granu-
lation apparatus that is shown in Figure 2. ,e specific
preparation method is as follows:

Step 1. Mixing stage: Weigh nutrients according to the
proportion of the medium components of the opti-
mized strains, i.e., weigh 1 g of urea, 0.25 g of soy
peptone, 0.75 g of casein, and 0.25 g of sodium chloride.
Add 50 g of microcrystalline cellulose for expanding the
core volume and 1.5 g of hydroxypropyl methylcellu-
lose to promote adhesion of microcrystalline cellulose
to spores and nutrients.
Step 2. Grouping stage: Weigh 0.5 g of dry spore
powder in a beaker and add 150 g of distilled water to
stir. Add the liquid solution to the mixture and stir to
form a paste.
Step 3.Granulation stage: Place the obtained paste from
the previous step in the extrusion port of the Chinese
medicine pelletizing machine and obtain a flat body
after being extruded appropriately. Take out the flat
body and place it at the mouth of the purlin to obtain a
strip.,e strips are separated into individual pieces and
placed at the pellet opening to roll out the granules.
Place the pellets in a rounder, take out, and dry in a low-
temperature drying oven at 40°C for 24 hours. Finally,
we obtain core particles with single-particle size.

,e flowchart of preparing the core material is shown in
Figure 3. ,e nutrients contain urea, soy peptone, casein,
and sodium chloride; and the auxiliary materials encompass
microcrystalline cellulose and hydroxypropyl
methylcellulose.

Table 1: Experimental instruments.

Experimental instruments Model Manufacturer
Electronic balance BSA223S Sartorius Instrument Co., Ltd
Television microscope SA3300 Beijing Tech Instrument Co., Ltd
Digital constant speed electric mixer JJ-1A Jintan Hongye Experimental Instrument Factory
Digital constant temperature water bath HH-1 Changzhou Jintan Kexing Instrument Factory
Electric blast drying box Model 101 Beijing Ever Bright Medical Treatment Instrument Co., Ltd
Chinese medicine pellet machine HBZ-201 Ruian Hanbo Electromechanical Co., Ltd
Fourier transform infrared spectrometer NICOLET380 ,ermo Nicolet Co., Ltd
Powder tablet press PC-24 Tianjin JingTuo Instrument Technology Co., Ltd
Biochemical incubator HPX-80 Shanghai Hengyue Medical Equipment Co., Ltd

H2N NH2

Figure 1: ,e structure formula of MXDA.
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2.4.2. Single-Factor Experiments Design. A variety of factors
may affect the preparation of microbial capsules, such as
reaction time, reaction temperature, core-wall ratio, and
agitation rate. ,is experiment uses a single-factor experi-
ment to determine the optimal preparation conditions for
microbial capsules. Table 3 lists the experimental
parameters.

2.4.3. Preparing the Microbial Capsule. We use the oil-phase
isolation method to prepare microbial capsules, thus
avoiding the contact of the core material with water during
the preparation process, thereby maintaining the stability of
the spores. Epoxy resin E-51 is a hydrophobic substance,
which guarantees the feasibility of the experiment. ,e
prepared core material particles were coated with epoxy
resin E-51, and the epoxy resin E-51 was solidified on the

surface of the core material to form a microbial capsule
under the condition of a double oil phase. ,e specific
preparation method is as follows:

Step 1. Mixing the wall and core materials: Weigh
Epoxy resin E-51 and core particles according to a core-
wall ratio. Place both in a beaker and mix to mix well.
Place the mixture in a constant temperature water bath
and keep for 10min.
Step 2. Precuring stage: After 10min of incubation, add
the curing agent to the mixture, stir well, and place in a
water bath for precuring for 30min.
Step 3. Film-forming stage: Add the mixture slowly to a
three-necked flask, and set the reaction temperature
and stirring speed. After 5minutes, open the stopper on
one side, slowly pour in the polydimethylsiloxane oil,
and continue to stir for 1 hour.

Table 2: Control experiments.

