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Abstract

Biotechnology opens exciting possibilities for underground concrete structures, such as tunnels and
underground storage. Bio-self-healing concrete, which uses bacteria to repair cracks automatically,
could enhance the sustainability of these structures by enabling them to self-repair without human
intervention. However, a major challenge in bacteria-based self-healing concrete is ensuring bacterial
survival and activity, particularly in the harsh chemical environment of concrete, which typically has a
high pH that is detrimental to bacterial life.

This research explores a simple yet innovative idea: could the soil surrounding underground
structures provide the bacteria needed for self-healing? If successful, this approach could simplify
the process, making it more practical and cost-effective. The research addresses this question
through a series of lab experiments conducted in three phases, each designed to explore different
aspects of the conditions necessary for soil-driven bio-self-healing.

In the first phase, the focus was on understanding the chemical conditions of cement mortar surfaces
under which bacteria could survive and function. The research sought to identify the factors that
hinder bacterial activity, such as high pH, and to test methods that could improve the conditions for
bacteria to thrive. Specifically, experiments were conducted to assess pH levels, electrical
conductivity, and calcium ion concentrations in water environments around the mortar. The results
revealed that high pH levels resulting from cement mortar leaching hinder bacterial survival. Various
techniques were tested, including introducing supplementary materials like GGBS, using flowing
water, and accelerating carbonation. These methods created a more bacteria-friendly environment,
supporting the growth and activity of bacteria, particularly under conditions mimicking underground
structures exposed to water. This phase laid the foundation for understanding how to optimize the
chemical environment for bacterial activity.

The second phase explored how to supply the necessary nutrients to attract indigenous soil bacteria
to the cement mortar surfaces, thus supporting their activity in the self-healing process. Different
nutrient delivery methods were tested to ensure that the addition of nutrients did not compromise
the concrete’s properties. Nutrient-filled capsules were designed to gradually release nutrients,
facilitating bacterial activity to produce calcium carbonate for crack healing. The results showed that
calcium carbonate capsules had minimal impact on mortar properties due to their small size and low
concentration. In contrast, calcium alginate capsules, which were larger and created voids within the
mortar, weakened the material. Various capsule proportions were tested to find an optimal balance,
ensuring that the mortar strength remained largely intact while still promoting effective self-healing.
This phase answered the research question of how to incorporate nutrients into the mortar without
compromising its mechanical properties.

In the third phase, the performance of the self-healing system was tested in a soil environment to
simulate real-world underground conditions. Cement mortar samples were exposed to different
types of soil as well as water, which acted as a natural source of bacteria and other necessary
elements for self-healing. The success of the self-healing process was measured by observing crack
closure and the formation of calcium carbonate deposits both near the crack surface and deeper
within the mortar. The results demonstrated that the soil environment provided the necessary
conditions for bacteria to activate and repair cracks, simulating conditions typically found in
underground concrete structures. This phase directly addressed the research question by testing the
viability of using natural soil bacteria for self-healing, a cost-effective and sustainable alternative to
adding external bacterial cultures.



These findings highlight a practical and sustainable approach to self-healing concrete by harnessing
naturally occurring bacteria in organic soil to repair cracks in underground structures. Experimental
results showed that modifying the harsh chemical environment of cement mortar—particularly by
lowering the pH from >13.5 to a range between 9.2 and 10.5 using GGBS replacement (30-50%),
flowing water, and accelerated carbonation—created conditions more conducive to bacterial
viability. Bacterial activity was negligible above pH 11.5, but significantly increased when the pH
dropped below 10.5, with optimal microbial-induced calcium carbonate precipitation (MICP)
occurring near pH 9.5. The use of 50 um calcium carbonate microcapsules allowed controlled
nutrient release without compromising mechanical strength, unlike larger alginate capsules (>300
um) that reduced compressive strength by up to 15-20%. Notably, mortar samples exposed to
organic soil demonstrated visible crack closure up to 0.35 mm within 28 days, with calcium carbonate
precipitation reaching 3.1-4.2 g/m? on the crack surfaces, confirming active MICP. Overall, this
research presents soil-driven bio-self-healing concrete as a promising, low-cost, and environmentally
friendly solution to enhance the resilience and service life of underground infrastructure.
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1.Chapter 1: Introduction
1.1 Background study

Concrete is a key material in construction, known for its impressive ability to withstand heavy
loads. However, it has a natural weakness when it comes to handling tension, which makes it
prone to developing cracks. These cracks can have a serious impact on the durability and
lifespan of concrete structures (Vijay et al., 2017). Concrete is the backbone of modern
construction, but even though it’s used everywhere, structures are still prone to cracking. Fixing
and maintaining large concrete structures can be both expensive and labour-intensive. How
easy it is to repair often depends on where the damage is and how bad it is. In the United States,
around $500 billion is spent each year just to keep infrastructure in good shape. In the UK, this
figure is about £40 billion annually, with a big chunk of that going toward concrete repairs.
(Giang et al., 2011). Similarly, Europe allocates nearly half of its annual construction budget to
repair and maintenance, while concrete degradation and steel reinforcement corrosion in China
cost nearly 250 billion RMB annually (Sidiq et al., 2019). Cracks in underground concrete
structures are influenced by several factors, including groundwater, humidity, acidity, alkalinity,
carbonation, corrosion, and frost heave. These factors weaken the structure over time, reducing
its lifespan and posing safety risks to pedestrians and vehicles. Repairing and maintaining
cracked concrete is not only labour-intensive but also costly, the fees for which can be up to
twofold the cost of erecting new structures. Figure 1, adapted from (TR22 Non-Structural
Cracks in Concrete, 2010), provides a summary of the primary causes and contributing factors
associated with the formation of cracks in concrete. Moreover, as much as 50% of a project’s
budget could go toward rehabilitating an existing structure that needs to be repaired (de Brito
and Kurda, 2021).

Maintaining and inspecting large infrastructure projects, such as tunnels and bridges, comes
with significant challenges. These include the high costs involved, the sheer size of the
structures, and the difficulty of accessing certain damaged areas. ldentifying damage and
carrying out routine maintenance require a great deal of money, labour, and planning (Wu,
Johannesson, et al., 2012). While bio-concrete holds much promise, making it work in real-
world applications is challenging. Adding bacteria to concrete can weaken its compressive
strength, and using capsules filled with healing agents can affect the concrete’s mechanical
performance. The chemical and polymer materials used in these systems can cause weak
bonding, and the voids left behind when capsules release their contents can reduce both
tensile and compressive strength (Van Tittelboom and De Belie, 2013).

Even though bio-concrete technology has made progress, major obstacles remain, especially
when it comes to producing and storing bacterial spores or dormant cells within the concrete
over the long term. Developing a practical and reliable self-healing concrete system is still a
work in progress.
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Types and causes of concrete cracks
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Figure 1: Factors influencing cracks in concrete adopted form (TR22 Non-structural cracks in concrete 2010)
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1.2 Research motivation

Autonomous self-healing concrete is an exciting development that could significantly reduce
the high costs and labour involved in traditional concrete repair and maintenance (Wu,
Johannesson, et al., 2012). This innovative approach has the potential to ease the financial and
operational pressures of maintaining concrete infrastructure. Among the various self-healing
techniques—such as bacteria, microencapsulation, mineral admixtures, hollow fibres, shape-
memory materials, and expansive agents—encapsulating healing agents within concrete
stands out as one of the most effective. This method helps restore some of the concrete’s
strength, blocks harmful substances from penetrating cracks, and fully seals them, ultimately
improving the lifespan of concrete structures (Hilloulin et al., 2015).

Wang et al. (2019) emphasize the potential of microcapsules, particularly in coastal
infrastructure and sustainable self-healing concrete. Tests in both laboratories and real-world
conditions have shown that adding microcapsules to concrete can enhance its permeability
and improve its ability to repair itself. This is especially useful for tunnels, where controlling
permeability is crucial for long-term durability. However, using microcapsule-based self-healing
systems in practical applications isn’t without challenges. The constantly changing external
loads on structures create complex stress conditions, making it harder to manage cracks
effectively. To address this, it’s important to fine-tune how the healing agents are delivered
under different load conditions. Another critical factor is ensuring a strong bond between the
concrete and the microcapsules, as a weak bond can compromise the overall strength of the
structure (Gupta et al., 2017a). Achieving effective and reliable self-healing in practical concrete
applications necessitates an optimal balance between the size and concentration of
microcapsules incorporated into the mix. As highlighted by Wang et al. (2019), this balance is
critical to ensuring that the self-healing system performs efficiently without compromising the
mechanical strength and long-term durability of the concrete matrix.

Since the mid-1990s, scientists have been exploring how bacteria can be used in concrete to
create more sustainable and environmentally friendly self-healing systems. The idea is to
embed bacteria that produce calcium carbonate, which can seal cracks as they form. For this
process to work effectively, several factors come into play, including the concentration of
dissolved carbon, pH levels, the availability of calcium ions, and nucleation sites (Wu,
Johannesson, et al., 2012). However, concrete isn’t exactly a welcoming environment for
bacteria. Its high alkalinity, with a pH of 12 to 13, and low porosity make it difficult for bacteria to
survive (MohdSam et al., 2021). On top of that, the conditions during cement hydration—like
high temperatures and limited oxygen—add to the challenge (Lee and Park, 2018a). To tackle
these issues, researchers have come up with the idea of using microcapsules to protect the
bacteria. These capsules stay intact within the concrete and only release the bacteria when
cracks form, exposing them to water and oxygen. Once activated, the bacteria produce calcium
carbonate to seal the cracks and stop further damage (MohdSam et al., 2021).

Despite the advancements, the encapsulation of bacteria remains the most effective method
for healing cracks up to a maximum width of 970 pm and a depth of 320 pm (Muhammad et al.,
2016). Therefore, ongoing research is motivated by the need to overcome the current limitations
of self-healing concrete technologies, particularly in optimizing bacterial encapsulation and
ensuring effective performance under practical conditions. However, still, the technology of bio-
concrete has many challenges, not least those of producing and storing large numbers of
spores or senescent cells within the concrete mass for indeterminate periods of time, which
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means that a practical and resilient biological self-healing technology for concrete remains out
of reach at present. For example, the availability of the microorganisms in soil which should be
for geotechnical engineering and researchers, the next transformative practice is harnessing
biological processes in soils. It has been suggested, for example, according to Dejong et al.,
(2013), many chemical processes that are mediated by biology can now be exploited as part of
the process. Additionally, as reported by Sari (2015) microorganisms can influence soil's
appearance and enhance its ability to resist load applications by precipitating calcite, which
binds soil particles together and affects their ability to resist load applications. There is no
doubt that microorganisms play a significant role in soil structure and behaviour. Despite being
ignored by geotechnical engineers for centuries, microorganisms are ubiquitous in soils and are
found in surprisingly high concentrations. This is no matter how saturated, mineralogical, or pH
the soil may be. Furthermore, according to Wang et al. (2014) the cell concentration from 10° to
108 cells/mL increased Cog2 production by over 30%. A concentration of bacterial cells/mL
greater than 10° is required to obtain a sufficient volume of precipitation, preferably 108
cells/ml. Yet, the number of microbes that live near the surface of the soil near the ground
surface is more than 10'? microbes per kilogram (Sari, 2015). Despite this, as a geotechnical
system becomes deeper (e.g., between 2 and 30 m), the microbial population in the system's
soil is reduced to a level of about 10! to 10® microorganisms per kilogram of soil
(Whitman.1998). Consequently, using the existing bacteria in soil to repair cracking concrete
may mitigate such problems. There has been extensive research into organic surface
treatments, including acrylic, polyurethane, epoxy resins, silanes and siloxanes, and sodium
silicates, but these can only be used for a short period of time. Yet, to solve this problem,
surface resilient via bio-concrete by using the existing bacteria in soil could be a promising
solution.

1.3 Problem statement

The use of bio-concrete would work as a preventative measure to prevent the occurrence of
fissures before they develop and would prevent liquids and gases from entering the structure
(Gadd and Dyer, 2017a). Currently, there is not much research being done on the topic of
bacteria in underground structure. However, several studies have demonstrated that microbially
induced calcite precipitation techniques are highly influenced by the concentration of the
cementation materials (calcium ions, dissolved organic carbon), the geometric compatibility of
the cementation materials, pH, temperature, nutrients, and the availability of nucleation sites
(Dhami, and Mukherjee, 2013a). The presence of a significant amount of Ca (OH)2 in the
concrete pores makes determining the influence of pH on bacteria activity in concrete critical.
Because of the ingress of water from the external environment, the concrete microenvironment
is highly alkaline, with pH values as high as 13, while the pH of a concrete crack mouth is
predicted to be between 9 and 11, owing to the ingress of water (Dhami et al., 2013a).
Additionally, environmental concerns arise from the release of ions such as aluminium,
calcium, chromium, magnesium, sodium, potassium, and zinc into the surrounding water, as
well as an increase in the pH of the water due to concrete leaching (Wu, Johannesson, et al.,
2012). The utilization of self-healing concrete offers immediate benefits such as reducing
deterioration, extending infrastructure lifespan, and decreasing repair frequency and costs over
time. These advantages can contribute to environmental sustainability by reducing the need for
repairs, thereby lowering material consumption, minimizing energy usage, and decreasing
pollutant emissions associated with material production and transportation. In addition, the
applications of this self-healing concrete could prevent the disruptions of traffic during repair or
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reconstruction work in the transport infrastructure. This project proposes to explore the
potential for the surrounding soil to supply bacteria needed to bring about self-healing of
underground concrete materials, therefore simplifying the self-healing system, and increasing
its viability.

1.4 Aim and objectives of the research

This project explores the potential of using the surrounding soil to provide essential materials,
like bacteria, to boost the self-healing abilities of underground concrete structures. The goal is
to evaluate how effective and practical bio-based self-healing techniques can be in
underground environments. By studying the interactions between soil and concrete, the
research aims to find out if naturally occurring soil bacteria and other materials can help
concrete repair itself. This could make concrete more durable, resilient, and long-lasting,
especially in underground structure where maintenance is difficult due to harsh conditions.

The study involves a series of experiments designed to test how well bio self-healing methods
work in underground conditions. These experiments will help us understand how soil
composition, moisture levels, and chemical interactions between soil and concrete affect the
self-healing process. A key focus is on how efficiently materials from the soil, especially
bacteria, can activate and sustain self-repair in concrete, ensuring its strength and longevity
even in challenging underground environments.

At the heart of this research is the relationship between concrete and the natural environment
around it, particularly the role of microorganisms in the soil. Past studies (Amer Algaifi et al.,
2020a) have shown that certain bacteria, like Bacillus species, can produce calcium carbonate
(CaCO0,), which is crucial for self-healing concrete. This project builds on that knowledge by
investigating whether bacteria already present in the soil can perform the same function,
potentially removing the need to add external bacteria. If successful, this approach could offer
a more sustainable and cost-effective solution for self-healing concrete, particularly in critical
underground structures like tunnels, foundations, and transportation systems.

The research will explore how the chemical environment impacts the self-healing process,
focusing on factors like pH, electrical conductivity, and calcium ions. Understanding these
elements is key to adapting bio self-healing techniques to different conditions. This study will
also look at how the size of the capsules affects the performance of bio-concrete. These
capsules are tiny containers filled with nutrients (like calcium lactate) and are mixed into the
concrete. When cracks form in the concrete, the capsules break open and release the nutrients
into the cracks. Soil bacteria, which are naturally present in the environment, are attracted to
these nutrients. They eat the nutrients and produce carbon dioxide (CO,) as a byproduct. This
CO, then reacts with calcium from the concrete itself, forming calcium carbonate—a natural
mineral that fills and seals the cracks. This process helps the concrete heal itself over time. The
size of the capsules is important because it affects how well the nutrients are spread out in the
concrete and how efficiently the cracks get sealed. If the capsules are too small, they might
release the nutrients too quickly, and if they’re too big, they might not work as effectively. By
studying capsule size, it can figure out the best way to make bio-concrete work in real-world
situations, in underground structure.

This research aims to deepen our understanding of how bio self-healing methods can be
applied to underground structures while exploring new ways to use naturally occurring soil
materials to boost concrete’s ability to repair itself. The insights gained could lead to innovative
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approaches in construction and maintenance, especially for underground infrastructure where
repairs are challenging, costly, and difficult to access.

To keep the study focused and thorough, a set of key research questions will guide the process.
These questions will shape the experimental design and analysis, focusing on the most
important aspects of the investigation.

1. Can soil bacteria colonize and actively participate at the concrete-soil interface? In
another word, is the chemical environment at the concrete surface conducive to
supporting bacterial activity?

2. If nutrients can be incorporated into concrete to attract indigenous bacteria from the
soil, what techniques can be employed to supply these nutrients? Should nutrient
delivery rely on encapsulated carriers or direct addition? Additionally, what are the
implications of these methods on the strength and durability of the concrete?

3. How does the soil-driven bio-self-healing system function under different conditions?
What are the roles of soil bacteria, nutrient delivery, and environmental factors in
facilitating calcium carbonate precipitation, and how can the system's design be
optimized for efficient crack healing and structural performance?

This study explores an alternative approach: a soil-driven bio-self-healing system that relies on
indigenous soil bacteria to repair cracks in concrete. By incorporating nutrients into the
concrete matrix, this system aims to attract soil bacteria to the concrete-soil interface, where
they can actively participate in the self-healing process. The chemical environment at this
interface, along with the method of nutrient delivery, plays a critical role in determining the
system's effectiveness. Furthermore, the impact of environmental factors such as moisture,
temperature, and pH on the healing process must be understood to optimise the system for
real-world applications. The research is structured around three key objectives:

Objective 1: to investigate the potential for soil bacteria to colonise and participate actively at
the concrete-soil interface, focusing on the chemical environment's suitability for bacterial
activity.

Objective 2: to evaluate techniques for incorporating nutrients into concrete (to attract
indigenous soil bacteria), comparing encapsulated carriers and direct addition, and assessing
their effects on concrete strength and durability.

Objective 3: to understand the functioning of a soil-driven bio-self-healing system under
various conditions, examining the roles of soil bacteria, nutrient delivery, and environmental
factors in calcium carbonate precipitation, and optimising system design for effective crack
healing and structural performance.
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1.5 Thesis outline.

Following is a summary of the contents of the thesis:

Chapter 1: A brief background and introduction to the study is presented, as is a definition of
the problem, the purpose of the study, and the objectives that will be addressed as a result of
the study.

Chapter 2: Provide a comprehensive critical review of the literature, examining the current
advancements in the field related to the types and causes of cracks in concrete structures.
Additionally, explore key aspects concerning the classification and evolution of self-healing
concrete technologies. Various methodologies utilized to evaluate the effectiveness of self-
healing systems are also analysed.

Chapter 3: This chapter offers a clear and detailed breakdown of the methods used to achieve
the study’s objectives, showing how each step aligns with the broader research goals. The
methodology is thoughtfully structured into three interconnected phases, each designed to
address key research questions.

Chapter 4: This chapter examines how concrete interacts with its chemical environment and
microbial activity through two main components. The first explores how different chemical
elements affect pH levels and overall properties, using pH monitoring and composition analysis
to understand the impact of carbonation and environmental factors on concrete durability. The
second looks at how concrete properties influence bacterial activity and calcium carbonate
production, focusing on how chemical composition, moisture, and physical conditions support
concrete’s self-healing ability.

Chapter 5: This chapter explores how calcium carbonate and calcium alginate microcapsules
can be incorporated into concrete, assessing their impact on the material’s properties and their
potential as nutrient carriers for microbial self-healing. It examines how these microcapsules
affect concrete’s mechanical performance and evaluates their ability to release nutrients
effectively when cracks form.

Chapter 6: This chapter examines how well the self-healing system repairs concrete cracks
caused by mechanical loading. The experiments focus on evaluating its performance,
identifying where calcium carbonate (CaCO,) forms, and finding ways to improve the process.
Visual inspection and image analysis are used to track crack closure, assess the effectiveness
of microbial-induced calcium carbonate precipitation (MICP), and determine whether healing
happens mainly on the surface or deeper within the concrete.

