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Executive Summary

Concrete, the backbone of the modern construction industry, is well known for its versatility,
robustness, longevity, and strength. Concrete is a material that exhibits exceptional resistance to
compression, rendering it well-suited for a wide range of structural applications. The material can
be cast into molds or forms of various shapes and sizes, enabling the creation of a wide range of
constructions, including buildings, bridges, highways, and dams.

However, concrete structures are susceptible to many factors that may deteriorate their integrity.
One of the major issues usually found is the formation of cracks, which can lead to a reduction in
structural integrity, increased permeability, and an increased chance of rebar corrosion. Innovative
solutions must be introduced to mitigate this issue. In this respect, the development of se/f~healing
concrete, as the name indicates, aims to provide concrete structures with an ability to repair or
minimize cracks autonomously. The scope of this research work is that of testing the self-healing
potential of bacteria for sustainable concrete structures through the application of the microbially
induced carbonate precipitation (MICP) method. Three pure cultures are considered for this
study, Bacillus subtilis (B-14596), Bacillus megaterium (B-350), and Sporosarcina pasteurii (ATCC
Catalog no: 11859), which are laboratory-cultivated.

The experimental design included five distinct specimen groups: Control without Crack (Set-A);
Control with Crack (Set-B); and three Cracked Specimen sets treated with different bacterial
species (namely, Bacillus subtilis (Set-C), Bacillus megaterium (Set-D), and Sporosarcina pasteurii
(Set-F)). Each group comprised 11 samples featuring a concrete grade of 40 MPa aimed at
securing statistical reliability. The production of the concrete specimens entailed careful blending
of a high-strength concrete mixture according to standards detailed below. To ensure uniformity
in material qualities across all specimens, the mixing technique was standardized. The curing
techniques adhered to ASTM requirements, guaranteeing the most favorable concrete hydration
and strength enhancement.

The methodology section of this report describes the cultivation of bacteria, followed by concrete
specimen preparation and curing. After curing, high-alkaline-tolerant bacteria were introduced
three times into the cracks of the concrete samples. These self-healed specimens were tested in

compression using a Humboldt Compression Machine (HCM-5000-iHA, HUMBOLDT) after

84 days from their manufacturing.

The findings showed a significant enhancement in compressive strength, ranging from 8.59% to
21.61%, in the self-repaired groups as compared to the control group (With Crack). Bacillus subtilis
and Bacillus megaterium exhibited similar strength to the control specimens; however, Sporosarcina
pasteurii surpassed them. The variations seen across the data set were consistently within an

acceptable range, suggesting a high level of dependability.
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The results demonstrate the effectiveness of using bacteria to initiate Microbially Induced Calcium
Carbonate Precipitation (MICP) in concrete fissures, hence improving the long lastingness of
concrete structures. The use of the external application technique offers a very promising strategy
for upgrading pre-existing buildings in an ecologically conscious way by extending the lifespan of
structures and their components, therefore making a significant contribution to the advancement
of sustainable growth within the construction sector. This study emphasizes the possibility of using
bio-based solutions to solve issues related to the durability of concrete. It also identifies areas for

turther research and implementation.
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1. Introduction

The enduring strength of a structure relies heavily on the lasting quality of its construction
materials, particularly concrete and steel. Typically, concrete structures are designed with a
minimum lifespan of 50 years.! However, various factors, including environmental conditions,
material overstrain, and concrete cracks can influence durability.? The presence of cracks in
concrete facilitates the infiltration of detrimental elements, such as water, corrosive chemicals, and
gases, into the structure. The infiltration of these elements adversely impacts the resilience of
materials, leading to the degradation of the structure and ultimately reducing its lifespan.®
Consequently, a pivotal objective in civil engineering involves identifying methods to preserve and
enhance the longevity of structures.

A prominent degradation feature commonly observed in concrete materials is cracking. Cracks
may form due to various factors, such as shrinkage and excessive loading. The presence of extensive
cracks amplifies the vulnerability of concrete elements to the penetration of harmful liquids or
gases, leading to deterioration marked by steel bar corrosion, carbonation, and similar effects. The
consequences of cracking in reinforced concrete extends beyond aesthetic concerns, adversely

affecting reliability and stability.> *

Consequently, it is crucial to limit the extent of concrete cracks. Several methods for manually
repairing concrete cracks have been proposed in literature, including the use of latex emulsions and
epoxy resins to fill and expand within the fissures.” However, certain cracks, particularly those with
a maximum width of 0.1 mm, can be sealed through the hydration process of unhydrated cement.®
It is worth noting that this process is unlikely to effectively seal larger cracks with precision.
Because of this, there has been a notable increase in research on the self-healing potential of
concrete owing to its proven efficacy in repairing cracks.