Number
Experimental conditions

Curing agents Water bath temperature °C Duration of heat preservation min Curing agent amount g
1 DMP-30 50 10 2
2 MXDA 50 10 3.5
3 KH-151 50 10 3
4 DMP-30 20 10 2
5 MXDA 20 10 3.5
6 KH-151 20 10 3

Figure 2: Core material granulation.

Nutrients,
Axuiliary
materials,
Spore dry
powder,
Distilled

water

Stir and mix Round and dry

Core
materialsPaste Particles

Squeeze, extrude,
and granulation

Figure 3: ,e flowchart of preparing the core materials.
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After the curing was completed, take out the final
product, filter with absolute ethanol, and wash the surface of
the polydimethylsiloxane. Place the product in a Petri dish
and transfer to a low-temperature drying oven at 40°C. As
such, we obtain the microbial capsule. Figure 4 demonstrates
the flowchart of the preparation.

2.5. Features of the Microbial Capsules

2.5.1. Waterproofness. Randomly select a plurality of mi-
crobial capsules in a beaker, slowly add distilled water to
thoroughly soak the microbial capsules, and record the
soaking time of the microbial capsules. Take 5–7 microbial
capsules every other day, blot the surface moisture with
absorbent paper, and place them on a glass slide. Place the
slide under a microscope and adjust the magnification of the
microscope to observe the presence or absence of cracks.

2.5.2. Storage Stability. Weigh specific amounts of microbial
capsules in a Petri dish and place the Petri dish on a dry and
ventilated bench. Record the initial weight of the microbial
capsule and the weight of the microbial capsules on the 3rd,
6th, 9th, 12th, and 15th days. Observe the mass loss of the
microbial capsules, and calculate the mass loss rate based on
the following formula:

M �
m0 − mi

m0
× 100%, (2)

where m0 and mi are the last and the current weight (g).

2.5.3. Rupture Ability under Trigger Condition.
Randomly select plurality of microbial capsules, place them
on a laboratory bench, and fracture them with tweezers.
Place the fractured microbial capsules under a microscope,
and fix the magnification to observe the rupture of the
surface of the microbial capsule. In this way, we can judge
whether the mechanical properties of the microbial capsules
can be triggered and further germinate the microorganisms
to conduct the self-repairing process when the concrete
where they are buried ruptures.

2.5.4. Spore Survival Rate. We employ the plate colony-
counting method to determine the spore survival rate of
microbial capsules. First, ground themicrobial capsule into a
powder, add to the liquid medium, and shake well. ,en, use
a pipette to extract 1ml of the mixture, slowly inject into a
tube containing 9ml of the liquid medium along the tube
wall, and shake the tube to mix well. Repeat the above
procedure and replace the sterile pipette once every dilution
until it is diluted to 1× 108 times.

Pipet 100 μL of the diluted liquid, pour into a solid
medium prepared in advance, and then uniformly dis-
tribute the colonies on the plate. After solidification, turn
over the culture dish and place in an incubator for
24 hours. Observe the germination of the spores in the
culture dish and count the number of colonies in the
culture dish. It should be noted that at the dilution factor
at this time, one colony represents one spore in the mi-
crobial capsule. ,e spore germination rate is obtained
according to the number of colonies at the dilution factor
and the number of spores in the core material.

2.6. Verification of Self-Healing Effect of Microbial Capsules

2.6.1. Test Pieces Preparation. Table 4 lists the specific
mixing ratio of the experimental test pieces. Figure 5 shows
the preparation of self-healing test piece. We designed
three sets of control experiments. Specifically, Group A is a
standard test piece without adding any repair agent. Group
B only adds the core material part from the repair agent,
that is, the bacterial body. Group C adds the complete
microbial capsule. Meanwhile, the cement mortar has a
water-cement ratio of 0.3. ,e amount of the repair agent is
3.0% of the amount of the cementing material. Besides, the
mold uses a cylindrical test piece with φ of 50mm and H of
100mm.