Chapter 7: This chapter synthesizes the key findings of the research, summarizing the
conclusions derived from the studies conducted in this thesis. Additionally, it outlines
recommendations for future research to further investigate the potential of bio-based self-
healing concrete, particularly when incubated in soil.
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2 Chapter 2: literature review

2.1 Introduction

Underground concrete structures are frequently constructed to keep water out, but they are
vulnerable to moisture penetration and leaks, which can occur due to cracking or poor
construction. Even if water does not completely penetrate the structure, it can cause difficulties
like reinforcement corrosion in monolithic structures like foundations. To check and fix concrete
cracks, human interaction is necessary, but engineers may find it difficult to reach damaged
locations for repair work in some circumstances due to their location and/or environmental
conditions (Chandra and Ravitheja, 2019). Underground structural members, walls of tanks
carrying extremely hazardous waste, and nuclear waste disposal facilities are all examples of
the previously mentioned scenario (Wu et al.,, 2012a). Furthermore, in other circumstances,
such as with tunnel linings, water transport can cause erosion of the surrounding soil, causing
load pathways through the structure. However, the application of self-healing materials is
certainly a cutting-edge and creative concern for the civil engineering industry's long-term
sustainability. For a standard extended period, the need for unexpected maintenance and repair
can be eliminated. As a result of adopting construction materials with self-healing qualities,
better and more sustainable civil infrastructure is created (Van der Zwaag, 2007). Fibres
(Homma et al., 2009a), microorganisms (‘Bacteria-based self-healing concrete’, 2011), and
capsules containing healing agents (Li et al., 1998) are all part of the self-healing technology
now in use. The first two procedures aim to reduce the crack width within the concrete, but the
third seeks to immediately bind or fill the crack by breaking a repair agent capsule. Although
these technologies have enhanced concrete's self-healing capabilities to varying degrees, they
have certain drawbacks, such as the time required for fibre-reinforced self-healing technology
and the toxicity of the repair agents (Wang et al., 2018a). Additionally, sometimes dead
microorganisms produce holes in the concrete, lowering the overall strength of the building.
However, the technology of self-healing has many challenges, not least those of producing and
storing large numbers of spores or senescent cells within the concrete mass for indeterminate
periods of time, which means that a practical and resilient biological self-healing technology for
concrete remains out of reach at present. However, little study has been done to far on the
impact of the soil environment on portions of concrete structures such as foundations,
retaining walls, bridge piers, and tunnels. Chemicals, organic compounds, and microorganisms
in natural soil and manufactured aggregates contribute to concrete exposure conditions and
may have a substantial impact on the effectiveness of autogenous and autonomous concrete
crack healing (Hamza et al., 2020). For example, the existing bacteria in soil can give services
that can be harnessed to produce the self-healing process for underground structures, reducing
the influence on the mechanical characteristics of the concrete owing to the space taken up by
the additives. According to Bulletins (1977) in soil systems, microorganisms account for 70% to
85% of the biological component, however, a thorough grasp of their metabolic rate is required
to accurately predict how microbes would behave under various conditions (Epelde et al.,
2008). A single kilogramme of soil at the surface contains between 10° and 10%2organisms
(Umar et al., 2016). According to Delong et al., (2014) and his team, a gram of soil may contain
10%2 bacteria, while a single gram of badly graded soil can have over 10® microorganisms.
Yargicoglu and Reddy (2015) reported that in a gram of soil roughly 10° cells. Microorganisms,
particularly bacteria, have been related to the creation of carbonate minerals in studies, and
they also play an essential role in carbon cycling (Hamdan et al., 2011). Our research project
distinguishes itself by utilizing naturally occurring bacteria from soil and introducing nutrient
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supplementation in concrete, creating a unique research gap with significant potential for
innovative advancements in sustainable construction practices. By harnessing the inherent
self-healing properties and environmental adaptability of soil-derived bacteria, we aim to
develop sustainable self-healing technologies. However, two primary challenges must be
addressed: the leaching of high Ph from the concrete matrix and the impact of electrical
conductivity (salt) on bacterial viability. The leaching of high pH from concrete, influenced by its
alkaline nature, may affect the survival and effectiveness of bacteria. Understanding the
dynamics of pH leaching and its implications for bacterial activity is crucial for optimizing the
self-healing process. Additionally, the presence of salts in concrete, contributing to electrical
conductivity, can negatively impact bacterial viability by affecting osmotic balance and
metabolic processes. Evaluating the compatibility of soil-derived bacteria with different salt
levels in concrete is vital. Identifying bacterial strains tolerant to elevated electrical conductivity
or developing strategies to mitigate its detrimental effects is a critical area requiring further
research. To unlock the full potential of our approach, addressing the challenges associated
with high pH leaching and electrical conductivity is necessary. Through dedicated study and
investigation, encompassing optimization of encapsulation techniques, strain selection, and
tailored nutrient supplementation, we can propel the advancement of self-healing
technologies, enhancing the durability and sustainability of concrete structure.

2.2 Types and Causes of Cracks in Concrete Structures

Concrete's tensile strength is typically weak, often accounting for less than 10% of its
compressive strength. Due to this inherent weakness in the tension zone, cracks can form due
to inevitable tensile stresses. Cracking is common and almost unavoidable in concrete
structures. Applied stresses combined with exposure to severe environments are typically the
primary cause of cracks in concrete (Lee et al.,, 2016). Several factors contribute to the
formation of surface cracks in concrete structures. These include tensile stresses, excessive
heat, excess moisture, drying shrinkage, freeze-thaw cycles, and inadequate curing practices.
Moreover, chlorides and carbon dioxide can penetrate concrete during early hydration,
exacerbating damage through cracking and accelerating the degradation process (Achal et al.,
2013). Cracks can either be superficial, affecting only the concrete's appearance, or they may
severely compromise the structure’s integrity and reduce its service life. The significance of
cracks depends on the type of crack and the structure's function. For example, cracks that
might be acceptable in residential buildings are not suitable for water-retaining or nuclear
structures (Lee et al.,, 2016). In most cases, concrete cracks do not lead to immediate
structural failure but can degrade performance, increasing maintenance and repair costs
(Biondini and Frangopol, 2016). Cracks can be divided into two major categories based on the
timing of their occurrence: those that develop before concrete hardens and those that appear
after hardening. Below is a diagram illustrating the various types of cracks that can occur in
concrete structures. These cracks are divided into two main categories: those that form before
the concrete hardens and those that develop after hardening.

2.2.1 Cracks Before Hardening

Cracks that form before concrete hardens are primarily due to factors associated with
construction processes. These include construction movements, subgrade settlement, and
issues such as timber swelling or weak formwork, all of which can destabilize the concrete and
lead to cracking during the setting phase as showing in figure2 adopted and modified from TR22
Non-structural cracks in concrete. (2010). A notable example is plastic shrinkage cracks, which
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arise when there is rapid moisture loss from the surface during hydration. This loss of moisture
generates tensile stresses, especially on the surface, causing cracks before the concrete
achieves significant strength. Research indicates that plastic shrinkage cracks are more likely in
conditions of elevated temperatures, low humidity, and strong winds, where evaporation
surpasses the rate of bleeding water rising to the surface (Kovler and Roussel, 2011).
Implementing proper curing techniques and environmental control can effectively reduce the
occurrence of these cracks by slowing down moisture loss and promoting uniform hydration
(Kosmatka et al., 2003). Cracks appearing before the concrete hardens are caused by
construction-related factors, such as movements during construction, subgrade settlement,
and insufficient formwork strength. These factors can compromise the stability of the fresh
concrete, resulting in premature cracks. For example, subgrade movement, often driven by
timber swelling or uneven soil conditions, can cause settlement cracks, particularly in thick
slabs. One of the most common early-age cracks is plastic shrinkage cracking, which happens
when excessive moisture evaporates from the surface of the concrete during the early hydration
process. This moisture loss creates tensile stresses on the surface of the concrete before it
gains enough strength to withstand these forces, leading to cracks. According to Altoubat.
(2001) such cracks are particularly prevalent in hot, dry, or windy environments where the
evaporation rate outpaces the movement of bleeding water to the surface. These conditions
disrupt moisture balance within the concrete, causing the surface to shrink rapidly while deeper
layers retain more moisture. Plastic shrinkage cracks typically develop within hours of concrete
placement as rapid moisture loss leads to capillary stresses, which the young concrete cannot
yet resist. The severity of cracking is closely linked to environmental factors like temperature,
wind speed, and relative humidity, all of which can speed up evaporation. Preventive measures,
such as using windbreaks, shading, or controlled water misting, have been shown to
significantly reduce the risk of plastic shrinkage cracking (Bentur and Mitchell, 2008). In
addition, research by Banthia (2006) highlights that the composition of the concrete mix itself
plays a crucial role in the susceptibility to plastic shrinkage cracks. High water-cement ratios,
large aggregate surface areas, and the absence of shrinkage-reducing admixtures can increase
the likelihood of cracking. The use of fibres, such as polypropylene or glass fibres, has been
explored as a method to mitigate this issue, as they help distribute tensile stresses more evenly
across the concrete, thereby reducing localized cracking (Soroushian and Bayasi, 1991).
Alongside proper curing practices, such as applying curing compounds, damp burlap, or
polyethylene sheets, adopting best practices during the mixing and placing of concrete is
essential to reduce the risk of plastic shrinkage cracks. New advancements in concrete
technology, including self-healing materials and shrinkage-reducing admixtures, have shown
promise in controlling early-age cracks by enhancing moisture retention and minimizing
capillary stresses (De Belie and Wang, 2016).
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Figure 2: Causes of cracks before hardening adopted form (TR22 Non-structural cracks in concrete 2010)

2.2.2 Cracks After Hardening

Cracks that form after the hardening of concrete can be classified into six main categories:
chemical cracks, physical cracks, thermal cracks, cracks related to structural design, stress
concentration cracks, and cracks resulting from accidental overload (Larosche, 2009). Figure 3
adopted form TR22 Non-structural cracks in concrete, (2010) illustrated each category is
associated with specific mechanisms and external conditions affecting the concrete’s
structural integrity. Chemical cracks are typically caused by internal reactions within the
concrete. A well-known example is the alkali-silica reaction (ASR), where alkalis in the cement
react with reactive silica in the aggregates, forming an expansive gel. This expansion creates
internal stresses, which lead to cracking. Other chemical-induced cracks may result from
carbonation, sulphate attack, or chloride-induced corrosion in reinforced concrete (Neville,
1995a). Physical cracks usually develop due to shrinkage processes, such as drying or plastic
shrinkage. These occur due to moisture loss from the concrete, particularly in its initial stages.
Factors like inadequate curing or environmental influences, including wind or temperature
changes, can result in surface or internal cracks (Mehta, and Title, 2006). Thermal cracks arise
primarily due to temperature changes within the concrete. During hydration, especially in large
concrete elements, heat is produced, leading to thermal gradients between the interior and
exterior. This temperature difference causes expansion and contraction, creating tensile
stresses that exceed the concrete’s strength, resulting in cracks (Title, 1974). In colder climates,
thermal cracking can also occur due to frost action when water inside the concrete freezes and
expands, producing internal stresses (Cope et al., 2002). Cracks related to structural design are
typically due to errors or oversights during the design phase, such as insufficient reinforcement,
poor detailing, or underestimating loads. When concrete is inadequately reinforced or design
assumptions do not match real-world loading conditions, cracks can form, often in areas with
high stress concentrations, like beam-column connections or corners of slabs (Mosley, and
Hulse, 1999). Stress concentration cracks occur in areas with localized high stresses, often due
to external loads, sharp corners, or openings. These areas experience high tensile stresses,
which lead to cracking. Effective reinforcement and detailing are critical to minimizing these
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cracks (Chandra and Berntsson, 2002). Lastly, accidental overload cracks are the result of
unexpected external forces or loads, such as earthquakes, vehicle collisions, or construction
mishaps. These cracks are often unpredictable and can significantly compromise the
structure’s integrity if the loads exceed the design limits (Larosche, 2009). Recognizing the
causes and mechanisms behind cracks in hardened concrete is essential for preventing them
during the design and construction phases, as well as for developing strategies for repair after
cracking occurs. Proper design, material selection, and careful monitoring during construction
can help reduce the occurrence of cracks, thus improving the durability and performance of
concrete structures.
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Figure 3: Types of cracks after hardening adopted form (TR22 Non-structural cracks in concrete. 2010)

2.3 Effect of Cracks on Corrosion of Reinforcement Steel

The presence of cracks in concrete significantly accelerates the corrosion of embedded steel
reinforcement by allowing harmful agents like chlorides, carbon dioxide, and moisture to
penetrate the concrete matrix. This penetration creates an environment that favours the onset
and progression of steel corrosion, especially in chloride-rich settings. Studies have
consistently shown that cracks serve as pathways for these corrosive agents, compromising the
durability of reinforced concrete structures. Several factors influence the extent to which cracks
affect corrosion, including the water-to-binder ratio, the type of binder used, the overall quality
of the concrete, and the depth of cover over the steel reinforcement. Research by Jaffer and
Hansson (2009) highlighted the importance of crack width, noting that cracks wider than 0.4
mm significantly increase corrosion rates. This is because wider cracks allow more oxygen,
chlorides, and moisture to reach the steel reinforcement, especially in marine environments
where chloride-induced corrosion is a major concern. Similarly, Arya and Ofori-Darko (1996)
found that an increase in crack frequency correlates with higher corrosion rates, although the
impact of cracks can vary based on the type of binder used. Their study showed that binders
incorporating supplementary cementitious materials, such as fly ash or ground granulated
blast-furnace slag (GGBS), may offer some resistance to the effects of cracking due to reduced
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concrete permeability. However, these binders do not fully eliminate the risks posed by cracks,
particularly when crack widths exceed the critical threshold for chloride penetration.

In contrast, Mohammed et al. (2001) provided a different view, arguing that while cracks can
accelerate the initiation of corrosion, they may not necessarily affect the long-term progression
of the corrosion process. According to Beeby, the key factor in corrosion progression is the
availability of oxygen and moisture at the steel surface, rather than the crack width itself.
Beeby's research suggests that the corrosion process may slow down after the initial stages if
the surrounding concrete remains intact enough to resist further chloride penetration.

2.4 Importance of Controlling Cracks in Concrete Structures

Completely eliminating cracks in concrete is extremely challenging due to a variety of factors
such as poor material selection, inadequate reinforcement, or exposure to harsh environmental
conditions. Despite advances in construction techniques and materials that can reduce the
likelihood of cracking, it remains impossible to prevent cracks altogether. Cracks in concrete
raise significant concerns regarding both serviceability and structural durability, primarily
because they allow water infiltration and accelerate the corrosion of steel reinforcement
(Neville, 1995b). This issue is particularly severe in environments rich in chlorides or where
concrete is exposed to carbon dioxide, both of which can penetrate cracks and compromise the
protective properties of reinforced concrete structures.

In its natural alkaline state, concrete has a pH level above 12.5, which promotes the formation
of a passive oxide layer on the surface of steel reinforcement. This passive layer acts as a
protective barrier, shielding the steel from external corrosive agents (Poursaee et al., 2016).
However, the effectiveness of this protective film is diminished when cracks in the concrete
matrix allow chlorides, carbon dioxide, or moisture to infiltrate. Chloride ions, commonly found
in marine environments or de-icing salts, are particularly aggressive and can cause the
breakdown of the passive layer. Likewise, carbon dioxide reacts with the alkaline components of
concrete in a process called carbonation, which lowers the pH and further weakens the
protective layer around the steel (Broomfield, 2023). As the steel begins to corrode, rust forms,
expanding up to six times the volume of the original steel. This expansion creates internal
tensile stresses in the concrete, which can exceed the tensile strength of the material, leading
to spalling and additional cracking. This, in turn, accelerates corrosion and structural
degradation (Park et al., 2012). Extensive research has examined the relationship between crack
width and corrosion rates, showing that wider cracks lead to faster corrosion initiation and
progression, especially in the initial stages of exposure (Arya and Ofori-Darko, 1996). Cracks
wider than 0.3-0.4 mm are often considered critical, as they significantly increase the ingress of
chlorides and moisture, thereby reducing the durability of the structure (Fang et al.,
2017).However, even small cracks or microcracks, which may seem inconsequential at first,
can still serve as pathways for corrosive agents, emphasizing the importance of effective crack
control (Mohammed et al., 2001).

Implementing robust crack control measures is essential not only for maintaining the
aesthetics and functionality of concrete structures but also for preventing serious long-term
structural damage. These measures include proactive design strategies, such as optimizing
concrete mixes, ensuring proper reinforcement, and using supplementary cementitious
materials to lower permeability. Maintenance strategies are equally important and may involve
routine inspections, applying surface sealants, and carrying out targeted repairs to prevent
cracks from widening or allowing corrosive agents to penetrate (‘Control of cracking in concrete
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structures’, 2001). In environments with high exposure to aggressive elements, additional
protective measures, such as cathodic protection systems and corrosion inhibitors, may be
necessary to mitigate the effects of cracks on the longevity of the concrete structure (Materials
etal.,1996).

While it is impossible to completely prevent cracks in concrete, controlling their formation and
progression is vital for ensuring the serviceability and longevity of reinforced concrete
structures. Cracks, regardless of size, pose a serious threat to structural integrity by enabling
the corrosion of steel reinforcement. Therefore, the implementation of effective crack control
and maintenance strategies is essential to mitigate these risks and extend the lifespan of
concrete structures. Continued research is needed to further develop these strategies and
deepen our understanding of the interactions between crack development, concrete
composition, and environmental conditions.

2.5 Concrete classification of self-healing

Self-healing concrete refers to the process of recovery (from cracking and detrition) motivated
without external diagnosis or interference of the human. In specific terms, there are two types
of self-healing approaches: autogenous healing and autonomous healing. Autogenous healing
arises organically from the cementation's material, i.e., the additional hydration of unhydrated
cement in concrete, whereas autonomous healing necessitates the use of a trigger. The major
reasons for autogenous and autonomous concrete healing are the incorporation and activation
of healing agents. Healing agents can be injected directly, through a vascular system, or after
encapsulation. CA, bacteria, and micro- or macro-encapsulated agents, such as polymers,
minerals, and other micro- or macro-encapsulated agents, are some of the recognised healing
agents that have recently been introduced in the use of cementitious composites (Hermawan et
al., 2021). Numerous ways have been developed for the incorporation of self-healing agents in
concrete. Crystalline admixtures (CA) are added directly or as fewer fillers, cement, or
aggregates, with typically 0.8-4.5% of the weight of the cement. Bacteria-based healing
induces either direct addition of whole bacteria or encapsulation thereof to enhance viability,
accounting for the type of bacteria, dosage (10°~10"° cfu/ml) nutrient availability as well as
compatibility with other low bioactive materials. The concrete is designed without altering the
concrete design, with key mixed in as microencapsulated healing agents (Hermawan et al.,
2021). Figure 4 redrawn from Meharie et al. (2017) shows an overview of the self-healing
approaches.
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Figure 4: An overview of the self-healing approaches adopted (Meharie et al. 2017).

2.5.1 Autogenous self-healing
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The following sections provided a detailed examination of the two primary approaches to self-
healing in concrete: autonomous and autogenous healing. Autonomous healing involves the
use of external agents, such as encapsulated chemicals or bacteria, which activate to repair
cracks and prevent further deterioration. In contrast, autogenous healing leverages concrete’s
inherent ability to heal itself through natural processes, including hydration and carbonation.
These sections will discuss the mechanisms, benefits, challenges, and practical applications of
each approach, highlighting their potential to enhance the durability and service life of concrete
structures.

The main phenomena determining partial or entire self-closure of cracks and implicitly, partial
recovery of initial durability and physical-mechanical performances of composites are
autogenously healing of cementations materials. One of the key reasons for the significant life
extension of historical structures and buildings (Ghosh, 2009). Furthermore, autogenous self-




healing is defined as a material's ability to repair internal damage without the need for external
intervention (Rajczakowska et al., 2019). In addition, mineral additives, fibres, nanofillers, and
healing agents can improve the efficiency of autogenous healing,(Zhang et al., 2016). The
impacts of material expansion, continual hydration of the cement, the production of calcium
carbonate, and the influence of filling with small particles are the four main processes of
autogenous self-healing (Van Tittelboom, et al.,, 2012). Chemical process processes in
autogenous self-healing concrete include:

Initiation

Unhydrated cement grains continue to hydrate. Lauer and Slate (1957) in their work,
autogenous healing was owing to continuous hydration, which bridged cracks with the
formation of hydration products.