1.1 Autonomous Self-Healing

Autogenous healing refers to the inherent ability of concrete to seal cracks when there is moisture
and no tensile stress. This is mainly considered as a natural process where healing is achieved
through two primary mechanisms:

a. cracks are eventually sealed through the formation of calcium carbonate (CaCO3) crystals
or calcium hydroxide (Ca (OH),); and’

b. the buildup of reaction products is a result of the ongoing hydration of unhydrated cement
exposed to the surfaces of cracks.®
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Autonomous healing involves integrating additives at different stages of manufacturing,
incorporating both organic and inorganic compounds, as well as microbial compounds into the
cracks.” Autonomous healing is achieved through various mechanisms, including:

o Biological healing: Recently explored biological methods involve introducing bacteria into
concrete samples, demonstrating the potential to enhance concrete durability and facilitate
crack healing.1 1!

e Encapsulation method: Encapsulation stands out as a widely employed and highly effective
approach for crack treatment. This involves immobilizing bacteria within microcapsules,
where they remain dormant within the concrete. Upon the occurrence of cracks in the
concrete, these capsules rupture, contributing to the healing process.

e Vascular method: This method reflects the circulatory system of the human body, which
uses blood to circulate nutrients to the body. With concrete, the vascular method is used
because of its ability to circulate healing substances from external sources to the different
points in the element.!!

The primary goal of this research is to evaluate the effectiveness of the microbially induced
carbonate precipitation method in concrete healing. This involves introducing different bacteria
into cracked concrete samples and comparing the strength of treated samples to untreated and
uncracked ones.

MINETA TRANSPORTATION INSTITUTE 4
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2. Methodology

2.1 Bacterial Pure Cultures, Growth Media, and Conditions

The bacteria used in this study were the Bacillus subtilis (B-14596), Bacillus megaterium (B-350),
and Sporosarcina pasteurii (ATCC Catalog no: 11859). While B. subtilis and B. megaterium were
obtained from the Agricultural Research Services Culture Collection (ARS), Northern Regional
Research  Laboratory (NRRL), United State Department of Agriculture (USDA)

(https://nrrl.ncaur.usda.gov/), the §. pasteurii was purchased from American Type Culture
Collection (ATCC).

B. subtilis and B. megaterium were grown using tryptone-yeast-glucose extract (TYG) broth, while
S. pasteurii used an ammonium sulfate (NH4),50.)) and yeast extract (NH4-YE) broth. To make
1 L of TYG broth, 5.0 g of tryptone, 5.0 g of yeast extract, 1.0 g of dipotassium phosphate
(K;HPO,), and 1.0 g of glucose (D Glucose) were mixed into 1 L of distilled water in accordance
with the ARS, NRRL, and USDA. The TYG broth was autoclaved for sterilization prior to
culturing. The B. subtilis and B. megaterium were incubated at a temperature of 30° C for 24 hr or
until growth was detected in an orbital shaker operated at 100 rpm (IMAXQ4000, Thermo
SCIENTIFIC, EN-3-111 Laboratory). S. pasteurii was cultured in a NH,-YE broth with the
same conditions mentioned earlier. The NH4-YE broth consisted of 10.0 g of (NH4),SO4, 20.0 g
of yeast extract, and 1.0 L of 0.13 M tris buffer with a pH of 9.0, and all ingredients were
autoclaved separately. Consequently, each ingredient was mixed using sterilized glassware and a
magnetic stirring bar.!?

2.2 Cell Growth Measurement

Each collected pure culture was subjected to optical density measurement at a wavelength of
600 nm (ODsg) using a spectrometer (GENESYS 20: Thermo Fisher Scientific, USA) to verify
cell growth. TYG and NH.4-YE broth were separately employed to set the spectrometer baseline

according to each culture. Positive ODgq reading indicates bacteria growth. Once bacterial growth
g cells

approximately ODgoo

was confirmed, bacteria was prepared at a final concentration of 1.0x10

mL’
at 1.0, using biocementation solution.1¢

2.3 Specimen Geometry, Structure Sizing, and Experimental Design

Cylindrical concrete specimens with a diameter of 4 in (101.6 mm) and a height of 8 in (203.2 mm)
were used in this experiment, equating to a volume of 100.48 in’ (1,647,859 mm?). Two different
control groups were employed: one without cracks and another with a crack introduced. The crack
was created using a triangular Teflon shim with dimensions of 2 in (50.8 mm) at the base,
4in (101.6 mm) in height, and a thickness of 0.02 in (0.508 mm), resulting in a volume of
0.08 in® (1310.96 mm?), equivalent to 1.31 mL for one sample.?
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The five specimen groups are as follows:
e Set A: Control without Crack, from sample A1 to A11.
e Set B: Control with Crack; from sample B1 to B11
e Set C: Cracked Specimen treated with B. subtilis; from sample C1 to C11
e Set D: Cracked Specimen treated with B. megaterium; from sample D1 to D11.
o Set F: Cracked Specimen treated with §. pasteurii; from sample F1 to F11
2.4 Concrete specimen preparation and curing.