,e specific preparation steps are as follows:

(1) Weigh the required materials according to the re-
quired amount, add cement, sand, and water in
sequence, mix well, and finally add themicrocapsules
and mix well.

Table 3: Single-factor experiment parameters.

Number
Factors

Core-wall ratio Temperature °C Reaction time Agitation rate
1 1 :1 50 40 300
2 1 : 2 50 40 300
3 1 : 3 50 40 300
4 1 : 4 50 40 300
5 1 : 3 40 40 300
6 1 : 3 50 40 300
7 1 : 3 60 40 300
8 1 : 3 50 30 300
9 1 : 3 50 40 300
10 1 : 3 50 50 300
11 1 : 3 50 40 250
12 1 : 3 50 40 300
13 1 : 3 50 40 350
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(2) Brush a layer of grease on the inside of the mold,
pour the evenly mixed mixture into the mold, and
shake it up.

(3) After leaving the mixture at room temperature for
one day, demold. ,en, put it in a standard constant
temperature and humidity curing box (temperature
25°C; air humidity 90%), and stay until a specific
time.

2.6.2. Prefabricating Crack for Test Pieces. ,is paper took
the cement mortar test pieces within the curing period and

manually prefabricated cracks. Based on a comprehensive
analysis of various prefabricated cracking methods, this
paper adopted a universal pressure testing machine to
prefabricate cracks for cylindrical specimens, as shown in
Figure 6. ,e specific steps are as follows:

(1) Place the test piece in the center of the pressure-
bearing plate of the testing machine, and adjust the
bottom disc to a balanced state.

(2) Apply the axial stress at a displacement speed of
0.01mm/min, and prefabricate the crack using a
concentrated load in the center.

Uniform fixing
�ermostatic water

bath

Core material particles
Epoxy resin Mixture Precured

mixture

PolydimethylsiloxaneDMP-30

Microbial
capsule

Uniform stirring
�ermostatic water bath

Filter and wash
Dry at low temperature

Figure 4: ,e preparing flowchart.

Table 4: Material ratios.

Groups Cement (g) Sand (g) Water (g) Repair agent
1 270 810 270 N/A
2 270 810 270 Bacterial body
3 270 810 270 Microbial capsule

Figure 5: Preparation of self-healing testing pieces.
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(3) When the obvious cracking sound occurs, stop the
pressurization. By then, we can obtain a striped crack
that diverges from the center of the test piece to the
surroundings.

(4) Record the failure load and calculate the compressive
strength according to the following formula:

f �
F

A
, (3)

where f is the compressive strength of cubes of
similar rock text pieces (MPa); F is the failure load of
the test piece (N); A is the pressure area of the test
piece (mm2).

(5) Record the stress-strain curve and the test force-
deformation curve, and analyze the uniaxial com-
pression curve of the test piece.

2.6.3. Curing of Test Pieces. During the self-repair experi-
ment, there is an exchange of substances and energy, which
demands the participation of microorganisms embedded in
the test piece in advance. ,is process requires an effective
medium to assist in energy exchange and material trans-
portation. ,is test used the water curing method. Specifi-
cally, the cracked test pieces were immersed in the tap water,
the cracked surface and the liquid surface were kept vertical,
and the water temperature was adjusted to 25°C.

2.6.4. Assessment of Self-Healing Performance. To evaluate
the self-healing performance, we first conducted a water
absorption test. ,e water absorption rate of the test pieces
can reflect the weathering resistance and frost resistance.,e
water absorption rate depends on the number, size, and
degree of cracks contained in the test piece. Water ab-
sorption can effectively reflect the degree of development of
cracks and voids in the text pieces, so it is an important

indicator to evaluate the nature of the test pieces. ,e steps
for testing the water absorption of cement mortar test pieces
are as follows:

(1) Set the temperature of the drying box to 75°C, and
after drying for 48 h, weigh its dry weight marking as
m0