Small particles bridging between crack surfaces caused matrix swelling and blockage.

Calcium carbonate crystals (CaCQO3) precipitate on the crack faces as a direct result of
chemical interactions between calcium ions Ca2+ (found in the concrete matrix) and
carbonate ions CO3 2 accessible in the water or carbon dioxide. Figure 5, adapted from
Schmets (2007), illustrates several key mechanisms contributing to autogenous healing
in cementitious materials. These include: (a) the formation of calcium carbonate
(CaCO,) through the carbonation of calcium hydroxide [Ca(OH),], (b) the settlement and
consolidation of loose cement particles within the crack, (c) the presence and
movement of water facilitating continued hydration, (d) the delayed hydration of
previously unhydrated cement particles, and (e) the volumetric expansion of the
hydrated cementitious matrix. Collectively, these processes contribute to the closure of
cracks and the restoration of structural integrity in cement-based systems.

Capsule Rupture  Bacterial Activity Crack Sealing
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Figure 5: The formation of caco3 from ca(oH)2, b) the settlement of loose cement particles, c) the presence of water,
d) the late hydration of unhydrated cement particles and excessive expansion of hydrated cementitious matrix are all

mechanisms for autogenous healing adopted from Schmets. (2007).
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The ability of concrete to heal itself depends heavily on the presence of water and unhydrated
cement. For early-age concrete to undergo effective healing, both water and anhydrous phases
need to be present at the damaged areas. Similarly, carbonation reactions, which play a key role
in sealing cracks, require portlandite, water, and carbon dioxide. In typical carbonation
processes, CO, enters the concrete through surface defects caused by wear and degradation.
As portlandite is consumed during carbonation, the pH of the cement matrix decreases. This
reduction in pH can increase the likelihood of reinforcement corrosion and further weaken the
material. Managing the chemical environment within the concrete is therefore crucial to
improving its self-healing ability and maintaining its durability over time (Muntean et al., 2011).
Even though the effects of autogenous self-healing have been studied for many years, the
findings of the research into the components of reaction products created by the autogenous
self-healing process are inconsistent. In cracks in high-performance concrete, some freshly
produced portlandite and ettringite were identified by Jacobsen and Sellevold (1996). After the
cracked samples were treated in water, freshly generated C-S-H in the cracks. They
concluded that continued hydration of unhydrated cement clinker promoted autogenous self-
healing. Qian et al. (2009) discovered CaCOa3 in fractures throughout their examinations. CO3 2-
ions seep into cracks through the crack mouth when CO2 in the air dissolves in water. When the
concentrations of Ca2+ and CO3 2- ions reach a supersaturating level, CaCO3
precipitates. Moreover, since the concentration of CO3 2- near by the crack mouth is higher
than that inside the cracks, CaCO3 tends to precipitate near by the crack mouth. Figure 6,
adapted and modified from Rooij et al. (2013), illustrates the mechanisms involved in
autogenous healing cement grain hydration. Mineral admixtures, fibres, and nanofillers can all
significantly increase the performance of autogenous healing.
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Figure 6: Mechanisms of autogenous self-healing concrete modified from (Rooij et al., 2013)

2.5.1.1 Autogenous healing technique based on adding mineral admixture.
According to the findings of Van Tittelboom, et al. (2012) blast furnace slag and fly ash react
slower than cement, leaving more unreacted binder material inside the hardened matrix to
induce fracture healing by additional hydration. Slag and fly ash, on the other hand, consume
calcium hydroxide during their reactions, lowering the risk of calcium carbonate production.
They said that cement replacement by blast furnace or fly ash did not seem to improve crystal
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precipitation and from their experiment smaller cracks can be closed more completely and
faster compared to larger cracks. Researchers use a variety of methods to evaluate the self-
healing ability of cementation materials. Van Tittelboom, et al. (2012) studied self-healing using
blast furnace slag or fly ash in mortars submerged in water and a three-point flexion test.
Schlangen et al. (2006) investigated the influence of crack age on the creation of cracks (mouth
opening of 50 um) in concrete specimens at the ages of 20, 48, and 72 hours after moulding. A
three-point flexion test was used to determine the creation of cracks as well as the self-healing
ability of the material. The degree of self-healing varied with the concrete composition
(Jacobsen and Homain, 1995a). The use of fly ash improves the self-healing capability of
concrete (Zhang et al., 2014). While Sahmaran and Erdem (2013) examined the effectiveness of
0 percent, 35 percent, and 55 percent fly ash replacement ratios. Termkhajornkit et al. (2009)
used 0 percent, 15%, 25%, and 50% were utilised as percentages. They discovered that as the
percentage of fly ash in the mixture increased, similarly increased the healing ability. Other
researchers employed replacement percentages of 55 and 70 percent, or even 85 percent, in
their studies. They did not explore the influence on the possibility of autogenous crack healing
because they employed the binder ingredients within strain hardening fibre reinforced
cementation composites to limit the crack width. To make their strain hardening fibre reinforced
cementations material more ecologically friendly, they substituted some of the cement with
blast furnace slag by Qian et al. (2009). The impact of this replacement on long-term hydration
was not investigated. Up to date, Zhou et al., (2011) were the only researchers that compared
the efficacy of blast furnace slag and fly ash substitution on autogenous healing improvement.
They concluded that increasing the amount of slag or fly ash added to concrete improved its
self-healing capabilities. Since blast furnace slag and fly ash react more slowly than Portland
clinker, the amount of unreacted binder available is longer. However, it is reasonable to
hypothesize on how long the slag and fly ash systems will be capable of self-healing. This is
related to the hydration time of blast furnace slag and fly ash. There are two factors, according
to Termkhajornkit et al. (2009) first, the accessible space for the hydration products; second,
the key components for the self-healing process, unreacted binder, and Ca (OH)2. Within the
first 140 hours of contact with water, increasing the proportion of blast furnace slag appears to
have negligible effect on cumulative heat production and hence crack healing efficiency ((Van
Tittelboom, et al., 2012). Sahmaran and Erdem, (2013) reported that class c fly ash is more
recommended than class f fly ash, as the latter could accelerate the degradation of unloaded
concrete or self-healing concrete during freeze-thew cycles. Blast furnace slag improves fly ash
in terms of enhancing concrete's self-healing ability, which is presumably due to the higher pH
value of the pore solution and greater Cao content of the slag, which favours calcite
precipitation (Sahmaran and Erdem, 2013). Hung and Su (2018) reported that blended ground-
granulated blast furnace slag and fly ash contribute to a better self-healing rate of strain-
hardening cementations composites than fly ash alone. Furthermore, Maddalena and Gardner,
(2021) said that by replacing (SF, GGBS, and FA) with Portland cement in various percentages,
autogenous self-healing can be promoted through various mechanisms. This supplementary
material promoted the self-healing technique by consuming calcium hydroxide (portlandite) to
form more (C-S-H) and reduce the potential for carbonation. However, alternative materials like
as FA, GGBS, and SF have been utilised to replace cement, there have been few studies that
have employed self-healing concrete to make subterranean structures more durable. The
advantage of employing these ingredients is that it may make concrete denser, reduce
permeability, and improve workability. In addition, the amount of cement consumed would be
lowered.
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2.5.1.2 Self- healing technique based on crystalline admixture.

Concrete's mechanical properties and/or durability may be affected as a result of cracks.
Cracks can autogenously heal under certain conditions, according to a few studies. This is in
addition to the typical passive repair with deliberate external intervention. The presence of
water is favourable to the healing of underground concrete structures since it is needed for
chemical reactions of the healing additives. In terms of precipitated CaCO3 or freshly produced
CSH (Calcium Silicate Hydrate), the presence of water is needed for healing to occur. Mineral
additives, for example, can be mixed into concrete, and when cracking develops, water from the
subsurface environment can seep into the cracks, generating a physical-chemical reaction of
the elements inside at the exposed crack surfaces where water is available. The new products,
CaCO0g3 and/or CSH, will fill in the cracks, narrowing them until they are completely closed. As a
result, a mineral self-healing method has been presented, which takes advantage of the
surrounding environment and the possible healing capacity of mineral components in concrete
(Jiang et al., 2014). Based on the underlying healing mechanisms, such as permeation-
crystallization, expansion induced by crystalline effects, and pozzolanic reactions, the additives
used to promote autogenous healing in concrete can be broadly classified into three categories.
Mineral additives that facilitate permeation-crystallization enhance the supply of carbonate
ions (COSZ‘) and accelerate the migration of reactive ions, particularly calcium (Ca**), within the
cementitious matrix. As water infiltrates the cracks, these ions leach out and crystallize, leading
to the formation of calcium carbonate (CaCQ,), which effectively fills the cracks. In some
cases, the newly formed compounds are expansively voluminous, contributing to crack closure
through mechanical filling. Alternatively, pozzolanic reactions between mineral additives and
calcium hydroxide generate additional hydration products that precipitate within the cracks,
further enhancing the self-healing capacity of the material (Jiang et al., 2014). Crystalline
admixture (CA) also known as cementations capillary crystalline water proofing materials.
Calcium aluminate (CA) has demonstrated the ability to fully heal cracks up to 0.4 mm in width,
outperforming other self-healing approaches such as shape memory materials, bacterial
agents, and microcapsule-based systems. The healing products formed by CA are highly
compatible with the cementitious matrix, contributing to effective crack closure. In addition to
promoting self-healing, CA enhances the overall structural performance by improving both
strength and impermeability, partly through its influence on matrix porosity. According to
Coppola and Crotti (2018), specimens incorporating CA exhibited mechanical strength
increases of approximately 7-10% compared to conventional cement-based specimens.

Some studies have utilized commercial crystalline admixtures with undisclosed compositions,
while others have employed alkali-activated materials—such as sodium hydroxide, sodium
silicate, sodium carbonate, and metakaolin—as alternative crystalline admixtures to promote
self-healing in cementitious systems (Oliveira et al., 2021). They went on to say that crystalline
admixtures (CAs), is also known as permeability-reducing admixtures, are commercial
compounds used in low concentrations in cement-based materials to increase concrete
durability or promote autogenously fracture healing. Furthermore, crystalline additives are
mostly water-soluble additives that improve concrete properties in a fresh and hardened state.
Consequently, crystalline additives lead to sustainable development and an increase in the
service life of concrete structures. Typically, their effects on concrete properties in the plastic
stage include increased workability, improved permeability, setting time, or finish ability; on the
other hand, when the concrete hardens, chemical admixtures contribute to improving
durability, increasing compressive and flexural strength at all ages, reducing shrinkage
phenomena, or decreasing permeability of concrete. Chemical admixtures also act as agents
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which allow the manufacture and construction of special concrete types such as self-healing
concrete, high-strength concrete, and self-consolidating concrete (Gojevi¢ et al.,, 2021).
However, the American concrete institute (ACI) writes in their report crystalline additives are
one type of permeability reducing admixture. ACI divides permeability reducing additives into
two parts. That reduces water permeability in no-hydrostatic conditions and under hydrostatic
conditions. In a category that reduces water permeability at no-hydrostatic conditions falls
typical hydrophobic products. Admixtures that can function under hydrostatic conditions
include crystalline admixtures. Some of these additives have a lot of benefits like reducing
drying shrinkage, minimizing chloride ion penetration to the surface, and improved frost
resistance and autogenous healing properties (Violetta and Yuers, 2015).

Furthermore, AClI Committee has reported that there is a better adoption of self-healing
properties in self-healing concrete when there is an addition of crystalline admixture (CA) is
also known as permeability reducer admixtures. Crystalline admixture materials react quickly
with water and are used as hydrophilic materials. Calcium silicate hydrate (CSH) density is
further enhanced which resists water penetration. In the presence of water, matrix components
react with tricalcium silicate (C3S). Sisomphon and Koenders (2013) analysed the recovery of
mechanical properties of strain-hardening cementations composites containing CA (1.5% by
weight of cementations materials) and reported hardly any benefit produced by the admixtures
when compared with control specimens. As well as he investigated the potential self-healing of
cracks by employing calcium sufflaminate-based expensive and crystalline additives and found
out calcium carbonate was the main healing agent has been named. Copuroglu and Koenders
(2013) reportedthat the deflection deformation of specimens mixed with CA and CSA was about
1.5 times that of CA specimens when the specimens were cured for 28 days. Copuroglu and
Koenders, (2012) said that only specimens mixed with CA and CSA could heal entirely within 28
days when cracks were 0.3~0.4 mm. Moreover, when the healing time was seven days, the crack
closure rate of the specimen mixed with CA and CSA was 3 times that of the CA specimen. (Park
et al., (2018) that the specimens mixed with CA, CSA, and basic magnesium carbonate
(MgC03:-Mg (OH)2-5H20) could completely heal the cracks with a width of 0.295 mm after five
days of healing, and the seepage stopped completely.

2.5.1.3 Self-healing concrete containing fibres

Types of fibre reinforced cementitious composites (FRCCs) were tested in the lab to see how
well they might self-heal in terms of watertightness and mechanical properties (Nishiwaki et al.,
2012). Nevertheless, fibber reinforced cementations composites (FRCCs) offer the best chance
of achieving self-healing in concrete in practice. FRCCs are now widely used in real-world
applications, with good outcomes. Durability and cost efficiency are assured because no
unique components are needed. By manipulating the crack width and the rate of CaCO3
precipitation, ubiquitous reinforcing fibres in the cement matrix can be employed to improve
self-healing (Nishiwaki et al., 2014). PVA, PE, PP, steel, and carbon fibres are the most used
fibres in self-concrete. Glass fibre, natural fibres, and other synthetic fibres can be also used as
self-healing materials (Snoeck and de Belie, 2015). However, fibber Materials Used in Self-
Healing Investigations: The distribution is illustrated in Figure 7, following an approach inspired
by the work of Cuenca and Ferrara (2017). The difficulty of ensuring the healing agent's durability
is overcome because the healing process does not involve the Fiber's reaction. Reinforcement
fibres containing high-polarity synthetic composites (e.g., PVA) have a high potential for self-
healing precipitation surrounding the crack-bridging fibres (Nishiwaki et al., 2012). The ability of
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concrete with fibres, particularly ECC, to self-heal has been extensively researched. According
to Yang et al. (2009) self-healing behaviour of ECC with 4.5 percent PVA fibres might occur in
cracks less than 150 m in width, while crack widths less than 50 m were favoured. After self-
healing, the broken ECC's resonance frequency was regained by 76-100%, and its stiffness also
showed a noticeable rebound. The tensile strain capacity of pre-damaged specimens that are
purposely subjected to tensile strain of up to 3% can be totally recovered following self-healing
(Yang et al., 2009). Carbon fibre can improve ECC's self-healing capabilities and increasing fibre
content within a particular range can speed up the recovery of flexural strength, deflection, and
electrical resistance. Investigation that is done by Nishiwaki et al., (2012) during a tensile
loading test, cracks were generated in the FRCC (fibber reinforced cementations composites)
specimens, which were then immersed in static water for self-healing. Water permeability and
reloading tests revealed that FRCCs with synthetic fibre and cracks with widths within a
specified range (0.1 mm) have good self-healing capacities in terms of watertightness. The
synthetic fibre (polyvinyl alcohol (PVA)) and hybrid fibre reinforcing (polyethylene (PE), and steel
code (SC)) series showed a significant recovery ratio due to their strong polarity. When the
residual elongation remains below 2 mm, self-healing concrete incorporating a hybrid fibre
system of polyethylene (PE) and steel cord has been shown to recover over 100% of its original
tensile strength. This indicates that the tensile strength after healing can exceed both the initial
unloading stress and the tensile strength recorded during the first loading cycle (Homma and
Nishiwaki, 2009b). Moreover, concrete composites utilizing PE and steel cord fibres exhibit
excellent recovery in mechanical properties and watertightness, even for cracks up to 0.7 mm in
width (Nishiwaki et al., 2012). Similarly, Kan et al. (2010) reported that engineered cementitious
composites (ECC) reinforced with polyvinyl alcohol (PVA) fibres achieved over 90% recovery of
resonant frequency following 10 water/air curing cycles, despite an imposed strain of 2.0%.
Water-based curing was identified as the most effective method for promoting self-healing.
Additionally, Hung, Su and Hung (2017) observed that increased humidity enhances the
recovery of both resonant frequency and tensile stiffness in damaged concrete specimens,
further highlighting the significance of environmental moisture in facilitating self-healing
mechanisms.
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Figure 7: Fibre Materials distribution Used in Self-Healing Investigations: Adopted from (Cuenca and
Ferrara, 2017)
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2.5.1.4 Self-healing concrete technique based on nanofibers

As concrete has a low cost, high compressive strength, and wide adaptability, it becomes the
most extensively used material in infrastructure construction. However, concrete's mechanical
properties, such as toughness, tensile strength, and impact resistance, are all exceedingly weak
due to its quasi-brittle nature. Meanwhile, the obvious discreteness of raw materials and the
complexity of environmental conditions have led to the concrete structural reliability being full
of challenges when in use. Because of its nature, concrete is inclined to crack and thus fail
when subjected to actions such as load, temperature, and humidity. To improve the reliability of
infrastructure, researchers have tried to endow the materials with smart capacities such as
self-sensing, self-healing and self-adjusting abilities for the monitoring and repair of potential
defects (Wang et al., 2018b). According to Lee et al. (2007) powder concrete (RPC) has been
widely used in bridges, buildings, tunnels, maintenance and reinforcement fields because of its
excellent mechanical properties, high durability, and thermal deformability. However, the RPC,
when in use, tends to generate many microcracks due to its own defects, which in turn causes
the occurrence of macroscopic cracks, eventually leading to concrete failure (Van Tittelboom
and de Belie, 2013a). For general ground-based concrete structures, methods such as grouting,
spraying, and patching can repair cracks in concrete. However, these passive repair methods
are no longer practical for concrete structures in special environments such as nuclear power
plants and underground construction. As a result, self-healing concrete has a potential
attraction (Dry, 1994a). Fibres, microorganisms, and capsules containing repairing agents are
all part of the current self-healing technology. Fibber and microorganism’s procedures try to
reduce the crack width within the concrete, while the capsules aim to directly bond or fill the
crack by breaking a repair agent capsule (Sun, Yu and Ge, 2011). Conversely, compared to
traditional self-healing technology, the use of nanofillers can improve the concrete spatial
network structure and control the morphology of hydration products at the micro scale.
Furthermore, many studies have shown that nanomaterials, due to their unique structure and
exceptional characteristics, have a tremendous potential to change cementation composites in
a variety of ways (Guadagno et al., 2019). The ability to use nanomaterials to make self-healing
composites such self-healing epoxy hanocomposites, nanocomposite elastomers, epoxidized
natural rubber, and so on has been proven (Nie et al., 2019). Unfortunately, there is currently a
lack of research on concrete composites using nanofillers. In conclude, three methods have
been identified to explain how nanofillers improve concrete self-healing. To begin with,
nanofillers operate as nucleation sites for hydration products in pore solution, facilitating more
hydration. Second, nanofillers improve the three-dimensional network structure of the cement
matrix, resulting in more fine cracks and dispersing the crack propagation direction (H. Liu et al.,
2017). Finally, active nanofillers with pozzolanic reactivity, such as nano-SiO2 and nano-SiO2
coated nano-TiO2, can react with Ca (OH)2 to produce extra calcium silicate hydration,
enhancing specimen compactness (Zhang et al., 2016). The impact of nanofillers on the
mechanical performance and durability of concrete have been studied. Nanofillers have a good
enhancing impact in most circumstances, showing that they could be useful in self-healing
concrete (Palla et al., 2017). According to Siad et al. (2018) under a four-point loading test, the
maximum crack width in ECC containing 0.25 percent and 0.5 percent carbon nanotubes
(CNTs) was 50 um, which was lower than the control sample (70 um). Furthermore, higher CNT
(carbon nanotubes) content resulted in faster and better flexural strength and deflection
recovery, stronger electrical resistivity recovery, and more cracks with smaller crack widths.
Wang et al. (2018b) found that incorporating nano-SiO2, nano-TiO2, or nano-ZrO2 into reactive
powder concrete improved its self-healing capabilities (RPC). Under secondary loadings, the
nanofillers decreased and even eliminated the Kaiser effect of RPC, showing that the internal
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cracks had healed to some extent. In terms of RPC self-healing performance, nano-SiO2 is the
most effective of the three nanofillers. Furthermore, water curing has been discovered as a
critical aspect in the development of self-healing concrete using nanofillers. When RPC
containing 3 percent nano-SiO2 was healed in water, the self-healing coefficients of
compressive and flexural strengths were 39.4 percent and 33.7 percent greater, respectively,
than the control sample (Wang et al., 2018b).