The concrete samples were prepared using a 90-1b (40.8 kg) QUIKRETE® high-strength concrete
mixture. The mixture was placed into a RYOBI 5-ft* (0.14-m?®) portable concrete mixer.
Consequently, the mixer was started, and 0.58 gal. (2.2 L) of water was added to the mixture
during the beginning of the mixing. The mixer was continuously operated for 2 mins and 30 secs
before the remaining 0.58 gal (2.2 L) of water was poured into the mixer. The machine continued
to mix for another 2 mins and 30 secs, for a total mixing time of 5 mins. The total volume of water

used per 90-1b concrete batch was 1.16 gal (4.4 L).

The mixed concrete paste was subjected to the ASTM C31 for concrete making and curing
protocols'® using cylindrical molds with a diameter of 4 in (101.6mm) and a height of
8 in (203.2 mm). Further, 0.02-in (0.508-mm) Teflon sheets with a width of 2 in (50.8 mm) and
a height of 4 in (101.6mm) were employed to induce a crack by inserting the film during concrete
molding. Subsequently, the film was removed after 48 hrs. After specimen preparation, the
concrete samples were submerged under water for curing purposes over a subsequent 28-day
period. Prior to downstream testing, all specimens were demolded and dried for at least 6 hrs. A
total of 55 samples were produced and tested.
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Figure 1: Cylinder Concrete Samples

2.5 Biocementation solution and treatment.

Pure cultures were collected and centrifuged at 10,000 rpm for 10 mins using centrifugal
equipment (International Clinical Centrifuge:33408M, International Equipment Co). The

supernatant was removed afterwards. Biocementation solutions were prepared as outlined in Table

3.1 and were employed to resuspend bacteria to yield specified cell abundance of 1.0 x 108 <%,

mL
1.29 x 10® bacterial cells with a volume of 1.29 mL introduced to each cracked specimen. The

mixture of pure culture and biocementation solution was injected into a concrete fracture using a
micropipette at day 0, 7, and 14. Consequently, all specimens were incubated at room temperature
for the next 6 weeks after the last application.
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Table 1 Chemical Compositions in Biocementation Solutions.!* 224

Bacteria Ingredients Concentration per Remarks
liter
B. subtilis Calcium Lactate 22.52 ¢g. Solution 1:
Tap Water 1L Calcium Lactate Solution™?!
B. megaterium 50 mM Sodium 100 mL Solution 2:
Bicarbonate (NaHCQO3)

100 mM Sodium Citrate 29.46 g.

25 mM Calcium Chloride 2.78 g.

Sodium Citrate Solution®!

(CaCl).
Tap Water 09 L
S. pasteurii Urea 166.5 mL Solution 3:
Ammonium Chloride 187 mL Nutrient Broth Solution!?*) 28]
(NH.CI)
Sodium Bicarbonate 25 mL
(NaHC03)
Nutrient broth 500 mL

Calcium Chloride (CaCl;) 50 mL

Tap Water 71.5 mLL
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2.6 Concrete Compression Test

The determination of the ultimate compression loading force involved the sequential application
of ASTM C469 and ASTM C39 standards, utilizing the Humboldt Compression
Machine (HCM-5000-iHA, HUMBOLDT, CSULB, California).?> 2¢ The ASTM C469 test
was initially conducted to establish baseline conditions, with load and displacement measured in
pound-force and inches, respectively. Both loading force and displacement were set to zero before
initiation. The default manufacturer-programmed values for the loading rate and preloading rate

in ASTM C469 were maintained throughout.

Upon identifying the ultimate compression force (F.) on the load and displacement plot generated
by the machine during ASTM C469, the subsequent step involved applying the ASTM C39
procedure under identical settings. In ASTM C39, the preloading rate was adjusted to 35 2, and

sec

the loading rate was set to 35 22, The instrumentation operation continued until concrete failure
sec

occurred, either manually or automatically terminated.?