(2) Place the test piece into the sink, and the bottom is
cushioned with a cuboid test block of
40mm× 40mm×160mm

(3) Add water to the tank to 20mm, and maintain a
constant water temperature and 90% humidity

(4) Take the test piece out after immersion for 48 h, wipe
the moisture on the surface with a wrung-out wet
cloth, and weigh its wet weight marking as m1

(5) Calculate the water absorption rate of the test piece
using W� (m1 −m0)/m0

Additionally, we conducted a uniaxial compression test.
,e compressive test is carried out on the test pieces after a
specified time period, and the compressive strength of the
specimens is obtained according to the following formula:

ηSTR � 100 ×
fhealed

finitial
, (4)

where ηSTR is the strength repair rate (%); fhealed is the
compressive strength after curing (Pa); and finitial is the
compressive strength without curing (Pa).

3. Results and Discussion

3.1. Curing Effects of the Wall Material. Precuring of epoxy
resin E-51 was carried out according to a control experiment
(Table 3). ,e experiment shows that the curing reaction
accelerates with the increase in the temperature of the water
bath; and when the temperature of the water bath reaches
50°C, the curing reaction is the fastest.

Figure 6: Microcomputer-controlled electro-hydraulic servo universal testing machine.
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Under the same conditions, changing the curing agent,
we found that the curing agent DMP-30 can completely cure
the epoxy resin E-51 after 30minutes. In contrast, the time
required for the curing agent MXDA to fully cure the epoxy
resin E-51 was about two hours, while the KH-151 did not
have a curing effect on the epoxy resin E-51. Table 5 shows
the properties of the cured product.

From the comparison of the physical properties of the
cured products and the curing reaction time, it is concluded
that the curing agent DMP-30 has the best curing effect.
Moreover, the spore survival rate and mechanical triggering
performance of DMP-30 preparedmicrobial capsules are the
best.

3.2. Preparation of the CoreMaterial. ,e spore dry powder,
auxiliary materials, and nutrients are uniformly mixed, and
the core material particles required for the experiment are
obtained by stripping, extruding, pelletizing, and rounding,
as shown in Figure 7. Figure 7(a) shows that the prepared
core material particles are pure white before dried, have a
large particle size, and are easily crushed by pressing.
Figure 7(b) shows that the particle size of the prepared core
material is significantly reduced after drying. ,is is because
the added microcrystalline cellulose and HPMC have good
water swell ability.

,e color of the core material particles changes from
white to pale yellow due to the residual suspension in the
added spore dry powder (as shown in Figure 8). Currently,
the texture of the core material particles is hard, and the
pressing does not break, which ensures the integrity of the
core material particles in the process of preparing the mi-
crobial capsule.

3.3. Impact of Single Factor onMicrobial Capsule Preparation

3.3.1. Reaction Temperature. ,e temperature can change
the viscosity of Epoxy E-51. Specifically, as the reaction
temperature increases, the viscosity gradually decreases. At
the same time, different curing agents require different
curing temperatures, and the properties of the cured
products formed are also different. Epoxy resins cure at low
temperature, and it has the best overall performance.

,e results of single-factor experiments showed that the
epoxy resin coated on the surface of the microbial capsule
became more slippery, and the wall became thicker as the
reaction temperature increased. However, when the ex-
perimental temperature reached 60°C, the precured mixture
appeared to unite in the three-necked flask, and the mi-
crobial capsules showed agglomeration. Since the activity of
the Bacillus pasteurii used in the core material is not suitable
for excessively high temperature, the optimum temperature
for the experiment is 50°C.

3.3.2. Reaction Time. In order to explore the effect of re-
action time on the experiment, we keep the other factors
unchanged and only change the reaction time to experiment.
,e experimental results show that the influence of reaction

time on the preparation of microbial capsules is like the
reaction temperature. ,at is, when the reaction time
gradually increases, the coating effect on the surface of the
core material is getting better and better, and the thickness of
the wall material also gradually increases. Similarly, the
precured mixture also exhibits agglomeration. ,e experi-
mental results reveal that the optimal reaction time is
40min.