2.5.2 Autonomous self-healing concrete

Autonomous self-healing concrete is an advanced material capable of repairing internal cracks
and damage by activating embedded chemical or biological agents. This innovative concrete
type, studied by Wu et al. (2012b), initiates a self-repair process when these agents, integrated
within the concrete or applied externally, detect structural damage. A key feature of this
material is its ability to restore structural strength without requiring external human
intervention, enhancing the durability and lifespan of concrete infrastructures. Self-healing
mechanisms are driven by the inclusion of specific agents or additives in the concrete,
delivered through various forms such as spherical or cylindrical capsules or complex tubular
systems (De Belie and Wang, 2016). The agents are released when cracks form, enabling a
repair process that reduces maintenance costs and increases the service life of structures
exposed to challenging environmental conditions. (Van Tittelbooom and de Belie, 2013b)
emphasize the importance of both the design and the delivery mechanisms for these agents,
this can be achieved either through the incorporation of capsules or via vascular networks, as
illustrated in Figure 8, adapted from Van Tittelboom and de Belie. (2013b) . In biological self-
healing processes, crack repair is often facilitated by microorganisms, such as bacteria, which
precipitate calcium carbonate (CaCO;,) or other compounds, effectively sealing the cracks. (Al-
Thawadi, 2011) demonstrated how bacteria can induce CaCO, precipitation within cracks,
restoring the material’s integrity through microbial-induced carbonate precipitation (MICP), an
area of enormous potential for autonomous self-healing concrete.

Chemical methods for self-healing can be categorized as passive or active. Passive systems
involve the encapsulation of healing agents within capsules, which break when cracks form,
releasing their contents to repair the damage. Active systems, on the other hand, use more
advanced methods like vascular networks that continuously or periodically deliver repair agents
through channels embedded within the concrete (Toohey et al., 2007). These systems are
particularly useful in handling complex or widespread cracks by ensuring a constant supply of
healing agents. Several innovative approaches have been developed to enhance concrete's
autonomous healing abilities. One such method involves super absorbent polymers (SAPs),
which swell and release water into cracks, encouraging the formation of healing products like
CaCO,. Another promising method is MICP, in which bacteria embedded in the concrete
generate CaCO, in response to moisture and nutrients, sealing cracks effectively. Textile-
reinforced concrete, incorporating flexible textile elements, also supports the healing process
by providing a durable framework for the agents to act upon (De Rooij et al., 2013). These
various methods highlight the evolving landscape of self-healing concrete technologies, aiming
to improve both the efficiency and longevity of concrete structures, particularly those exposed
to harsh conditions. Autonomous healing systems, by incorporating biological and chemical
agents, not only address crack formation but also contribute to the overall resilience of
construction materials.
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Figure 8: b) Fiber bridging crack. (d) Failure zone adopted from (Van Tittelboom and de
Belie. 2013b)

2.5.2.1 Bacteria-based self-healing concrete

The idea behind bacteria-based self-healing is to use bacteria to encourage calcium carbonate
precipitation in cracks. In the 1990s, Gollapudi et al. (1995) proposed that cracks can be
repaired by using microorganisms to cause the precipitation of calcium carbonate (CaCO3).
Calcium carbonate precipitation can be induced by a variety of metabolic pathways, including
the hydrolysis of urea and the oxidation of organic acids.

Urea hydrolysis (ureolysis) with ureolytic bacteria (Hommel et al., 2016); this reaction
occurs in the presence of urease-positive microorganisms:

CO(NH,) + 2H,0 + Ca?* + Cell2NH** + Cell — CaCO5, withNH**as by product.
Using cyanobacteria algae for photosynthesis (Baumgartner et al., no date)
2HCO; + Ca? + CH,0 + CaCO5 + 0, as by product.

Sulphate reduction by sulphate-reducing bacteria (Paul, Wronkiewicz and Mormile,
2017);

S0%2 + 2[CH,0] + OH + Ca? + CaC03 + CO, + 2H,0 + HS with CO, and HS as by product.

Using nitrate-reducing bacteria for denitrification (nitrate reduction) (Ersan, de Belie and
Boon, 2015): When the reaction is complete, CH,CO0~ + 2.6H" + 1.6NO5 — 2C0, +
0.8N, + 2.8H,0 is produced, with CO, +N as by-products; when the reaction is
incomplete, Ca?* + C0,(aq) + 20HCaCO5(s) + H,0 is produced, with NO and N,0 as
by-products.

Using myxobacteria for ammonification (Gonzalez-Munoz et al., 2010):
HCO3 + H,0 = (CH,0) + 0, + OH™ (1)
HCO™ + H,0 = (CH,0) + 0, + OH™ (2)

HCO3 + OH™ - C0% + H,0 3)
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Ca?* + C0%~ - CaCOs (4)

e NH3 is produced as a by-product. Anaerobic oxidation: CH, + SOf‘+Ca2+—>
CaC03 + H,S + H,0; methane oxidation employing methanogens (Reeburgh, 2007) .
CHy + 20, — Co, + 2H,0 (aerobic oxidation), withH,S as a by-product of both
anaerobic and aerobic processes.

Table 1 lists the benefits and drawbacks of several CaC0O3; precipitation metabolic processes.
Figure 9 schematically illustrates ureolytic carbonate precipitation on bacterial cell walls,
adapted with modifications from de Muynck, et al. (2010). The calcium ions in the solution are
attracted to the negatively charged bacterial cell walls, for starters. Urease in bacteria dissolves
urea into inorganic carbon and ammonium. CaCQOS3 precipitates on the bacteria's cell wall when
the local calcium ions become oversaturated, eventually encasing the entire cell.

Table 1: The CaCO3 precipitation metabolic processes

Metabolic Pathway Benefits Drawbacks
Hydrolysis of Urea - Rapid carbonate - Excessive ammonium
production production

- Catalyzed by urease

Oxidation of Organic - Lower environmental - Carbonate production is slower
Compounds impact
- CO; reacts with

portlandite
Nitrate (NO;"7) - Effective in low-oxygen - Lower CaCOs; precipitation
Reduction conditions compared to urea hydrolysis

- Lower environmental

impact

Figure 9: (a) the entire cell becomes encapsulated; (b) the imprints of bacterial cells involved in
carbonate precipitation adopted with modifications from (De Muynck, et al., 2010).
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Bacteria can be used to heal concrete cracks by precipitating minerals using the mechanism
described above (CaCO3). However, MICP concrete techniques are divided into two major
categories: self-healing concrete and surface coatings. To fill cracks, bio concrete is made by
incorporating suitable microorganisms and nutrients into the concrete matrix (Song et al.,
2014). The process by which microorganisms inside the matrix, primarily bacteria, generate
precipitates to mend gaps and enhance structural performance is known as self-healing (Lee
and Park, 2018b). Group University of Derby by Souid et al., (2019) explored the effect of soil
incubation to see if the self-healing process can be activated in underground condition. In
compared to traditional incubation environment (water). And they found out from their
experiment the effectiveness of bio-concrete in particular constructions, such as tunnels and
deep foundations, where concrete pieces are exposed to the elements of the ground
conditions. Another study by the same group of Derby examined the impact of soil pH on
industrially recognised classifications of exposure, ranging from minimal danger of chemical
attack (neutral pH & 7) to extremely elevated risk of chemical attack (pH & 4.5) (Esaker et al.,
2021). Nevertheless, most bacteria find it difficult to survive in such a strong alkaline
environment, as the pH inside concrete is typically about pH 11-13 (Tang and Xu, 2021). Study
by Witkor, (2011) bacterial spores were only observed to remain viable for up to two months
after being applied to the concrete matrix as a result, it is not a long-term solution.
Encapsulation of bacterial spores and nutrients in a variety of materials, such as hydrogel, glass
capillaries, and melamine-based microcapsules, has been attempted to extend the lifespan of
bacteria (Zhang et al., 2021). Furthermore, the crack widths that can be healed are restricted,
with the biggest cracks healed measuring less than 1 mm in diameter (Wang et al., 2014).
Moreover, the inclusion of healing chemicals reduces the mechanical strength of concrete
(Wang et al.,, 2014). To begin, the concrete matrix is inoculated with dormant yet alive
microorganisms. During the curing process, the nutrients are either added into the concrete at
the same time Van Tittelboom et al. (2010) supplied by a nutrition solution (Achal et al., 2010).
Water entering newly formed cracks will activate the dormant bacteria, which will eventually
seal the cracks through the process of CaCOS precipitation induced by metabolism. (Gadd and
Dyer, 2017b) stated that surface coatings might thus be a potential technique to extending
concrete durability to overcome this problem. Coatings, in comparison to remedial treatments,
may be considered of as a preventative strategy that can be utilised before any cracks appear
and can act as a barrier to keep liquids and gases out (Gadd and Dyer, 2017b). Research
demonstrates that a urease-positive fungus can deposit calcium carbonate precipitation (MICP)
creating a think calcium carbonate coating on Portland cement and fly ash (Zhao et al., 2022).
Yet, a deeper study is needed about the surface coating and bacteria’s application to improve
the self-healing.

Both bacteria, nutrients, and carbon or nitrogen sources are necessary to perform self-healing
of concrete using microbial technology. To survive dry, barren, and alkaline concrete, it is also
critical to choose the right bacteria and calcium/nitrogen sources (Zhang et al., 2020).
Regrettably, several studies have revealed that the concentration of the cementation materials
(calcium ion, dissolved organic carbon), geometric compatibility, pH, temperature, and the
availability of nucleation sites are the main factors that influence microbially induced calcite
precipitation techniques (Dhami et al., 2013b). In addition, other environmental parameters
that influence the performance of calcite precipitate, include bacterial concentration, soil type,
the particle size of the soil sample, and bacterial solution viscosity (Amarakoon and Kawasaki,
2016).
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2.5.2.1.1 Effect of pH

The presence of a significant amount of Ca (OH)2 in the concrete pores makes determining the
influence of pH on bacteria activity in concrete critical. Because of the ingress of water from the
external environment, the concrete microenvironment is highly alkaline, with pH values as high
as 13, while the pH of a concrete crack mouth is predicted to be between 9 and 11, owing to the
ingress of water (Wu et al., 2019). Additionally, environmental concerns arise from the release
of ions such as aluminium, calcium, chromium, magnesium, sodium, potassium, and zinc into
the surrounding water, as well as an increase in the pH of the water due to concrete leaching. It
is indeed common for fresh water to become toxic when it highly becomes alkali (Law and
Evans, 2013 a) optical density value of the bacterial solution normally decreases with
increasing pH for the entire test time, as shown in Fig 10a. When the pH of the growth media
was 7-9, the lag phase lasted about 4 hours. The lag phase rose to 5.5 h, 10 h, and 10.5 h,
respectively, as the pH was elevated to 10, 11, and 12 (Wu et al., 2019). When the pH was 7 to 8,
the propagation rate (slope of the tangent line of the graph) was almost the same, but it
fellwhen the pH was 9 to 12. In all cultures, no further growth was detected after 21 hours.
Figure 10 b that adopted from Wu et al. (2019) illustrates urea decomposition by bacteria under
various pH values. Though, the pH of the concrete pore solution is in the range 13- 14 due to the
alkalinity provided by the dissolved sodium and potassium oxides present in Portland cement.
Yet, pH on the concrete surface has a variety of values as concrete is a heterogeneous and
porous material with different components (Femenias et al., 2017). With the variety of pH at the
surface or with distance from the surface of concrete, the precipitation of CaCO3 can be
possible. Researchers E. Liu et al. (2017) and Muller et al. (2018) were the first who introduced
the imaging technique of a pH variety on the concrete surface. Nevertheless, the techniques
employed in their study have not gained widespread acceptance among other researchers due
to the absence of defined pH ranges, the use of non-standard solutions, and a lack of focus on
scale formation on concrete surfaces. Figure 11 present the findings of the investigation
conducted by E. Liu et al. (2017), adapted from their original work.

For microbial ureases, the ideal pH is typically near neutral. When utilising S. pasteurii, Stocks-
Fischer et al., (1999a) found an ideal pH of 8, whereas other researchers using the same S.
pasteurii reported different optimal pH values, e.g., Dupraz et al. (2009) reported a pH value of
8.7-9.5.Fujita et al. (2004) recorded a pH of 9.1, and a pH of 9.5 was also reported by Ferris et al.
(2004). The pH of the environment normally rises during urea hydrolysis due to the microbially
driven calcite precipitation process, which helps to buffer the overall increase in pH value.
Several factors affect the concentration of hydroxyl ions leached from concrete, including
cement type, structural shape, surface area to volume ratio, carbonation, and water flow (Law
and Evans, 2013).
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Figure 10: At different pH levels, bacterial growth and urease activity adopted from (Wu et al., 2019).
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Figure 11: The variety of pH at concrete surface adopted from original work of ( Liu et al. 2017).

2.5.2.1.2 Effect of Calcium ions

Calcium leaching can be a matter of concern for the long-term durability of concrete
constructions. It increases the porosity of the surface layers, which has a negative impact on
the material's resistance to mechanical loads (Bangert et al.,, 2003). Nevertheless,
microorganism that precipitates carbonate generates urease, which catalyses urea hydrolysis
and produces carbonate and ammonium ions consequently. CaCO3 can occur in the presence
of Ca2+ due to the precipitation interaction between calcium and carbonate ions. The
productivity of biogenic CaCOS3, which is the fundamental crack healing material in the
bacteria-based healing method, is directly determined by bacterial urease activity (Wu et al.,
2019). Furthermore, when it comes to the precipitation of CaCO3, the concentration of calcium
ions has a significant impact on the precipitation activity. On the one side, calcium ions are
required to produce CaCQOS3. On the other side, calcium ions can impact ureolytic activity in
bacteria. Bacteria are toxic to excessive calcium ions because they only require a small amount
to regulate their life activities (Wang et al., 2017). Low Ca2+ and urea concentrations (0-0.9
mol/L and 0-0.75 mol/L, respectively) have insignificant effect on bacterial growth but have a
substantial impacton urease activity. As a result, the effects of calcium ions and urea
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concentrations on enzyme activity (0.9 mol/L and 0.75 mol/L, respectively) were determined
(Wu et al., 2019). Bacterial growth at varying calcium ion concentrations, as reported by Wu et
al. (2019), is depicted in Figure 12.
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Figure 12: Bacterial growth and urease activity at various Ca2+ concentrations adopted from (Wu et al., 2019)
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2.5.2.1.83 Impact of nutrients availability

The bioavailability of nutrients is a crucial factor in Microbially Induced Calcium Carbonate
Precipitation (MICP), as nutrients are vital for bacterial growth and activity. These nutrients
serve as the primary source of dissolved inorganic carbon, which precipitates as calcium
carbonate (CaCO;) during the MICP process. To develop an effective microbial self-healing
concrete where nutrients are used both economically and efficiently during the crack healing
process, it is important to optimize the initial nutrient content of the concrete (Kardogan et al.,
2021). Additionally, in MICP, the type of nutrients required varies according to the specific
microbial metabolism driving the process. Therefore, the nutrient composition for several types
of microbial self-healing concrete should be optimized individually based on the proposed
metabolic pathway and the associated nutrients (Kardogan et al., 2021). The precise number of
chemical precursors (nutrients required for MICP) needed in the mix design of microbial self-
healing concrete is still uncertain. Most studies have primarily focused on selecting suitable
bacteria and testing their application at a bench scale to explore the potential of the concept,
often neglecting the role of nutrients. While demonstrating the feasibility of microbial-induced
self-healing, these studies used an excess of nutrients to avoid any limitations or deficiencies
during the MICP and self-healing processes. In these experiments, nutrients were either
provided within carriers or capsules or added directly as concrete admixtures. However, there is
currently no available information on the bioavailability of these supplied nutrients for MICP,
and the optimal nutrient content for microbial self-healing concrete mix design remains
undetermined. Several types of nutrients can influence the mechanical properties of concrete,
as demonstrated in a study by Son et al. (2022), which involved compressive strength testing of
mortar specimens at 7, 14, 28, and 56 days. The inclusion of bacteria and nutrients was found
to affect the hydration kinetics and hydration products, leading to noticeable changes in the
specimens' compressive strength. The lowest compressive strength was observed in
specimens that contained the culture medium without co-cultured bacteria at the 7-day mark.
Additionally, specimens with pure yeast extract showed the lowest compressive strength, while
the compressive strength of other types of specimens was higher than both groups.
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2.5.2.1.4 Capsules based on self-healing concrete.

One of the most common methods for getting healing chemicals into the concrete matrix is
encapsulation. Encapsulation is the process of encapsulating droplets or solids in an inert shell
to protect them from unwanted and undesirable external reactions (Wu et al., 2012c). Due to its
benefit of responding directly to the damaged region, the use of encapsulated healing agents for
self-healing concrete has gained a lot of interest in research. This is due to the microcapsules
breaking during the creation of concrete cracks, permitting healing chemicals to be released
into the cracks via capillary action, assisting in the sealing of the concrete gaps. Because it
measures the effectiveness of crack-repair processes, the choice of a healing agent is an
essential part of this procedure (Milla et al., 2017). Furthermore, ensuring that microcapsules
are distributed evenly throughout the concrete matrix is critical to the application's success
(Milla et al., 2017).

The effectiveness of microencapsulation can be measured in terms of the microcapsules'
effects on concrete properties. In this situation, the microcapsules should have no negative
impact on the concrete's properties (Kanellopoulos et al., 2016). Another principal factor to
consider is the survival of microcapsules during the concrete production process. The
microcapsules are subjected to external forces from aggregates during industrial concrete
production (Al-Tabbaa et al., 2016). To ensure the viability of the stored healing agents, the
microcapsules must remain intact throughout the concrete manufacturing process.
Additionally, when it comes to microcapsule breaking in response to cracks, it's critical that the
microcapsules truly break at crack locations to release the healing chemicals. Furthermore, the
impact of microcapsules and stored compounds on cement hydration must be considered.
Finally, microcapsules should not have a significant impact on the workability of fresh concrete
(van Tittelboom and de Belie, 2013b). However, for example, the encapsulation of the bacteria
has a high chance of surviving inside the concrete matrix, there are various challenges to
overcome once bacteria are introduced. Elevated temperatures, a lack of oxygen during
concrete production, high alkalinity of the concrete matrix (ranging from 12 to 13), concrete
mixing, and cement hydration are just some of the challenges (Gupta et al., 2017b). Due to the
general harsh conditions inside the concrete matrix, it is preferable to encapsulate bacteria in a
protective carrier before introducing them into the matrix (Wang, Soens, et al., 2014). To protect
the bacteria from this harsh environment, researchers used a variety of encapsulation
techniques, including diatomaceous earth, expanded clay aggregate, melamine-based
microcapsules, and hydrogels (Gupta et al., 2017b). Suitable carriers must meet three
conditions to achieve high performance of self-healing concrete employing carriers:
Biocompatible carriers should be used. Carriers should not have a negative impact on the
concrete's mechanical properties. Carriers should be robust enough to withstand the concrete
mixing process, but not too strong because they must fracture when cracks in the concrete
matrix begin to appear (Lee and Park, 2018b).