Figure 2: Humboldt HCM-500-iHA Compression Tester of the
California State University Long Beach

=

Sl S e

_HUMBOLDT

1"\‘!
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2.7 Data Analysis and Visualization

Upon completion of the compressive tests, the force applied and sample deformation data recorded
by the Humboldt Compression Machine were extracted as Excel files. These files were aggregated
into a unified document to facilitate comprehensive data analysis. Utilizing the default formulas
and settings in Microsoft Excel, the analysis, as detailed in Section 3 below, encompassed the
computation of average compressive strengths, assessment of variation in these strengths, and
elucidation of elastic responses across different sets.
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3. Results

3.1 Average Compressive Strengths

The key parameter that was used to determine the efficacy of the experimental investigation was
the average compressive strengths of the different sets, shown in Figure 3. This figure shows the
average compressive strength, representing the set label, ranging between A, B, C, D, and F. As
shown in the Figure 3, the average compressive strength of control Set A (no crack and no
self-healing) was 4,411 + 970 psi (mean * standard deviation), while the average compressive
strength of control Set B (cracked and no self-healing) was 3,990 + 751 psi, which constitutes
11.8% strength reduction between two control sample sets. The subsequent bacterial self-healing
sets were B. subtilis (denoting C), B. megaterium (denoting D), and §. pasteurii (denoting F),
demonstrating strength recovery, reaching strengths of 4,332 + 632 psi, 4,365 + 515 psi,

OSet X

) compared to

4,852 + 480 psi, respectively. Figure 4 displays the relative average strength (

OSet A
the control concrete specimens without cracks (Set A). The data demonstrates the noticeable

reduction in strength of control Set B with no self-healing with a reduction ratio of 0.90, while
the bacterial Sets C, D, and F demonstrated nearly equivalent or even exceeding strengths relative
to Set A, with ratios of 0.98, 0.99, and 1.10, respectively. These results show a promising future
for the use of bacteria to improve the mechanical properties of cracked concrete.

Figure 3. Average Compressive Strengths of the Different Sets
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Figure 4. Percentage Variation of the Average Compressive Strengths
of the Generic Set, Relative to Set A
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3.2 Coefficient of Variation of the Different Sets and Modulus of Elasticity

The Coefficient of Variation of the Different Sets is an important parameter in determining the
reliability of the results. As shown in Figure 5, Sets A through F were calculated at 15.9%, 14.6%,
15.3%, 12.3%, and 10.3%, respectively. The variational results show consistency across the entire
data set across different groups. The coefficients of variation are relatively low and acceptable
considering the sample size of 11 samples for each set and the variable and potentially inconsistent
nature of concrete.

The comparison of modulus of elasticity (MOE) values among the concrete batches reveals
significant variations in stiffness, providing valuable insights for quality control and engineering
design applications. In Figure 6, the MOE values calculated for Sets A through F were 307.0 ksi,
217.6 ksi, 250.0 ksi, 206.2 ksi, and 307.5 ksi, respectively. From the obtained results, batch F
exhibits the highest MOE at 307.5 ksi, indicating its superior stiffness compared to the other
batches. Conversely, Set D displays the lowest MOE at 206.2 ksi, suggesting relatively lower

stiffness compared to the rest.
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Figure 5. Coefficient of Variation of the Different Sets
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Figure 6. Moduli of Elasticity of the Different Sets
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4. Conclusions

This study investigated the technology of microbiologically induced calcium carbonate
precipitation (MICP) for concrete’s self-healing potential in the aftermath of cracking. Concrete
samples were manufactured following ASTM procedures, and sets that required cracking were
produced using a Teflon shim to produce a consistent laboratory manufactured crack. Three
different kinds of high alkaline-tolerant bacteria including Baci/lus subtilis, Bacillus megaterium, and
Sporosarcina pasteurii were used to retrofit lab-fractured concrete samples. Bacteria were grown in
compliant growth media and provided biocementation solutions upon being added to concrete
samples. All samples were tested in compressive load to failure using a Humboldt Compression
Machine, and data was downloaded as CVS files. The results from the self-healed samples were
compared to control groups using Microsoft Excel, and these results were visualized using

MATLAB.

The average compressive strengths of the different sets with their respective variations were
calculated. The results demonstrate successful bacterial self-healing with each kind of bacteria.
Bacillus subtilis and Bacillus megaterium were almost of equivalent strength to the control Set A,
whereas Sporosarcina pasteurii was able to exceed the control. The results are promising and show
that each of these bacteria can be used to increase the compressive strength of cracked concrete
samples using the external application method.

This study verifies the efficacy of using bacteria to induce MICP in concrete cracks, improving the
durability of concrete structures. The external application method, in which bacteria is applied
manually to concrete surface cracks, can be used to retrofit existing structures in an environmentally
friendly way, promoting sustainable development for the future.
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