3.3.3. Core-Wall Ratio. Among the influencing factors of
microbial capsules, the influence of core-wall ratio is the
most significant. ,e core-wall plays an essential role in the
wall thickness and particle size of the microbial capsule,
thereby affecting its waterproof performance.,is is because
the difference in core-wall content directly affects the
content of the wall material coated on the surface of the core
material. In this experiment, the core-to-wall ratio was set to
1 :1, 1 : 2, 1 : 3, and 1 : 4, respectively, to explore the effect of
this factor on the experimental results.

In the experiment, we prepared microbial capsules
according to different core-wall ratios to observe changes in
wall thickness values. ,e experimental results are shown in
Figure 9.,e thickness of the wall material gradually increases
as the core-wall ratio decreases, but when the core-wall ratio is
greater than 1 : 3, the thickness increase of the wall material
begins to decrease.,is is because, at the lower core-wall ratio,
the wall material content is higher than the core material
content, the more the wall material can be coated by the core
material, the thicker the wall material thickness. However,
when the core-wall ratio reaches a specific value, the increase
in the thickness of the wall material will slow down. In other
words, the wall material content has begun to generate a
residual amount concerning the core material content, and
the utilization rate of the wall material starts to decrease.
Considering the thickness of the wall material and its utili-
zation, we set the optimum wall-core ratio as 3 :1.

3.3.4. Agitation Rate. We prepared microbial capsules at an
agitation rate of 250 rpm, 300 rpm, and 350 rpm, respec-
tively. From the prepared microbial capsules, we found that
the thickness of the microbial capsule wall material de-
creased with the gradual increase in the rotational speed
until it approached the particle size of the core material
particles. ,is is because as the rotational speed increases,
the shear stress of the agitator is higher than the viscous force
of the epoxy resin so that the epoxy resin coated on the
surface of the core material is peeled off under high-speed
rotation. Meanwhile, under high-speed rotation, some core
material particles are broken, which is not conducive to the
survival of Bacillus pasteurii. Taken together, we set the best
experimental speed as 300 rpm.

3.4. :e Structure Feature of the Microbial Capsule

3.4.1. Structure Feature. Figure 10 illustrates a microbial
capsule under an optical microscope. Figure 10(a) is a full
picture of the microbial capsule. ,e core is oval in the
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center, and the core material is epoxy E-51. Figure 10(b) is a
partial view of the microbial capsule, i.e., the core-wall
structure of the microbial capsule. As can be seen from the
picture, the surface of the core material particles is rough,
entirely covered by the solidified epoxy resin of the wall
material. Meanwhile, the inside is crystallized, and the
surface of the wall material of the microbial capsule is
slightly smooth and flat.

3.4.2. Fourier Transform Infrared Spectroscopy. Use the
Fourier transform infrared spectrometer to characterize the
chemical structure of the microbial capsules. Mix the dried

microbial capsule sample with potassium bromide in pro-
portion and uniformly place it in a mortar. Slowly ground
until it is ground into a powder and place it in a tableting
machine for tableting. Place the sheet in an experimental
apparatus for scan and analysis.

,e epoxy resin E-51 selected in this experiment belongs
to bisphenol A type epoxy resin. ,is type of epoxy resin has
an aromatic hydrocarbon structure, which produces a richer
infrared spectrum. Figure 11 illustrates the FTIR spectrum of
the microbial capsule. At 830 cm−1 and 915 cm−1, they are
characteristic absorption peaks of epoxy resin E-51. Spe-
cifically, at 830 cm−1, it is the absorption band of two

Table 5: ,e properties of the cured products under various curing agents.

Number Curing agent Amount of curing agent (g) Curing products properties
1 DMP-30 2 Orange, fragile
2 MXDA 3.5 Light yellow, a little fragile
3 KH-151 3 Transparent, no curing effect

Figure 7: Particles of the core material: (a) particles before dried; (b) particles after dried.