In general, adding healing agent microcapsules and capsules to concrete has a negative impact
on its mechanical properties. This is because many chemical and polymer materials form weak
bonds in the concrete matrix. Furthermore, when the healing agent capsules are released,
cylindrical or spherical voids remain in the structure, potentially weakening the concrete's
tensile and compressive strength (van Tittelbooom and de Belie, 2013b). In general, spherical
capsules outperform cylindrical capsules in terms of impact on concrete mechanical
properties because their shape reduces stress concentration in the void left after the capsule is
released (van Tittelboom and de Belie, 2013b). According to their size, capsules are divided into
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microcapsules and macrocapsules. The self-healing technique is represented in Figure 13 was
adapted and modified from White et al. (2001).
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Figure 13: The capsule technology's healing concept s as follows: (a) cracks appear in the matrix. (b) An
ESEM image shows a ruptured microcapsule adopted from (White et al. 2001).

2.5.2.1.4.1 Microencapsulation

Inspired by the ground-breaking work of White et al. (2001), microencapsulation has remained a
popular technology for producing autonomous self-healing components for cementitious
systems. Microcapsules were directly embedded in the matrix in this mechanism, and when
fractures formed, they attracted propagating cracks, rupturing, and releasing the core into the
crack volume (White et al., 2001). The released substance would then react with a distributed
catalyst in the matrix, causing the crack to heal. Microcapsule-based concrete healing has been
proven several times as a proof of concept (Souradeep and Kua, 2016a). Yet, in situ
polymerization, interfacial polymerization, pickering emulsion templating, mini-emulsion
polymerization, solvent evaporation/solvent extraction, sol-gel reaction, and miscellaneous are
only a few of the microencapsulation techniques covered by Zhu et al. (2015) Other
microcapsule fabrication techniques include the interfacial self-healing process (Yang et al.,
2011). Complex coacervation, as described by Xu and Yao (2014), along with extrusion
spherization and hollow tube extrusion techniques (Hilloulin et al.,, 2015), have also been
employed for microcapsule fabrication. Additionally, Lv et al. (2016) demonstrated that the
agitation rate during synthesis plays a critical role in controlling the average diameter and size
distribution of the resulting microcapsules. The self-healing agent determines the self-healing
mechanisms of microcapsules. Polymerization triggered by the catalyst, which ties the fracture
sides together, is one of methyl methacrylate monomer's self-healing mechanisms (Yang et al.,
2011). Ring opening metathesis polymerization is used to repair cracks in dicyclopentadiene
(Gilford et al., 2014). When epoxy resin is released from microcapsules, it reacts with the matrix
material's pre-mixed thinner and hardener to generate healing products, which are
subsequently used to repair cracks. When sodium silicate is utilized as a healing agent, it reacts
with the calcium hydroxide in cement, resulting in C-S-H gels that can be used to fill fractures
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(Hilloulin et al., 2016). As a result, larger microcapsules embedded in concrete have a higher
negative impact on the mechanical properties of the concrete than smaller microcapsules. The
larger microcapsules create greater voids. An experimental investigation was conducted using
varying quantities of microcapsules, as illustrated in the redrawn Figure 14, adapted from Dong
etal., (2017). When comparing the compressive strength of the same number of microcapsules
of varied sizes, it was discovered that the bigger microcapsules had a greater loss in
compressive strength than the smaller microcapsules. Soens, et al.,, (2014) investigated
melamine-based microcapsules with a diameter of 2 to 5 um and varying percentages of
microcapsules (from 1% to 5%), and discovered that as the quantity of microcapsules
increased, the compressive strength decreased drastically. On the other hand, Pelletier et al.
(2011) embedded polyurethane microcapsules (2 percent by volume, with microcapsule sizes
ranging from 40 to 800 um) into concrete and found no reduction in the concrete's compressive
strength. The number of microcapsules is a significant aspect when it comes to the impact on
the concrete's mechanical properties. Several parameters influence self-healing efficiency,
including microcapsule size (Kosarli et al., 2019), microcapsule content (Dong et al., 2017),
crack width (Dong et al.,, 2017), preload level (Li et al.,, 2013), healing age, and curing
temperature. According to Dong et al., (2017) self-healing effectiveness increased as the
microcapsule content (2 percent, 4 percent, 6 percent, 8 percent) and size (132 um, 180 um,
230 um) increased. Nonetheless, these "next-generation" microencapsulation suites can make
microcapsule-based self-healing cementitious systems more widely adopted in practise. The
first large-scale application of microcapsules in reinforced concrete panels has already taken
the initial steps toward that target (Davies et al., 2018). A retaining wall panel was built using 8%
cement microcapsules by volume and was subjected to damage. Crack healing was then
tracked over a six-month period using a variety of in-situ and laboratory measurements. The
field trials proved that scaling the capsules was feasible and that full-scale healing
performance could be achieved over a lengthy period (Davies et al., 2018).

The effectiveness of the microcapsule approach for self-healing has been intensively
investigated, and it is primarily dependent on the healing agent inside. The principles to
obtaining self-healing capabilities using capsule technology are how to keep capsules alive
during the mixing process, how to release the healing chemical, and how to trigger the healing
mechanism. Phanyawong et al. (2017) created gelatine/acacia gum microcapsules that can
change their mechanical behaviour from a rubbery soft state to a glassy stiff state when wet and
dried conditions. This change in properties allows microcapsules to survive the wet cement
mixing process and rupture properly when cracks appear in the dry composite, releasing the
encapsulated sodium silicate solution. The microcapsules are also resilient at high
temperatures of up to 190 degrees Celsius or in strong alkaline solutions that mimic the pH of
concrete. The releasing behaviour of microcapsules in a simulated concrete pore solution was
investigated by Dong et al. (2015). The findings of the experiments show that the release of the
corrosion inhibitor covered in polystyrene resin rose over time and decreased as the pH value
decreased, and that the wall thickness of the microcapsules successfully controlled the
release. More research is heeded to optimise the use of microcapsules, particularly in terms of
microcapsule size and microcapsule volume incorporated into the concrete. This research
should try to improve self-healing concrete's ability to retain and release an appropriate amount
of chemical when it cracks, as well as to reduce the effects of these microcapsules on the
mechanical properties of concrete, particularly compressive strength.
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Figure 14: Mortar compressive strength with varying microcapsule contents
reproduced from ( Dong et al., 2017).

2.5.2.1.4.2 Macrocapsules

Dry offered polypropylene and glass fibres with mono- or multicomponent methyl
methacrylate cores for concrete crack healing in one of the early types of research utilising
macro-encapsulation. Macrocapsules are larger than microcapsules (>1 mm) and can hold a
greater number of therapeutic ingredients. Macrocapsules, such as borosilicate glass or
ceramic capsules cut from a long tube, are commercially available, or the capsules can be
made using an extruder and an extrusion technique (Anglani et al., 2020). Glass capsules may
reduce concrete durability by causing an undesired alkali-silica reaction (ASR) (de Belie et al.,
2018a), whereas polymeric capsules may cause premature curing of an entrapped ingredient
such as PU (Gruyaert et al., 2016a). Ceramic capsules (van Tittelboom et al., 2015a) and
cementitious capsules Anglani et al., (2020) have been successfully demonstrated to eliminate
these limitations. Spherical macro-capsules, hollow tubes (glass tubes, ceramic tubes,
polymeric tubes, etc.) and porous carriers such as LWA are the most often used macro-capsule
containers (Zhang et al.,, 2020). Other factors, such as capsule parameters (diameter,
thickness, and length), play a significant role in the self-healing scenario since the capsule
must be able to break when a crack propagates (Hermawan et al., 2021). Macro-capsules are
typically a few millimetres in diameter. Unhydrated minerals on the crack surface and those
released from capsules will participate in the rehydration reaction to achieve self-healing when
expansive powder minerals such as Ca0, MgO, and bentonite are used as healing agents (Zhang
et al., 2020). The crack will be bridged by hydration products such as Ca (OH)2, Mg (OH)2, C-S-
H, and alumino-silicate hydrates. The carbonization of reactive hydrating products will then help
to heal the cracks (Qureshi et al., 2016). The important challenge is to activate capsules' healing
abilities to achieve concrete self-healing. A mechanical trigger, such as the puncture of cracks,
release the self-healing agent from capsules.

When an embedded EVA pipe (3.4 mm outer diameter and 2.0 mm inner diameter) is fractured,
it selectively melts due to an increase in its resistance and releases the healing agent (epoxy
resin) in the crack, then fractures with a width of up to 2.5 mm are healed according to
(Nishiwaki et al., 2006) Though, due to lower processing temperatures and the ability to

48



integrate extrusion, filling, and sealing processes, polymeric capsules may well be easier to
produce. The sizes of cylindrical capsules range from 0.8 to 5 mm to ensure that the capillary
attractive force of the crack and the gravitational force on the fluid mass are enough to
overcome the cylindrical capsules' capillary resistive force and the negative pressure forces
caused by the sealed ends (Gruyaert et al., 2016b). A study by Xiong et al. (2015) created a novel
capsule based self-healing system by using chloride ions as a trigger. Theses capsules are
made of a silver alginate hydrogel and disintegrate when exposed to chloride ions, releasing the
active core materials. Van Tittelboom et al. (2011) demonstrated the recovery of strength and
stiffness of specimens after numerous loading cycles by embedding two couples of tubular
capsules into cement mortar, each containing a healing agent and a combination of accelerator
and water. During the first loading cycle, more than half of the original strength and stiffness
recovery was attained. Diep and Thao, (2011) found that in the first and second healing cycles,
the reinforced beam embedded with glass tubes containing isocyanate prepolymer recovered
88 percent and 85 percent of normalised stiffness, respectively. Stiffness is restored to up to
70% and 99 percent for columns and slabs, respectively. Sun et al., (2011) suggested that a self-
healing system may be created by inserting hollow glass fibres holding a healing agent into
concrete. according to simulation results, when the crack width was kept below 0.3 mm, the
strength recovery rate reached 50%. Van Tittelboom et al. (2012) investigated concrete beams
with ceramic tubes embedded in them, each of which was protected by mortar bars and held
either a polyurethane prepolymer or a mixture of accelerator and water. Strength and stiffness
restored to more than 80% of their former levels because of autonomous self-healing.
Furthermore, the self-healing cracks with polyurethane regained the same strength and
stiffness as cracks manually repaired with high strength epoxy resin. Cracks were sealed and
chloride infiltration was prevented by adding glass tubes-encapsulated polyurethane to cement
mortar. Although the proportion was slightly lower than manual crack healing, this autonomous
healing procedure was able to close crack widths of 100 um and 300 um for chloride
penetration in 67 percent and 33 percent of cases, respectively (Maes et al., 2014). Guadagno et
al. (2019) created concentric glass macrocapsules containing expanding minerals (outer
capsule) and water (inner capsule) that could close enormous fractures in cement mortar
(approximately 400 um). Nevertheless, the aspect ratio of capsules and the viscosity of
encapsulated healing agents both influence the release of healing agents. Short tubes are
superior to long tubes for achieving self-healing, owing to the high attractive forces inside long
tubes (van Tittelbooom et al., 2015b). The low viscosity of the precursor is essential for
successful crack sealing. The healing agent, a polymer precursor with super low viscosity, has a
global strain capacity of 50 to 100 percent, beyond which the sealing action is disturbed. When
the polymer debones from the crack walls as the crack opens, the failure mode occurs. The
rupture of closed foam cells is the failure mode for foaming precursors (Feiteira et al., 2016).

2.5.2.1.5 Encapsulation Techniques for Chemical Agents

A diverse range of encapsulated materials, including lightweight aggregates, ceramic tubes,
glass tubes, and polymers, has been utilized in the development of self-healing concrete, with
polymeric microcapsules being particularly prevalent in this context (Souradeep and Kua,
2016b). In self-healing systems employing microencapsulation, these microcapsules are
integrated within the concrete matrix. Upon the occurrence of cracks, the microcapsules
rupture, thereby releasing the stored healing agents into the fissures. The movement of the
healing agents along the cracks is significantly influenced by capillary action (Wu, Johannesson,
et al., 2012). The advantages of using microcapsules include their ease of application and
uniform dispersion within the concrete, which allows them to effectively respond to fractures at
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various locations within the material. However, the interfacial bond between the concrete
matrix and the microcapsules is critical for the successful operation of the self-healing
mechanism, as it must not adversely affect the desired properties of the concrete. To facilitate
effective rupture of the microcapsules upon crack initiation, it is essential that the strength of
the microcapsule wall is lower than the bond strength (Wu, Johannesson, et al., 2012). Lv et al.
(2016) conducted a successful innovative study at Shenzhen University, utilizing organic
microcapsules in concrete, which yielded promising results. However, the integration of
microcapsules in the development of self-healing concrete encounters three significant
challenges, compounded by issues of reduced compatibility with concrete resulting from weak
bonding between the cement matrix and microcapsules, as well as a limited self-healing effect.
The first challenge involves ensuring that the healing agent efficiently solidifies upon reaching
the designated location. The second challenge pertains to the need for the healing agent
contained within the microcapsule to exhibit low viscosity and good fluidity to facilitate effective
release. The third challenge addresses the fundamental performance requirements of the
microcapsules within the concrete: they must possess sufficient strength to withstand
mechanical forces during concrete production while simultaneously being weak enough to
rupture in response to cracking, thereby releasing the healing agent (Lv et al., 2016). In the
context of autogenous healing of concrete, microcapsules serve as crucial components. A
study by Dong et al. (2015) those larger microcapsules produced superior results compared to
smaller ones in concrete specimens. This improvement can be attributed to the increased
likelihood of microcapsule rupture associated with larger particle size and higher
concentration. However, it is essential to consider that an increase in particle size and
concentration may adversely affect the mechanical properties of concrete. Additionally, the age
of the healing process plays a significant role in the efficacy of the healing mechanism, and
factors such as curing temperature must also be considered.

2.5.2.1.6 The influence of microcapsules size and geometry of microcapsules on concrete
properties and bio-concrete techniques

The incorporation of healing agent microcapsules and capsules exerts a detrimental effect on
the mechanical properties of concrete. This adverse impact arises from the introduction of
various chemical materials and polymers that tend to form weak bonds within the concrete
matrix. Furthermore, upon the release of the healing agent capsules, cylindrical or spherical
voids are left within the structure, which can compromise the tensile and compressive strength
of the concrete (Van Tittelboom and De Belie, 2013). Spherical capsules are typically more
advantageous than cylindrical capsules concerning their influence on the mechanical
properties of concrete. The spherical shape reduces stress concentration throughout the voids
left by the released capsules, thereby minimizing potential weaknesses in the concrete matrix
(Van Tittelboom and De Belie, 2013). Consequently, larger microcapsules embedded in
concrete tend to have a more pronounced negative effect on mechanical properties compared
to smaller microcapsules, as the former create larger voids. An experimental study conducted
by (Dong et al., no date) examined the effects of varying sizes and amounts of microcapsules.
The findings indicated that, for the same quantity of microcapsules, larger microcapsules
resulted in a greater reduction in compressive strength compared to their smaller counterparts.
Similarly, (Wang, et al., 2014) utilized melamine-based microcapsules with diameters ranging
from 2 to 5 um at different concentrations (from 1% to 5%) and observed a significant decline in
compressive strength correlating with the increased number of microcapsules. Conversely,
Pelletier et al. embedded polyurethane microcapsules (2% by volume, with sizes ranging from
40 pm to 800 um) into concrete and reported no loss in compressive strength (Pelletier et al.,
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2010; Maes et al., 2014). Therefore, the quantity of microcapsules is a critical factor influencing
the mechanical properties of concrete.

2.5.2.1.7 Release efficiency of the healing agent from microcapsules.

The deployment and release of microcapsules within the concrete matrix are anticipated to
occur upon fracturing of the microcapsules. Regarding capsule shape, spherical capsules are
more effective in enhancing and controlling the release of healing agents compared to
cylindrical capsules (Tittelboom et al., 2013; Souradeep and Kua, 2016b). The superiority of
spherical capsules can be attributed to their uniform shape, which mitigates the suction effects
encountered at the closed ends of cylindrical capsules, thereby facilitating a more efficient
release of healing agents. However, the enhanced release of healing agents from spherical
capsules can pose challenges if not properly regulated, as it may lead to the rapid depletion of
the healing agent. For instance, Dong et al. (2013) utilized epoxy as a healing agent within
spherical capsules and observed that it only effectively healed a limited humber of cracks due
to the swift exhaustion of the material. The viscosity of encapsulated healing agents is another
critical factor influencing the control of their release and deployment upon crack formation in
concrete. Viscosity is a fundamental parameter in selecting appropriate healing agents, as it
directly impacts the mobility of the healing agents (Wu, Johannesson and Geiker, 2012d).
Healing agents with high viscosity may not be fully released to the crack sites from the
capsules, while those with excessively low viscosity may leak out through the cracks that
require repair (Souradeep and Kua, 2016b). Furthermore, Tittelboom et al. (2013) noted that if
the viscosity of healing agents is excessively low, the agents may become lost due to absorption
by the surrounding concrete matrix or leakage through cracks. Dry (1994a) recommended that
the viscosity of suitable healing agents should fall within the range of 100 to 500 centipoise
(cps). Cyanoacrylate adhesive has been employed as a healing agent for repairing cracks in
cementitious materials, despite its extremely low viscosity. This adhesive has demonstrated
significant potential for healing techniques that leverage capillary action due to its extremely
low viscosity, typically around five centipoises (Joseph et al., 2010). Various healing agents,
including cyanoacrylate and epoxy resins, have been tested and evaluated based on their
curing periods, viscosities, and mechanical bonding capabilities within concrete.
Cyanoacrylates (superglues) are particularly favoured as healing agents due to their lower
viscosity compared to epoxy resins, enabling them to effectively infiltrate and repair finer cracks
(Joseph et al., 2010). Additionally, Joseph et al. (2010) conducted simulations and modelling of
capillary flow of water in prismatic cementitious specimens, further contributing to the
understanding of these healing mechanisms.
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2.5.2.2 Vascular based self-healing technic

Self-healing technologies have been shown to be effective for polymer, composite, and metallic
materials, with healing mechanisms classified as intrinsic, (micro)capsule-based, and vascular
systems as shown in figure 15 adopted from (Blaiszik et al., 2010). In concrete, the vascular
healing concept uses a biomimetic approach to self-healing. The human cardiovascular
system, which distributes blood throughout the body, and the plant vascular tissue system,
which transports food, water, and nutrients via xylem and phloem networks, are both examples
of vascular network systems. Concrete vascular networks can provide liquid healing chemicals
to damaged areas in a comparable manner. There is no theoretical limit to the amount of
damaged material that can be repaired when this healing substance is supplied from an
external source (De Belie et al.,, 2018b). One-channel (1D), two-channels (2D), and three-
channels (3D) vascular networks exist in concrete. However, the healing agent can be injected
into 1D channels from either one or both ends of the concrete surface. (Jacobsen’ et al., 1995b)
presented the vascular approach to heal concrete cracks for the first time in 1994. They
discovered no loss of strength but an increase in permeability and flexural toughness when
hollow glass fibres carrying liquid methyl methacrylate were placed within concrete.
Furthermore, a vascular system in their experiment, as the healing agent can be externally
pressurised, and the supply of the agent can be properly controlled. The system is illustrated in
Figure 16, derived from (Selvarajoo et al., 2020).

Figure 15: Vascular is examples of self-healing techniques derived from (Blaiszik et al., 2010)

52



Supply tube
SN

Clamp

/ Healing agent released

upon cracking
Figure 16: The generic vascular healing system adopted from (Selvarajoo et al., 2020).

A study by Joseph et al. (2015) created a vascular network of 1D channels in reinforced mortar
beams and used cyanoacrylate-filled glass tubes. However, during the first and second loading
cycles, the response of primary and secondary healing occurred. In addition, a larger stiffens of
initial healing response was observed when the reinforcing percentage was increased and
loading rate was reduced. All methods for creating vascular channels either by casting
breakable tubes into cementitious matrix or by embedding the tubular into cementitious matrix
(Joseph et al., 2015) or flexible polymer tubes (Minnebo et al., 2017), or embedding 3D printed
vascular (Pareek et al., 2014). Capillary forces play a significant role for delivering the healing
agent into cracks. Most of methods that of delivery system depends on capillary forces.
However, other researchers have expended vascular network to increase healing agent flow and
delivery (Minnebo et al., 2017). Research by Pareek et al. (2017) for example, used canal
networks to create vascular systems in concrete buildings. Steel bars with a flat surface are pre-
embedded into the concrete matrix during the casting process to obtain this. The embedded
steel bars are pulled out once the concrete has hardened for one day. As a result, inside the
concrete matrix, a canal is formed. When these canals are linked together, they form a network.
Senot et al. (2012) are also looking at the possibility of installing a vascular system in concrete
constructions. The pores inside the porous concrete have a high degree of connectedness, with
pore sizes in the millimetre range. The canal networks presented are like those proposed by
Pareek et al. This technology may distribute liquid healing agents to cracks when any
component of the porous concrete network is crossed by cracks (Pareek et al., 2017). Several
different vascular network components have been prototyped utilising 3D printing. The printed
polylactide material may be used to create tubular channels, although the lengths are usually
limited by the size of the 3D printer. Minnebo et al. (2017) constructed a 3D vascular network
distribution component that allowed one intake to be linked to several channels implanted in
the concrete. Davies et al. (2018) developed a 3D joint that allowed a crossing matrix of tubes to
be removed, leaving a 2D linked vascular network. Figure 17 shows an example of a 2D vascular

53



network implanted within a 600 mm square slab with a healing agent applied and the figure
reconstructed from (Senot et al., 2012). Novel way by Li et al. (2019) for creating complicated 3D
interior hollow tunnels using polyvinyl alcohol 3D printing (PVA). Using computed tomography
(CT) and X-ray diffraction, the behaviour of 3D printed PVA structures in cement pastes was
examined (XRD) as showing in figure 18 that reproduced and modified from (Li et al., 2019) . The
feasibility of incorporating a vascular network into concrete has been proved several times (Dry,
1994b) The vascular network concept's adaptability might make it the best answer for
conquering the most severe issues of preventing water infiltration and cracking in concrete.
However, developing massive concrete structures with vascular network systems that may
commence healing without human involvement remains a problem. More study on healing
agents, their storage, delivery systems, and ways for remotely stimulating vascular networks is
required before this can be performed (Gardner et al., 2018).
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Figure 17: The creation of vascular systems, "porous concrete. (b) In a 600 mm square
concrete slab, a 2D vascular network releases sodium silicate reconstructed from
(Senotetal., 2012)
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Figure 18: 3D printed PVA model with two twisted channels adopted from (Li et al.,
2019)
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2.5.2.2.1 Shape memory alloys based self-healing

Shape memory alloys (SMAs) are a class of active materials that possess the remarkable
ability to return to their original shape upon heating, even after being subjected to significant
stress (Janke et al., 2005). These materials exhibit two distinct transformation phases:
martensite (M), which forms at lower temperatures, and austenite (A), which forms at higher
temperatures. The shape change in SMAs is driven by shear lattice distortions as the
temperature varies, a phenomenon known as martensitic transformation (Janke et al., 2005).
When a SMA is deformed (loaded) while in the twinned martensitic phase, which is an
orientation generated by a combination of self-accommodated martensitic variations, at a
temperature below the austenitic start point, SME occurs (As). When the alloy temperature rises
over the austenitic finish temperature (Af), the SMA will revert to the parent austenitic phase
and restore its original shape. Figure 19 inspired from Janke et al. (2005) helps to understand
and visualise these transition processes. However, both experimental and simulation-based
studies indicate that the incorporation of shape memory alloy (SMA) technology significantly
enhances fracture healing in concrete structures. Upon heating, the pre-installed SMA wires are
capable of rapidly closing and filling fractures after the removal of external loading,
demonstrating their potential to mitigate emergency damage in concrete (Kuang and Ou, 2008).
This healing ability stems from the super elastic properties of SMAs, which allow them to return
to their original shape even after substantial deformation. When applied to concrete, this
characteristic offers a novel solution for self-repair in structural applications. In the proposed
self-repairing system, SMA wires and brittle fibres embedded with adhesives are introduced into
the concrete during its fabrication. This system leverages both the super elasticity of SMAs and
the adhesive's ability to bond and repair cracks, creating an intelligent, self-healing material. As
shown in Figure 20 adopted from (Kuang and Ou, 2008), the brittle fibres are connected to a
vessel via rubber tubing, which stores the mending adhesive. When cracks develop, the fibres
facilitate the delivery of the adhesive to the damaged regions, ensuring a consistent supply of
material for efficient crack repair. Additionally, the adhesive can be replenished or recovered
through the connected vessel system, allowing for repeated healing cycles without manual
intervention. This approach to embedding SMAs and adhesive-carrying fibres into concrete
highlights the potential for developing advanced, smart materials that autonomously maintain
structural integrity. By combining the mechanical advantages of SMAs with the self-repairing
functionality of adhesive fibres, this technology offers significant advancements in prolonging
the lifespan of concrete structures, particularly in environments subject to frequent or severe
mechanical stress.
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Figure 19: Stress-strain-temperature SME for a nickel-titanium shape memory alloy
with uniaxial loading adopted from (Janke et al., 2005)
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Figure 20: Self-repairing concrete with embedded SMA wires and adhesive-coated fibres adopted
from (Kuang and Ou, 2008).

By implanting a shape memory polymer into a prismatic mortar specimen, Jefferson et al. took
use of the SME characteristic and generated an axial shrinkage force of up to 34 MPa by
thermally activating the polymers. Furthermore, heating the mortar using curing cycles ranging
from four to eight days enhanced its overall strength by 25% The proposed design is illustrated
in Figure 21, redrawn from Jefferson et al. (2010). After unloading the specimens, Kuang and Ou,
(2008) observed that the concrete beams containing SMAs had a self-restoration potential,
resulting in a nearly completed crack closure. Furthermore, the combined action of SMA and
adhesive-containing fibres resulted in a significant improvement in crack healing. When these
specimens were reloaded, new crack sectors appeared, but previously cracked sections
remained closed (Kuang and Ou, 2008). SMA's pull-out resistance improves as its form changes
before and after heat treatment. And certain parameters affecting pull-out resistance and crack
closure have been investigated, such as shape, type, and size of SMA and showed a brief heat
treatment reduced the length but increased the diameter of cold-drawn SMA fibre.
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Figure 21: SMA cementitious composite adopted from (Jefferson et al., 2010)
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2.6 Factors impact the chemical environment of concrete

Concrete’s high pH and electrical conductivity make it a tough environment for bacteria to
survive, which in turn limits its ability to self-heal and maintain long-term durability. While
bacteria can generate calcium carbonate—a key component in self-healing—this process
works best at a pH of 9 to 10 (Stocks-Fischer et al., 1999b). However, because concrete’s
surface pH varies, bacterial activity can be less effective, reducing its healing potential. This
research explores how bacteria interact with cement-based materials and what influences the
formation of calcium carbonate. It also considers factors like supplementary cementitious
materials, carbonation, and fluid movement, which can change concrete’s chemical
environment. By finding ways to support bacterial activity in these conditions, this study aims to
improve self-healing concrete technologies.

2.6.1 The impact of supplementary on chemical environment of concrete

As the need for concrete-based infrastructure continues to increase globally, the sustainability
of Portland cement (PC) starts moving towards the spotlight. Most of the environmental
problems connected to the production of PC are due to its high energy demand, which
obviously also increases the CO2 emissions released during its manufacturing processes.
Alternative binders to PC have been produced using a variety of waste and industrial by-product
materials as substitutes to PC and, in this way, they reduce (to some extent) its carbon
footprint. Collectively, these are the so-called supplementary cementitious materials (SCMs):
these include pulverised fuel ash (PFA) and the ground granulated blast-furnace slag (GGBS),
which are among the most widely used (Lothenbach et al., 2011). In a study by Cheng et al.,
(2005a) that reviewed and evaluated the effect of GGBS replacement on the corrosion rate and
flexural rigidity of reinforced concrete beams, it has been found that the replacement of cement
with GGBS certainly inhibited corrosion to a certain extent and reduced the permeability. The
addition of slag and continued loading had a certain effect on both the corrosion rate of the
beams and the flexural rigidity. Moreover, SCMs can affect the pH levels because during the
pozzolanic reaction, SCMs consume Ca (OH),, thereby reducing alkaline content. This causes
the formation of calcium silicate, which absorbs alkali ions. This allows the alkaline content in
concrete to decrease more and becomes another source for the formation of C-S-H gel (Fraay
et al., 1989). Besides, SCMs such as notably the slag has a positive influence as they diminish
the high alkalinity of cement concrete, they fill the micro pores and hardening the matrix, which
reduces concrete porosity and permeability. Although SCMs can lower the pH of cement-based
materials (CBM), which is needed for the hydration process protecting the passivating layer of
the reinforcement from corrosion (Papadakis et al., 2002), a pH decrease from its initial impact
usually has a destructive effect on concrete. Thus, according to Cao et al. (1997) an increase in
carbonation can decrease the consistence of paste mainly due to a decrease in the pH of the
pore liquids, which makes the hydration products unstable. This stability, especially in the early
hydration stages, could be expressed in aggressive nucleation of large ettringite crystals with
weak bonding to the hydrated cement matrix, which weakens the concrete and damages it even
at early ages and problematizes the concrete long-term durability. A further decrease in pH
exacerbates this destructive impact usually leading to porous concrete with lower strength -
certainly, not a desirable attribute for concrete engineers and designers. On the other hand,
regulations that stipulate the replacement of cement by SCMs could help bio concrete
technology as a pH reduction due to SCM substitution from cement creates a ‘bacteria friendly
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environment’ for the colonisation process that is critical for the bio concrete functionality.
Williams et al. (2017) determined that an extreme pH of 13.6 resulted in the greatest decline in
viable cell concentration and the initial rate of ammonia production via urea hydrolysis.

2.6.2 The impact of carbonation

Carbonation is a chemical reaction that occurs between portlandite, which is present in
hydrated cement, and carbon dioxide (CO,). Carbon dioxide is found in the atmosphere at
approximately 0.03% by volume of air. When CO, penetrates hardened concrete, it reacts with
portlandite in the presence of moisture, forming calcium carbonate (CaCO,). The rate of
carbonation is primarily influenced by factors such as relative humidity, CO, concentration,
penetration pressure, and the temperature of the environment in which the concrete is situated
(Atis, 2003). Additionally, steel reinforcement corrosion is a significant factor in the degradation
of concrete (Basheer et al., 1996). It is well established that steel reinforcement within concrete
typically remains in a passive state, protected against corrosion by a thin iron oxide layer, which
is maintained by the highly alkaline environment of the concrete's pore solution. Although
carbonation does not directly cause concrete deterioration, it alters the pH of the pore solution
(Mcpolin et al., 2007). When the carbonation-induced acidification of the pore solution disrupts
the passive layer on the steel reinforcement, corrosion of the steel is initiated. A study by (Pu et
al., 2012) found that the pH values of the pore solution predominantly decreased within the first
15 days of carbonation, with a nearly linear correlation between the pore solution pH and the
carbonation period during this timeframe. The concentrations of Na*™ and K* in the pore solution
dropped significantly within the first 3 days of carbonation, with minimal changes in the
subsequent periods. Furthermore, the pH of the carbonated concrete’s pore solution could be
inferred from the suspension pH. However, a reduction in pH within the concrete's chemical
environment and around its surface could create a conducive environment for bacterial activity.
Despite this, the presence of carbon dioxide in the concrete will react with calcium hydroxide,
which provides the essential calcium ions for the self-healing process. According to a study by
Su et al., (2024), the effectiveness of bacterial self-healing concrete is heavily reliant on the
availability of Ca®* ions.

2.6.3 The impact of flowing water

A substantial amount of concrete is utilized in the construction of structures located in marine
environments, such as bridge supports and piers. Construction in these settings can raise
environmental concerns, particularly due to the potential release of ions such as aluminium,
calcium, chromium, magnesium, sodium, potassium, and zinc (composites and 2009, no date).
Additionally, the pH value of concrete exposed to flowing water systems tends to decrease over
time, as the continuous renewal of water leads to the removal of hydroxyl ions from the system
(Law and Evans, no date b). Furthermore, this process can lead to a more acidic environment,
which may affect the durability of the concrete. Furthermore, the leaching of essential ions like
calcium and sodium from the concrete can compromise its structural integrity over time,
highlighting the importance of considering water flow in the design of such structures (Law and
Evans, no date b). In underground environments, distinct types of water flow—such as
groundwater flow, seepage, and pore water flow—can significantly affect concrete structures.
These water flows can lower the pH levels, which increases the risk of corrosion and
compromises the structural integrity of underground concrete structures (Zhang et al., 2022).
However, a flowing water system can also create favourable conditions for bacteria to thrive, as
it alters the chemical environment on and around the concrete surface by lowering the pH,
which can initially be as high as 13.50 in fresh concrete, a level intolerable to most soil bacteria.
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Additionally, a flowing water system offers several benefits for bacterial self-healing concrete,
such as supplying nutrients and oxygen, removing waste, activating, and maintaining bacterial
activity, and enhancing the diffusion of ions, including carbonate ions produced by bacteria.
This process promotes the formation of calcium carbonate crystals, which help fill cracks and
restore the concrete's integrity.

2.7 Conclusion

This review explores a wide range of self-healing mechanisms in concrete, focusing on the
causes of cracks and methods to repair them. It examines autogenous self-healing, crystalline
self-healing, and the use of fibres and nanofibers to enhance crack repair. Autonomous self-
healing approaches, such as bacteria-based self-healing, encapsulation techniques, and
vascular networks, are also discussed for their potential in automatic crack repair. Additionally,
the review looks at factors like cement type, flow systems, and the carbonation process, which
play key roles in shaping the chemical environment that influences self-healing. Autogenous
self-healing is driven by the natural hydration of unreacted cement particles, which helps
partially close cracks. Crystalline self-healing, on the other hand, involves the growth of
crystalline structures in the presence of water, effectively sealing cracks. Fibres and nanofibers
are highlighted for their ability to bridge cracks, prevent them from growing further, and enhance
the self-healing process. Bacteria-based self-healing is a particularly promising approach in
autonomous systems. This method embeds bacteria in the concrete, which become active
when moisture enters cracks, producing calcium carbonate (CaCO;) to seal them.
Encapsulation techniques store healing agents in microcapsules embedded in the concrete,
releasing them upon crack formation to repair the damage. Vascular networks, which consist of
pre-installed channels, provide a more advanced system for delivering healing agents to
damaged areas. While current research demonstrates the potential of these methods, there are
gaps in understanding how they work in real-world conditions, especially in underground
structures. These environments bring unique challenges, such as limited access for
maintenance and exposure to harsh chemicals and moisture. Existing studies primarily focus
on introducing external bacteria into the concrete, often overlooking the potential of naturally
occurring bacteria in the soil to support self-healing. A key gap in current research is the lack of
focus on how native soil bacteria can enhance the self-healing process in concrete. Most
studies have concentrated on introducing external bacteria into the concrete matrix,
overlooking the potential of naturally occurring soil bacteria to naturally repair cracks.
Additionally, the impact of the chemical environment—shaped by factors like the type of
cement used—on the effectiveness of these mechanisms has not been fully explored. Flow
systems, which help transport healing agents to cracks, and the carbonation process, where
carbon dioxide reacts with the concrete matrix to alter its surface chemistry, are also areas that
warrant further investigation. This study seeks to bridge this gap by examining how native soil
bacteria can thrive under optimized conditions, such as an accelerated carbonation process
and a flowing water system, to promote calcium carbonate production and improve crack
repair. By leveraging naturally occurring soil bacteria, this research offers a more sustainable
and cost-effective way to enhance self-healing in concrete. It fills a crucial gap in previous
studies and aims to develop innovative, long-lasting materials specifically suited to the
challenges of underground construction.
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3 Chapter 3: Methodology and Materials
3.1 Methodology

This chapter provides a detailed explanation of the methods used to achieve the study’s goals,
highlighting how each step connects to the broader research objectives. The methodology is
thoughtfully divided into three interconnected phases, each designed to address specific
questions. The figure 22 shows the research methodology.

The first phase of this study explored the chemical environment inside concrete—both within
the material and at its surface—and how it influenced bacterial activity. This was a key factor in
microbial-induced calcium carbonate precipitation (MICP), which plays a vital role in self-
healing concrete. To gain a better understanding, key chemical properties such as pH, electrical
conductivity (EC), and calcium ion concentration were carefully measured in both the concrete
and its surrounding environment. A major part of the research focused on how different
factors—such as supplementary cementitious materials, flowing water, and accelerated
carbonation—affected these chemical conditions over time. The aim was to determine whether
these changes created a more (or less) favourable environment for bacterial growth and activity.
Understanding these shifts was crucial for optimizing conditions that support MICP and
improving concrete’s ability to repair itself. To further investigate the conditions needed for
bacteria to successfully induce calcium carbonate precipitation, an experiment was conducted
to test bacterial activity across different pH levels. Bacterial cultures were exposed to pH values
ranging from 7 to 12 to examine how alkalinity impacted their survival and function. Since
concrete is naturally highly alkaline, this experiment helped identify the optimal pH range for
bacteria to thrive and contribute effectively to self-healing. Additionally, another experiment
was set up to simulate calcium carbonate precipitation under controlled conditions. A
supersaturated calcium ion solution was prepared, and carbon dioxide was introduced to
trigger calcium carbonate formation. This process mimicked natural mineralization in MICP,
allowing for a detailed analysis of how calcium carbonate formed. By studying the rate of
precipitation, crystal structure, and deposition patterns, the research provided a comparative
view of microbial and non-microbial calcium carbonate formation, reinforcing the potential of
bacteria in enhancing concrete’s self-healing properties. The second phase of this study looked
at how different nutrient carriers could boost the performance of self-healing concrete. Various
carriers, like macro and microcapsules, were tested to see how well they delivered nutrients
such as calcium lactate. The focus was on fine-tuning the size and composition of these
capsules to make sure they positively impacted both the concrete’s strength and its ability to
heal itself. Concrete samples were prepared with different amounts of these capsules to assess
their effect on compressive strength. By experimenting with various concentrations, the study
aimed to find a balance between maintaining the concrete’s structural integrity and enhancing
its self-healing capabilities. This phase directly contributed to developing a reliable system for
delivering nutrients that support bacterial activity, all while keeping the concrete strong and
durable. The final phase of this study explored how self-healing concrete performed under
different conditions. To simulate real damage, cracks were introduced into the concrete,
allowing researchers to assess its ability to repair itself. This phase looked at how various
factors influenced the healing process, including different percentages of supplementary
cementitious materials, a flowing water system, accelerated carbonation, and exposure to
different types of soil. To measure the effectiveness of the healing process, compressive
strength tests tracked changes in structural performance over time, while water absorption
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tests evaluated improvements in permeability. Light microscopy was used to observe how
cracks gradually closed. At a more detailed level, scanning electron microscopy (SEM) provided
insights into the microstructure of the healed concrete, and energy dispersive X-ray
spectroscopy (EDS) helped analyse the chemical composition of the healing products.
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3.2 Overview of the Investigation

This study was carried out in three key phases, each focusing on a crucial aspect of self-healing
concrete. Phase 1 explored the chemical and biological environment within concrete,
investigating how factors like pH, electrical conductivity (EC), and calcium ion concentration
influenced bacterial activity and calcium carbonate precipitation. Image processing techniques
were used to analyses chemical variations on concrete surfaces, helping to understand how
different conditions affected bacterial growth and the self-healing process. Phase 2 then shifted
the focus to nutrient carriers, specifically calcium carbonate and calcium alginate
microcapsules, looking at how they were produced, characterized, and integrated into the
concrete mix. The study examined different capsule sizes, types, and concentrations to assess
their impact on concrete properties such as compressive strength, aiming to find the best
balance between structural integrity and self-healing performance. Finally, Phase 3 evaluated
the effectiveness of the self-healing mechanism under varying concrete conditions, including
different cement types and other factors influencing the concrete environment. This phase also
examined damage mechanisms and calcium carbonate precipitation within cracked concrete.
A combination of quantitative methods, such as compressive strength tests, water absorption
measurements, and light microscopy, was employed to monitor crack closure, while qualitative
techniques, including scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS), were used to analyse the microstructure and chemical composition of the
healing products. By systematically progressing through these stages, the research generated
valuable insights into the mechanisms of microbial self-healing in concrete, contributing to the
advancement of more durable and sustainable construction materials.