Figure 8: Dried spore powder after centrifugation and drying.

Shock and Vibration 9



Wall-core ratio

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

W
al

l-c
or

e r
at

io

1 2 3 40
Time (month)

Figure 9: ,e trend of wall thickness with respect to various wall-core ratios.

(a) (b)

Figure 10: A microbial capsule under an optical microscope: (a) full picture of the microbial capsule; (b) partial view of the microbial
capsule.
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Figure 11: ,e FTIR spectrum of the microbial capsule.
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adjacent hydrogen atoms on the benzene ring; and at
915 cm−1, it belongs to the characteristic absorption band of
the epoxy group. ,e characteristic peak produced by ab-
sorption of the aliphatic ether bond C-O-C appears at
1040 cm−1. ,e characteristic peak of phenyl ether occurs at
1250 cm−1.

3.5. :e Performance of Microbial Capsules

3.5.1. Waterproofness. In the experiment, we chose micro-
crystalline cellulose to expand the volume of the core ma-
terial and used hydroxypropyl methylcellulose as a binder to
promote the fusion of dry spore powder, nutrients, and
microcrystalline cellulose. ,ese two substances are insol-
uble in water and have good water swell ability, and the
volume of the core material expands after water absorption,
thereby causing the wall material to rupture. ,erefore, we
can judge the waterproofness of the wall material according
to this feature. We adopted an optical microscope to observe
the surface of the microbial capsule, as shown in Figure 12.
,e figure clearly shows that the surface of the microbial
capsule has no cracks, so the moisture does not penetrate the
inside of the core material. In other words, the wall epoxy
resin E-51 has excellent water resistance.

3.5.2. Storage Stability. Obtain 20 g of microbial capsules
with single-particle size and weigh the mass on day 3, 6, 9,
12, 15, and 18. ,e results are shown in Table 6.

Figure 13 shows the quality of microbial capsules over
time. As can be seen from the figure, the mass loss of the
microbial capsule was significant in the first six days. As time
goes by, the reduction of microbial capsule quality gradually
stabilized, and the quality of microbial capsules did not
decrease significantly in the later stage. ,is indicates that
the microbial capsule will not drop after losing a small
amount of mass, i.e., the microbial capsule has excellent
storage stability.

3.5.3. Rupture Ability under Trigger Condition. Slowly
fracture the microbial capsule with forceps and place it
under an optical microscope for observation. Figure 14
displays an image of the ruptured portion under an opti-
cal microscope after the microcapsule breaks. Figure 14(a)
shows the broken wall material after the microbial capsules
are fractured, showing that the cracked part is smooth and
transparent. Figure 14(b) reveals the core material after
fracturing, showing an opaque black state, and the surface is
not covered with a transparent ring. As can be seen from the
figure, the core material and the wall material can be sep-
arated under pressure.

As described above, after the microcapsule capsule
breaks, the core material and the wall material will separate.
When the microbial capsule is buried in the concrete and the
concrete cracks, the pressure is generated inside to cause the
microcapsule to rupture and expose the core material. ,e
core material is then in contact with moisture and oxygen to

initiate germination, initiate cell metabolism, and produce
calcium carbonate for self-healing.

3.5.4. Spore Survival Rate. Figure 15 illustrates the rupture
of the microbial capsule under pressure after 24 h of
incubation.

As can be seen from the figure, round white colony spots
appear on the surface of the culture dish, and the number of
colonies and diameters vary. After statistics, the average
number of colonies per dish was 40. ,at is, after 1× 108
times dilution, the survival spores in the microbial capsule
were 4×109 cfu/ml.

According to the core-wall ratio, 4×109 cfu/ml was
converted to 5.33×109 cfu/ml of the spore survival per gram
of core material in the microbial capsule. ,e spore survival
per gram of the core material before preparation of the
microbial capsule was 8×109 cfu/ml. ,us, the spore sur-
vival rate in the microbial capsule was 66.7%.