3.3 First phase (Concrete environment)

3.3.1 Evaluation pH, EC, and calcium ions release

This study aims to investigate the chemical environment surrounding immersed mortar,
specifically assessing the implications for the survival of microorganisms on the concrete
surface. To achieve this, we will utilize a comparative approach involving a plain mortar cube
and additional cubes that incorporate fly ash. Previous research has indicated that a 10%
concentration of fly ash can lead to a reduction in the initial pH of concrete subjected to
standard curing conditions for both 3 and 28 days (Zeng et al.,, 2022). Furthermore, the
incorporation of fly ash may significantly diminish calcium ion leaching from the concrete
matrix (Lun et al., 2021).

Understanding these interactions is crucial, as the chemical environment at the concrete
surface can influence microbial viability and activity. This investigation seeks to elucidate the
effects of fly ash on pH, electrical conductivity (EC), and calcium ion release, along with how
these parameters evolve over time and under varying scales of observation. This study explored
the chemical environment surrounding immersed mortar, aiming to understand how it might
influence the survival of microorganisms on the concrete surface. To do this, a comparative
approach was taken, using both plain mortar cubes and cubes containing fly ash. Fly ash was
chosen for its ability to modify key chemical properties of concrete, particularly pH, electrical
conductivity (EC), and calcium ion leaching factors that play a role in microbial viability.
Research by Zeng et al. (2022) has shown that replacing 10% of the cement with fly ash can
lower the initial pH of concrete, creating a less extreme alkaline environment that may be more
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suitable for microbial activity. Additionally, fly ash helps retain calcium ions, which are essential
for microbial-induced calcium carbonate precipitation (MICP), while its slow pozzolanic
reaction allows for a gradual shift in chemical conditions, making it easier to track these
changes over time. Beyond these benefits, fly ash also improves concrete durability by refining
its pore structure and reducing permeability, while promoting sustainability by repurposing
industrial waste. Given its potential to optimize the concrete’s chemical environment,
understanding how fly ash interacts with these conditions was crucial. This study aimed to
explore how fly ash influenced pH, EC, and calcium ion release, as well as how these factors
changed over time and at different depths within the material.

To comprehensively assess these factors, two distinct treatment methodologies were
employed.

e Water Replacement Treatment: In this setup, the water in two designated containers
was regularly replaced with fresh tap water. This method was used to mimic real-world
conditions where leachates are constantly diluted, helping to understand how this
process affects the chemical composition of the surrounding environment over time.

o No Water Replacement Treatment: In contrast, the other two containers kept the same
water for the entire experiment. This approach was used to observe how the chemical
environment evolved in a stagnant system, where ion concentrations could gradually
build up over time due to leaching, without the influence of dilution.
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3.3.2 pH calibration study

The alkalinity of the pore solution in Portland cement is primarily attributed to the presence of
dissolved sodium and potassium oxides, resulting in a pH range of 13 to 14. However, due to the
heterogeneous and porous nature of concrete, pH levels at the concrete surface can exhibit
significant variability (Femenias et al., 2017). Previous studies have employed imaging
techniques to assess pH variations at concrete surfaces (Mlller et al., 2018) . Despite this,
many researchers have refrained from adopting these methodologies due to limitations,
including insufficient pH range specifications, reliance on proprietary solutions, and a lack of
focus on micro-scale variations at the surfaces. The elevated pH levels are known to influence
microbial activity in self-healing concrete systems (Amer Algaifi et al., 2020b). This study
examined the variability of pH on concrete surfaces to gain a better understanding of the
conditions necessary for microbial survival. A unique calibration method was employed,
involving the gradual addition of 0.5 ml of sodium hydroxide to carbonated water at specific
intervals, combined with image analysis using Imagel software. To measure pH levels, two
indicators were tested: phenolphthalein and a universal indicator.

Phenolphthalein, commonly used to determine carbonation depth in concrete, changes colour
depending on pH. On non-carbonated concrete surfaces, it shifted from dark purple to light
purple as the pH decreased. In this study, sodium hydroxide was gradually added to increase
the pH, and the resulting colour changes were recorded and analysed to match specific colours
to corresponding pH levels. The universal indicator provided an alternative for tracking pH
variations through its broad range of colour transitions. However, it presented challenges at
higher pH levels, as pH values of 10, 11, and 12 all produced similar dark purple hues, making
clear differentiation difficult. To enhance the accuracy of pH measurements, image processing
techniques were also employed to analyse pH in solutions. By examining the relationship
between RGB values and pH, building on findings from previous research by Beycioglu et al.
(2017) that indicated higher pH levels correlated with increased red values, this approach
offered a more detailed and precise method for evaluating pH changes. These insights
contributed to a deeper understanding of pH variability on concrete surfaces and its
implications for microbial activity.

3.3.3 Image processing techniques

This study focuses on finding effective ways to measure pH levels on concrete surfaces by
comparing two indicators—phenolphthalein and a universal indicator—to determine which
works best. After this comparison, images of the concrete surfaces will be taken with a
standard camera and analysed using Imagel software. This approach introduces a creative way
to monitor changes in pH and electrical conductivity (EC) on concrete surfaces. The main aim is
to identify and understand the range of pH levels on concrete surfaces, offering valuable
insights into the chemical conditions that impact microbial activity and self-healing processes.
The process involves a few clear steps: capturing images of the surface, analysing them with
Imagel), and using the average RGB values from the images to estimate the corresponding pH
levels. The workflow of the proposed image processing system is illustrated in Figure 23.
Initially, images of the liquid or solid surfaces are captured and imported into the Image)
software. The software processes these images, allowing for segmentation and quantification
of the RGB colour components. The mean RGB values are then extracted, enabling the
calculation of the percentage contributions of red, green, and blue components using the
following equations:

66



Red% = Rmean + Gmean + BmeanRmean X 100 (5)
Green% = Gmean + Rmean + BmeanGmean X 100 (6)

Blue% = Bmean + Rmean + GmeanBmean X 100 (7)

RGB represent the mean intensity values of the red, green, and blue colour channels,
respectively. Once the contributions of each colour channel are calculated, regression analysis
will be used to identify the relationship between the colour percentages and their
corresponding pH values. This approach aims to develop a predictive model that links the
observed colour changes to pH levels on concrete surfaces. By leveraging image processing
techniques through Imagel, the study offers a systematic and accurate method for determining
pH values on concrete. This connection between RGB values and pH levels will provide a
clearer understanding of the chemical environment at the concrete surface and offer insights
into how it influences microbial activity and self-healing processes. The proposed method
represents a step forward in pH detection, delivering a reliable and innovative tool for studying
materials in civil engineering and paving the way for more advanced research in this area.

Input image

Proessing Equation to detect
. . Esrtimated RGB red, green,and
image in Image) mean value blue precentages Compare
program values.

Actual database

Figure 23: Imagel technic
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3.3.4 Variability of the Chemical Environment in Concrete Surfaces

Understanding how pH and electrical conductivity (EC) change on concrete surfaces is crucial
for evaluating microbial growth and activity. In this study, phenolphthalein was used to indicate
alkalinity, turning pink or purple at pH levels above 8.2, while a universal indicator provided a
wider pH range with distinct colour changes, making it easier to visualize and measure surface
pH. To analyse the data, images of the treated concrete surfaces were processed using Image)
software to extract RGB colour values and link them to pH levels. Since pH affects ion
movement and conductivity, EC was also estimated based on ion concentration. The results
helped identify the ideal pH and EC conditions needed to support microbial activity, which
plays a key role in self-healing, nutrient cycling, and pollutant breakdown. By combining colour
indicators with image analysis, this study demonstrated a practical and accessible method for
assessing concrete’s chemical environment, paving the way for more durable and sustainable
concrete structures.

3.3.5 Measuring Surface Chemical Parameters of Concrete Under Various
Exposure Conditions

This study explored how different environmental factors affected pH levels at the surface of
concrete. Factors such as carbonation, groundwater flow, and cracks were examined to
understand how they influenced pH variations over time. Building on earlier findings, which
showed that higher pH levels were linked to increased calcium ion concentrations and
electrical conductivity, the research aimed to find the best way to track pH changes both at the
surface and at different depths within the concrete. The experiments followed a structured
approach, with adjustments made to factors like test duration and the shape of the concrete
samples, whether cubes or beams. By investigating how these environmental conditions
influenced pH distribution and related chemical reactions, the study provided valuable insights
into the chemical environment of concrete under different conditions.

3.3.5.1 Carbonation

In this experiment, half of the mortar cubes were placed in carbonated water after three days of
hydration to undergo carbonation, while the other half were submerged in tap water as a control
group. The experiment ran for three days, during which pH levels were measured at set intervals
(2, 6, 24, 48, and 72 hours) using a pH probe. Once the pH readings were recorded,
phenolphthalein or a universal indicator was applied to the cube surfaces to observe any colour
changes. These changes were then analysed using Image) software, focusing on the red colour
channel percentage to track pH variations caused by carbonation. After completing these initial
tests—measuring pH at both the surface and different depths—the results helped determine
which indicator, phenolphthalein or the universal indicator, was more effective for further
analysis.

68



3.3.5.2 Groundwater flow
In this part two studies were conducted which are:

e Study 1: Initial Experiments with Water Replacement

The first part of this research focused on understanding how different water flow conditions
impact the pH levels at the surface of concrete. This experiment explored the chemical
environment surrounding concrete and its implications for microbial activity. Factors like
cement type, matrix size, and the water-cement ratio were considered to assess how ions leach
from the concrete.

Three flow conditions were tested: no flow (control), slow flow, and fast flow. In the fast flow
setup, water was replaced every two days, while for slow flow, water was replenished every
seven days. In the no-flow condition, the water remained unchanged throughout the
experiment. pH measurements were taken using a probe at the concrete surface and in the
surrounding water. The water replacement rates were calculated based on the speed and
distance of water movement to ensure the experiment accurately reflected the effects of
different flow conditions. This phase provided valuable initial insights into how groundwater
movement affects the chemical environment of concrete and its potential influence on
microbial activity.

e Study 2: Experiments Using a Hydraulic Bench

Building on the initial experiments, a hydraulic bench was used to simulate more consistent and
controlled water flow conditions. This advanced setup allowed for a continuous flow of water,
providing precise control overflow rates and pressure to mimic real-world groundwater
movement more closely.

In this study, pH levels were measured at both the concrete surface and in the surrounding
water under steady flow conditions created by the hydraulic bench. This approach provided a
clearer understanding of how constant water flow influences the leaching of ions and the
chemical environment around the concrete. By comparing these results with those from the
initial water replacement experiments, the study offered deeper insights into the relationship
between water flow and microbial activity in concrete systems.

Together, these studies of this phase provide a more comprehensive understanding of how
groundwater flow affects the chemical properties of concrete. This knowledge is essential for
exploring strategies to enhance microbial activity in concrete, supporting innovations in self-
healing and sustainable construction technologies.

3.3.6 Investigating Bacterial Activity and Microbial-Induced Calcite
Precipitation (MICP) on Concrete Surfaces

This experiment aimed to explore the fundamental factors affecting bacterial growth and
activity under controlled conditions before moving on to more complex environments like
concrete and soil surfaces. The main goal was to understand how different environmental
conditions influenced the ability of the selected bacteria to precipitate calcium carbonate
(CaCO0,), a key process in microbial-induced calcite precipitation (MICP).

3.3.6.1 Investigation of Environmental Variables (pH).

After selecting the appropriate bacterial strains, the next phase of the experiment explored how
different environmental factors—specifically pH affected bacterial growth and activity. These

69



conditions were carefully adjusted in controlled aqueous solutions to establish baseline data
on how they influenced bacterial metabolism and the precipitation of calcium carbonate
(CaCO,). The focus then moved to examining these factors at the concrete surface, where
additional challenges—such as surface interactions and changing chemical conditions—could
influence bacterial behaviour. To better understand these effects, in situ pH measurements
were taken to assess how these conditions impacted bacterial activity within the concrete
matrix.

The decision to focus only on pH measurements was based on findings from both previous
experiments in this study and existing literature, which showed that as pH levels increased,
electrical conductivity and calcium ion concentration also rose. This made pH a reliable
indicator for tracking changes in the chemical environment.

3.3.6.1.1 Experiment procedure

This study aimed to investigate the activity of Bacillus pasturii in response to different pH
conditions, utilizing the ImagelJ program for analysis and quantification of bacterial growth and
metabolic activity. Understanding the optimal pH conditions for Bacillus subtilis is crucial, as
pH significantly influences microbial growth and metabolic processes (Tran, Lander and
Prindle, 2024). The experiment involved preparing growth media with varying pH levels,
specifically adjusted to 7, 8, 9, 10, 11, and 12 using hydrochloric acid (HCl) and sodium
hydroxide (NaOH). Bacillus subtilis was cultured in these media, and samples were taken at
different time intervals to assess bacterial activity. The samples were subjected to imaging
using microscopy to capture the growth visually.

3.3.6.1.2 Image Analysis Using ImageJ

Imagel, a widely utilized image processing software, was employed to analyse and quantify the
microscopic images of the bacterial cultures. The following steps outline the methodology used
for image analysis: Imagel, a widely utilized image processing software, was employed to
analyse and quantify microscopic images of Bacillus subtilis cultures at predetermined time
points to monitor growth. The methodology involved several steps: first, the captured images
were imported into Image) and converted to grayscale to enhance contrast, facilitating the
identification of bacterial colonies (Ducre et al., 2016a). Next, a threshold was applied to
distinguish between bacterial colonies and the background, a crucial step for accurate
quantification that allows for the segmentation of individual colonies (Ducret et al., 2016b).
Subsequently, Imagel)’s measurement tools were utilized to quantify parameters such as colony
area, number of colonies, and mean intensity, which serve as indicators of bacterial activity and
growth in response to varying pH levels (Ducret et al., 2016a). Finally, the data obtained from the
Imagel) analysis were compiled and subjected to statistical analysis to assess the effect of pH
on Bacillus subtilis activity, providing comparative insights into the optimal growth conditions
across different pH levels. Imagel) analysis indicated distinct patterns in bacterial activity
correlating with the pH levels. An increase in metabolic activity was observed at pH levels
ranging from 7 to 9, aligning with the optimal growth conditions for Bacillus subtilis (Gauvry et
al., 2021). In contrast, pH levels above 10 demonstrated a decline in bacterial activity,
suggesting that the alkaline environment may adversely affect the organism’s growth (Hoseini et
al.,2018).

3.3.6.2 Evaluation of CaCO, Availability

Finally, the experiment examined how much calcium carbonate (CaCO,) had formed around the
concrete surface. Understanding where CaCO, accumulated in relation to bacterial activity was
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key to evaluating how effectively microbial processes worked in cementitious environments. To
assess this, samples were taken from both the concrete surface and the surrounding solution
to measure the amount of precipitated CaCO,; and link these findings to bacterial growth
patterns.

3.3.6.2.1 Experiment procedure

In this study, a culture of Bacillus subtilis was employed alongside a growth medium composed

of urea and calcium chloride (CaCl,) to serve as the calcium ion source. For pH adjustments,
hydrochloric acid (HCl) and sodium hydroxide (NaOH) were utilized. The experimental
arrangement included a pH meter, and six flasks situated within a shaking incubator, along with
a filtration apparatus. The preparation of the bacterial culture commenced with the creation of
the growth medium, which involved dissolving nutrient broth, urea, and ammonium chloride in
distilled water at concentrations of 5 g/L, 10 g/L, and 1 g/L, respectively. This mixture underwent
sterilization through autoclaving at 121 °C for a duration of 15 minutes. After sterilization,
Bacillus subtilis was inoculated into the sterilized medium, which was subsequently incubated
in a shaking incubator set to a temperature range of 30-37 °C and a shaking speed of 150-200
rpm. The sterilized growth medium was then distributed into several flasks. The pH of each flask
was measured using a pH meter, and the levels were adjusted to 7, 8, 9, 10, 11, and 12 with HCl
and NaOH. Finally, calcium chloride was added to each flask to achieve the target final
concentration of calcium ions. In the subsequent phase of the experiment, an equal volume of
the cultured Bacillus subtilis, representing 10% of the total volume in each flask, was
introduced into the pH-adjusted flasks.

3.4 Second phase (Carrier investigation)

The primary aim of this phase was to explore the integration of calcium carbonate
microcapsules, calcium alginate microcapsules, and calcium lactate powder into concrete to
improve its durability. These additions were designed to act as nutrient carriers, supporting
microbial self-healing by providing essential resources for bacteria to thrive and facilitate
calcium carbonate precipitation. Since bacteria require nutrients to remain active and initiate
self-healing when cracks form, calcium lactate was selected as an effective food source. It
played a key role in promoting bacterial growth and calcium carbonate production, which
naturally sealed cracks in the concrete. Additionally, these nutrients had the potential to attract
naturally occurring soil bacteria, further enhancing the self-healing process. To achieve this, a
structured experimental approach was used. Microcapsules of different sizes were first
synthesized using established encapsulation techniques to ensure consistency in production
and quality. Their size and structural integrity were then verified through scanning electron
microscopy (SEM). Mortar specimens were prepared with different amounts of microcapsules
and tested for compressive and tensile strength following ASTM and BS standards to determine
their impact on mechanical performance.

3.4.1 Production of Microcapsules with Optimal Size

The size of microcapsules plays a crucial role in determining their effectiveness within concrete.
Large microcapsules may negatively affect the mechanical properties of the concrete, while
overly small microcapsules may not carry enough nutrients for microbial activity. Therefore, the
first objective is to develop a methodology for producing microcapsules of suitable size for
embedding in concrete. Factors such as the concentration of encapsulating agents and the
microcapsule formation technique will be considered to ensure a balance between sufficient
nutrient loading and minimal impact on the mechanical properties of the concrete matrix.
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Studies such as those by, Wang et al. (2019 b) have shown that smaller microcapsules tend to
be more efficient at self-healing without causing significant reductions in strength.

3.4.2 Procedure of calcium carbonate capsules

The preparation of calcium lactate microcapsules, which are designed to enhance the self-
healing properties of concrete, requires specific materials and equipment: The successful
encapsulation of calcium lactate microcapsules, designed to enhance the self-healing
properties of concrete, relies on a specific set of materials and equipment. Calcium chloride
(CaCl,) serves as a critical source of calcium ions, which are essential for the precipitation of
calcium carbonate during the encapsulation process, facilitating the chemical reactions
necessary for microcapsule formation (H M Jonkers, 2010). Sodium carbonate (Na,CO,) acts as
a source of carbonate ions, which react with calcium ions to promote the precipitation of
calcium carbonate, a fundamental aspect of the encapsulation method. Calcium lactate is
specifically intended for encapsulation to support self-healing mechanisms in concrete, as it
enhances the healing process by supplying calcium ions upon dissolution, further promoting
calcium carbonate precipitation and the overall self-healing capacity of the concrete matrix
(Whiffin, 2007). Deionized water (DI water) is utilized in preparing various solutions necessary
for the encapsulation procedure, ensuring that no contaminants interfere with the chemical
reactions and maintaining the integrity of the encapsulation process. Additionally, beakers and
measuring cylinders are essential laboratory tools for the accurate measurement and mixing of
solutions, which is crucial for maintaining the appropriate concentrations and ratios of
reactants to ensure consistency and reliability. Lastly, a magnetic stirrer and stirring bar are
employed for effective mixing of the solutions, providing uniform agitation to achieve
homogeneity in the reactant mixtures, vital for optimal encapsulation outcomes. This selection
of materials and equipment is integral to the successful encapsulation of calcium lactate
microcapsules, significantly contributing to the effectiveness of self-healing concrete
technology.

3.4.3 Procedure of calcium alginate capsules

In the encapsulation process of calcium lactate microcapsules intended for enhancing the self-
healing properties of concrete, a variety of materials and equipment are essential. Sodium
alginate powder, typically used at a concentration of 0.5% w/v, serves as the primary polymer
matrix for encapsulation, providing a biodegradable and biocompatible medium that allows for
the controlled release of nutrients Additionally, (Harbottle et al., 2013) demonstrated that a
concentration of 2.88% w/v sodium alginate and 3.09% w/v calcium chloride effectively
supports a large population of Sporosarcina pasteurii bacteria, maintaining their viability on
new slurry surfaces for several weeks. However, this project does not involve bacterial
encapsulation but focuses instead on nutrient encapsulation, utilizing native soil bacteria and
aiming to produce smaller capsule sizes. Nevertheless, understanding the mechanisms of
bacterial calcium carbonate precipitation under varying environmental conditions remains an
area requiring further investigation.