After the preparation of the core material and the mi-
crobial capsule, the Bacillus pasteurii remains active. ,e
selected wall material has excellent biocompatibility with the
spores, thus ensuring that the microbial capsule can be self-
repaired when being embedded in the concrete.

3.6. Experimental Analysis of Self-Healing Performance

3.6.1. Analysis of Water Absorption Test. In the mortar test
piece, the calcium carbonate precipitate generated by mi-
crobial mineralization binds the sand particles and effec-
tively fills the pores of the mortar test piece. Consequently,
the porosity is reduced to a certain extent, and the water
absorption of the test piece reduces accordingly. ,e change
trend of water absorption of the test piece with time is shown
in Figure 16.

As shown in the figure, with a fixed water-to-binder
ratio, the water absorption rate of the cement mortar test
pieces showed a downward trend with the extension of the
curing age. ,is is due to the continuous increase in hy-
dration products caused by microbial reactions, resulting in
a tighter internal structure of the mortar. In addition, the
addition of microbial capsules increased the water absorp-
tion of the mortar test piece, and the water absorption rate of
the test piece showed an upward trend as the number of
microbial capsules increased. Since the density of the mi-
crocapsules is relatively low, the density of the cement
mortar test pieces also decreases with the increase in the
microcapsule content, resulting in an increase in the internal
porosity of the test pieces.

3.6.2. Analysis of Uniaxial Compression Test. Table 7 shows
the compressive strength of the three groups of test pieces.
,e compressive strength of group A increased with the
extension of maintenance age (48 days). ,e compressive
strength of Group B was higher than that of standard test
pieces in the initial stage of curing, but there was no sig-
nificant change in the overall situation. When bacteria were
added, the CO2 hydration reaction in the crack area was
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accelerated. However, because the cement-based material is
more alkaline and the bacteria have poor tolerance, the
survival time inside the test pieces became shorter. With the
increase in the curing time, few bacteria survived. To sum up,

the compression resistance of Group C is significantly im-
proved compared with that of the other two groups. Using
epoxy resin as the wall material can achieve long-term
survival of bacteria in cement-based materials.

Figure 12: ,e waterproofness of microbial capsule.

Table 6: ,e measurement of stability of microbial capsule.

Mass and loss
Days

Day 0 Day 3 Day 6 Day 9 Day 12 Day 15 Day 18
Mass 20 g 19.884 g 19.797 g 19.762 g 19.753 g 19.747 g 19.740 g
Mass loss — 0.6% 0.4% 0.17% 0.04% 0.03% 0.03%
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Figure 13: ,e mass trend of the microbial capsule.

12 Shock and Vibration



(a) (b)

Figure 14: ,e fracture figure of the microbial capsule under pressure: (a) broken wall material; (b) core material.

Figure 15: ,e rupture figure of the microbial capsule under pressure.
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Figure 16: Water absorption ratio of test pieces under various microbial capsule amounts.
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4. Conclusion

In this paper, microbial capsules were prepared by using
Bacillus pasteurii coated with epoxy resin E-51, and the
optimal conditions for preparing microbial capsules were
determined according to single-factor experiments. We
conclude that

(1) ,e optimum process conditions for microbial
capsules are 1 : 3 in the core-wall ratio, 50°C in the
reaction temperature, 40min in the reaction time,
and a stirring rate of 300 rpm.

(2) Epoxy resin E-51 was coated on the surface of the
core material particles to form an epoxy resin E-51
coated microbial capsule. ,e test piece mixed with
microbial capsules was cured for a certain period
after predamage. Its compressive strength was en-
hanced, indicating that the microbial capsules played
a repairing role.

(3) Microbial capsules have excellent waterproofness
and high storage stability. ,e microbial capsules are
embedded in the concrete to achieve mechanical
triggering properties and thus rupture. ,e spore
survival rate in the microbial capsules is 66.7%. ,e
wall material is biocompatible with the core material.
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