3.4.4 Optimization of Alginate Concentration and Microcapsule Quantity

A critical objective of this research is to identify the optimal concentrations of alginate and the
appropriate number of microcapsules to be embedded in concrete. The study will investigate
various concentrations of alginate in the microcapsule formulation, specifically focusing on 3%
and 5%, while also testing different quantities of microcapsules in concrete specimens. This
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approach aims to establish a balance between maximizing self-healing capacity and
maintaining satisfactory mechanical properties. Previous studies have demonstrated that
elevated concentrations of encapsulating materials can negatively impact compressive
strength, whereas insufficient microcapsule quantities may lead to inadequate nutrient release
necessary for microbial activity (H M Jonkers, no date). The experimental design will encompass
multiple mix designs with varying microcapsule concentrations, accompanied by compressive
and tensile strength tests and evaluations of healing efficiency.

3.4.5 Impact on Concrete Properties

An essential part of the research is understanding how the addition of these microcapsules
affects the overall properties of the concrete. Compressive strength, tensile strength, and
durability under various environmental conditions will be evaluated. Previous studies have
shown that while the addition of microcapsules can lead to an improvement in crack healing, it
can also negatively affect the mechanical strength of the material if not optimized (Belleghem et
al., no date). This study will provide insights into how different types of microcapsules—
specifically calcium alginate, calcium carbonate, and calcium lactate—affect the performance
of concrete and whether their inclusion can be justified based on the self-healing benefits they
provide.

3.5 Third phase (Self-healing performance)

The final phase of this study explored how well self-healing concrete performed and how long it
remained effective under different conditions. To simulate real damage, cracks were introduced
into the concrete, allowing researchers to assess its ability to repair itself. To track these
changes over time, various tests were carried out. Compressive strength tests measured how
the concrete’s structural performance evolved, while water absorption tests helped determine
improvements in permeability. Light microscopy was used to observe how cracks gradually
closed, providing a visual record of the healing process. For a more detailed analysis, scanning
electron microscopy (SEM) provided insights into the microstructure of the healed concrete,
while energy dispersive X-ray spectroscopy (EDS) examined the chemical composition of the
healing products. By combining these methods, the study offered a comprehensive
understanding of how the self-healing process worked and how the healing agents helped
restore the material’s strength and durability.

3.5.1 Three-points bending test

Concrete prisms from each specified group will be subjected to three-point bending tests using
an Avery Dennison testing machine to assess the specimens' flexural behaviour. The testing
process will proceed at a precisely controlled loading rate of 0.01 mm/s, allowing a gradual
force application that facilitates accurate identification of crack initiation and growth. The test
will conclude as soon as visible cracking is observed, marking the specimen’s failure point
under flexural stress. The three-point bending test is a standard method for evaluating fracture
characteristics in concrete, as it provides critical data on tensile strength and the inherent
brittleness of the material (‘Test Method for Flexural Strength of Concrete (Using Simple Beam
with Third-Point Loading)’, 2018). The schematic representation in Figure 24 illustrates the
three-point bending test procedure.
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Figure 24: The load on the prism specimen and the position of the supports adopted
from (‘Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-
Point Loading);, 2018)

3.5.2 Water absorption test

Capillary rise frequently occurs over the service life of cement-based materials (CBMs). In
environments where groundwater contains harmful agents like chloride ions, sulphates, and
carbon dioxide, capillary action can transport these aggressive elements, leading to
degradation of the CBM matrix and potential corrosion of embedded reinforcing steel
(Belleghem et al.,1991). The water absorption test, a non-invasive approach, assesses CBMs'
impermeability by measuring water tightness before and after crack formation (Martys and
Ferraris, 1997). Capillary action, influenced by surface tension variations across interfaces, is
central to this process (Hartland, 2004). For testing preparation, cracked mortar specimens are
routinely dried in a controlled environment using an oven set to a stable temperature of 100°C.
This drying process extends over a period of at least one week, with the weight of each
specimen carefully monitored until variations are reduced to within 0.2%, signifying consistent
moisture content. This step is essential for achieving uniform testing conditions and ensuring
accuracy and reproducibility in the results. In numerous studies employing similar procedures,
an epoxy resin is meticulously applied to the sides of each mortar prism, providing a waterproof
barrier that prevents moisture movement during testing. By sealing the lateral surfaces with
epoxy, only a small area around the crack on the bottom surface remains exposed. This
selective exposure allows for focused assessments of crack healing or material behaviour,
thereby improving the accuracy of test results by restricting the area of interaction to the
designated crack region.

3.5.3 Visualinspection

Visual inspection is a fundamental method for evaluating self-healing in concrete, as it allows
for direct assessment of crack closure and qualitative observations of the healing process over
time. This non-destructive technique is often employed to monitor the progression of self-
healing, particularly in cracks that are relatively shallow and visible on the concrete surface.
Observations typically include assessing changes in crack width, identifying any deposit
formation within the crack, and noting the extent of closure across the affected area. The
efficacy of visual inspection has been highlighted by researchers such as Dhir and Jones,
(1999), who observed the formation of calcite deposits within cracks, providing evidence of
autogenous healing in concrete. Moreover, visual inspection offers a straightforward and low-
cost approach for routine monitoring and is particularly effective when combined with
photographic documentation to track healing progress over specific intervals. When coupled
with digital image analysis techniques, visual inspection can provide semi-quantitative data on
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crack reduction, enhancing the reliability of visual assessments (Cuenca et al., no date). Visual
inspection remains a widely adopted method in self-healing studies due to its simplicity and
effectiveness in initial and routine evaluations of crack closure and healing material formation.

3.5.4 MICP formation on the surface.

X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) are selected as primary
analytical techniques for characterizing and identifying crystalline phases in cementitious
materials as shown in Figure 25. XRD is employed to determine the crystalline structure and
phase composition of materials by analysing the diffraction patterns generated when X-rays
interact with the crystal lattice, enabling the identification of distinct mineral phases and
providing insights into the material's crystallography (Stutzman, Feng and Bullard, 2016).
Meanwhile, SEM offers high-resolution imaging of surface morphology and microstructural
features, allowing for a detailed examination of particle shapes, surface texture, and elemental
distribution when coupled with Energy Dispersive X-ray Spectroscopy (EDS) (Goldstein et al.,
2017). This complementary approach facilitates a comprehensive analysis, with XRD providing
quantitative phase identification and SEM revealing the microstructural characteristics critical
to understanding the material's durability and reactivity in various environments (Goldstein et
al., 2017). Together, these methods are integral to a thorough evaluation of crystalline
formations in cement-based materials, aiding in assessing their impact on long-term
performance.

Figure 25: Scanning electron microscopy and energy dispersive X-ray (SEM-
EDX)

3.6 Materials

3.6.1 An overview

The following sections provide an overview of the materials used in this study, explaining their
composition and role in the self-healing process. In certain phases of the research,
supplementary cementitious materials like fly ash (FA) and ground granulated blast-furnace
slag (GGBS) were included to explore how they influence the chemical environment of the
mortar. The impact of these materials will be discussed in more detail in the relevant sections.
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3.6.2 Cement

In the preliminary phase of this research, Blue Circle Cement was utilized, classified as
Ordinary Portland Cement (Type | Portland Cement) and widely available in the UK. This cement
conforms to the quality assurance standards set forth in EN 197-1:2000, specifically meeting
the designation BS EN 197-1:2000 CEM II/A-LL 32.5R. The selection of this type of cement is
noteworthy due to its common use in construction and its proven performance characteristics.
In addition, the Ground Granulated Blast Furnace Slag (GGBS) cement used in this study was
obtained from the Hanson HEIDELBERG CEMENT GROUP in the UK. This material complies with
the rigorous standards of BS EN 196-2, which outline the testing methods and specifications for
cement, ensuring its appropriateness for high-performance applications. Moreover, the Fly Ash
utilized in this research, identified as 450-N, meets the normal fineness (N) category
requirements as per BS EN 450-1. This fly ash was sourced from the Conserv Ltd group, based in
Middlesbrough, North Yorkshire, UK. The incorporation of fly ash enhances the workability and
durability of the concrete while promoting sustainability by leveraging industrial by-products.
The combination of Ordinary Portland Cement, GGBS, and Fly Ash establishes a robust
foundation for investigating their synergistic impacts on concrete properties, especially
regarding self-healing capabilities and the improvement of mechanical performance.

3.6.3 Sand

The fine aggregate employed in the production of cement mortar is comprised of sand, which
has a maximum particle size of 2 mm and a specific gravity of 2.63. This commercially available
sand was sourced from Travis Perkins, a well-regarded supplier within the UK construction
sector. In the context of cementitious composites, the inclusion of sand plays several vital roles
that enhance the material's overall performance. Firstly, sand enhances the compaction of the
mortar mix, which is critical for minimizing voids and increasing the density of the final product.
A denser mix not only improves the mechanical properties of the mortar but also reduces
permeability, thereby enhancing durability (Neville, 1995b). Secondly, the incorporation of sand
significantly increases the bond strength between the mortar and the adhered substrates or
reinforcement materials. The irregular surface texture of sand particles offers a larger area for
adhesion, facilitating stronger interfacial bonding. This aspect is particularly crucial in
applications where structural integrity and load-bearing capacity are of utmost importance.
Moreover, the use of sand in cement mortar contributes to achieving a superior casting finish.
The fine grain size of the sand enables a smoother surface finish, which is not only visually
appealing but also functional, especially in architectural applications where aesthetic
considerations are significant. The judicious selection of sand as a fine aggregate is therefore
essential for optimizing the performance characteristics of cementitious composites,
enhancing their mechanical strength, bond efficiency, and overall quality.

3.6.4 Carrier (capsules)

In Phase 2 of this study, different nutrient carriers were explored to improve nutrient delivery,
with a focus on calcium lactate powder, calcium alginate capsules, and a new approach using
calcium carbonate capsules in various sizes. Calcium lactate powder is an accessible source
of calcium ions, which play a crucial role in enhancing the self-healing capabilities of concrete.
Its direct incorporation into the mortar mix can significantly improve the material’s
performance, particularly regarding compressive strength and overall durability (H M Jonkers,
2010). The soluble nature of calcium lactate enables it to dissociate readily, contributing to the
healing process upon exposure to moisture and facilitating calcium carbonate formation
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through carbonation (Wang et al., 2019b). Another approach to nutrient encapsulation is the
use of calcium alginate capsules. These capsules, derived from alginic acid, offer a
biodegradable and biocompatible method for the controlled release of nutrients. Their
application in self-healing concrete has demonstrated enhanced healing efficiency by providing
a nutrient reservoir that can gradually release its contents when cracks develop (Reda and
Chidiac, 2022). Encapsulating nutrients within calcium alginate ensures a targeted healing
process, as it protects the nutrients from premature dissolution prior to their necessity. The
introduction of calcium carbonate capsules, particularly with varying sizes, represents a
significant innovation in nutrient delivery systems for self-healing concrete. The size of these
capsules plays a vital role in determining their dissolution rates and the subsequent release of
calcium ions, which in turn affects the self-healing potential of the concrete. Smaller capsules
may dissolve rapidly, offering a quick supply of nutrients, while larger capsules can provide a
more extended release, supporting sustained healing over time (Tziviloglou et al.,, 2016).
Therefore, optimizing capsule size is essential for maximizing the effectiveness of the self-
healing mechanism.

3.6.5 Bacteria selection

For this study, Bacillus subtilis and Sporosarcina pasteurii (formerly Bacillus pasteurii) were
chosen because of their well-known ability to produce calcium carbonate, which helps improve
concrete durability and self-healing properties. Figure 26 shows six flasks in an incubator with
cultivated bacteria. These bacteria are naturally found in soil and are particularly resilient,
making them suitable for surviving in the harsh, high-alkaline environment of concrete. Bacillus
subtilis is a widely distributed bacterium capable of forming spores, allowing it to endure
extreme conditions. Sporosarcina pasteurii, on the other hand, is highly efficient in calcium
carbonate precipitation due to its strong urease activity. This enzyme breaks down urea,
increasing the pH of the surrounding environment and encouraging calcium carbonate to
form—an essential process for sealing cracks in concrete. As part of Phase 1, experiments were
conducted to test how well these bacteria survived and performed in controlled conditions. The
focus was on understanding how pH levels affected their ability to produce calcium carbonate,
both in direct bacterial cultures and in a separate experiment that examined calcium carbonate
formation in solution at different pH values. These tests provided valuable insights into the ideal
conditions for microbial mineralization, helping to refine the approach for integrating bacteria
into self-healing concrete systems. Bacillus subtilis, a gram-positive bacterium, is notable for
its resilience and capability to form endospores, allowing it to endure harsh conditions,
including the alkaline environment typical of concrete. When integrated into the concrete
matrix, B. subtilis engages in metabolic processes that lead to the precipitation of calcium
carbonate (CaCO,), effectively filling cracks and voids (Wang et al., no date b). The formation of
CaCOQO, not only seals these imperfections but also enhances the overall mechanical strength of
the concrete. The effectiveness of these bacteria in enhancing self-healing capabilities is also
significantly influenced by environmental factors, especially pH levels. The pH of the concrete
environment plays a critical role in determining bacterial activity and metabolic functions.
Generally, both B. subtilis and B. pasteurii thrive within an optimal pH range of 7 to 9, which
aligns with the alkaline conditions found in concrete (Zeigler and Perkins, 2021). Lower pH
levels can negatively impact the viability and metabolic processes of these bacteria, leading to
decreased effectiveness in facilitating calcite precipitation. On the other hand, excessively high
pH levels can also hinder bacterial activity due to heightened alkalinity, creating an
unfavourable environment for metabolic functions (Shrestha et al., 2022).
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Figure 26: six flasks and shaking incubator
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4 Chapter 4: Investigate the chemical environment of
concrete at and around its surface (Phase 1)

4.1 Overview

The initial phase of this investigation is divided into two distinct components aimed at
understanding the interactions between concrete, its chemical environment, and microbial
activity. The first component focuses on examining the chemical environment of concrete, both
within the surrounding solution and on its surface, elucidating how various chemical
constituents influence pH levels and overall chemical properties. Through systematic pH
monitoring and chemical composition analysis, this part seeks to provide insights into how
carbonation and other environmental factors affect concrete integrity. The second component
delves into microbiological aspects, specifically investigating how concrete parameters impact
bacterial activity and the productivity of calcium carbonate in relation to concrete cracking. This
segment explores how variations in concrete's chemical composition, moisture levels, and
physical characteristics influence microbial growth and metabolic activity, aiming to identify
mechanisms through which bacteria contribute to the self-healing properties of concrete.
Furthermore, the study emphasizes understanding bacterial precipitation at the concrete/soil
interface, assessing conditions conducive to bacterial survival and the formation of biominerals
necessary for self-healing. Key factors influencing microbially induced calcite precipitation
(MICP) include cementitious agent concentrations, pH, salinity, temperature, and
environmental conditions such as soil type and particle size. This research is significant for
advancing self-healing mechanisms and the durability of underground structures while
contributing to a broader understanding of soil chemistry and biology in built environments. The
findings are relevant to interdisciplinary fields, including contaminated land remediation, soil
quality enhancement, and environmental sustainability initiatives.

4.2 Chemicalinvestigation

4.2.1 Chemical investigation on concrete solution

4.2.1.1 Impact of Water Replacement on pH, Electrical Conductivity, and Calcium lons
in Concrete solution

4.2.1.1.1 Method and materials

As part of the preparation process, mortar cubes of 40*40*40 mm were prepared as showing in
fig 27. In this experiment, there was only one mix that was used and in term of preventing
contact with the external environment, the cubes were stored in sealed containers without
being exposed to air as. It was determined that the pH concentration in the containers collected
was within the range of the pH probe, which was used to analyse it as seen in figure 27. The
cubes in the experiment were made small due to the experiment's requirements. However, the
aim is also to study the chemical surroundings of concrete surfaces in solution on a small
scale. All cubes are made with the same ratio of water to binder (w/b) that is set at 0.50 for all
cubes, while the ratio of cement to sand is set at 1:3 for all cubes. Using Hanson Sulphate
Resistant cement (CEMIII/A+SR). After that, the six cubes were divided into two groups, which
were tested for a period of 14 weeks and were measured on a weekly basis. Numerous test
methods have been developed to investigate the effect of leachate on groundwater flow. The
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impact of concrete leaching into groundwater and soil is investigated using three methods
previously(Chai, Onitsuk and Hayashi, 2009).

e Test of batch contact - mixing of solid masses with groundwater in a batch.
e lLeachingtestin atank - solid mass submerged in groundwater for a period.

e Test of column percolation of leachate into soil based on seepage of water containing
leachate.

Considering a solid mass submerged in water, tank leaching tests can investigate concrete
leaching. The precision of tank leaching tests has been shown to be reliable, and they are
reproducible(Hohberg et al., 2000). Additionally, there are static and dynamic tank leaching
tests. A static leaching test determines how different intrinsic properties affect leaching.
Dynamic leaching tests determine whether changing environmental conditions affect leaching.
However, in this experiment tap water was employed as groundwater (GW). The two type
methods of leaching test were selected based on the interest of investigating the concrete
chemical environment, at what rate can GW effect it and those methods are:

a. Replacing water test, this was intended to be a simple leaching test method that was
intended to be cost effective without losing the same results as those of a traditional
tank test. The method works in an open system, such as a continuous flow of water
column or pipe, by replacing the water every week and taking a reading before each new
water replacement.

b. A non-replacement water test is a conventional method of testing concrete by placing
the cubes into a plastic container filled with water and taking a measurement of the
parameters each week.

4.2.1.2 Impactof 15-25% Fly Ash on pH, Electrical Conductivity, and Calcium lon Levels
in Concrete Solutions

4.2.1.2.1 Materials and method

Fly ash (FA), supplementary cementitious materials, was supplied by Conserve, a UK
manufacturer and distributor of lime mortar and building conservation materials. The FA is
quality assured in accordance with BS EN 450-1 2005 and Portland cement in accordance with
BS EN196-1 [13]. Table 2 shows the chemical composition components of Portland cement and
fly ash.

Table 2: The chemical composition component for Portland cement and Fly ash

Portland cement (PC) Fly ash (FA)

Oxide % Oxide %
SiO, 20.69 SiO, 59.04
ALO; 3.80 ALO; 34.08
CaO 62.99 CaO 2.0
Fe,0; 2.12 Fe,0; 0.22
MgO 2.62 MgO 0.05
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K20 0.55 KO 0.43
Na20 0.13 Na20 1.26
SOs 3.10 Loss on ignition 0.63

4.2.1.2.2 Preparation of cubes

This was achieved by placing the cubes in a container filled with tap water. This container was
then sealed up to prevent the cubes from getting in contact with the external environment and
water evaporation. As for the cubes size, the cubes have the following dimensions: 40*40*40
mm. A small size was prepared for this study based on the experimental requirements. and
designed according to BSEN procedures (British Standards Institution, no date). This study
investigates the variations in key parameters, including pH, electrical conductivity, and calcium
ion concentration, around the concrete surface in solution, examining their changes over time
and at different scales. The water-to-binder (w/b) ratio was maintained at 0.50 for all mortar
cubes, while the cement-to-sand ratio was fixed at 1:3. The nine cubes were categorized into
three groups, prepared using Hanson Sulphate Resisting Cement (CEM IlI/A + SR), sand, and tap
water, as previously outlined. To encompass a wide range of conditions, different types of
cementitious matrices with various binder compositions were utilized. The specific dosages of
these binders are detailed in Table 3. The study incorporated nine different mortar cube
formulations, incorporating a range of cements and supplementary materials, including fly ash
(FA), to assess their influence on the investigated parameters. A ten-week period was used to
test the cubes of mortar that were placed in containers containing tap water. They were given
weekly tests for ten weeks. As can be seen from the figure 28, three devices were used in this
experiment to determine pH, conductivity as well as calcium ions. Here is an example of a
SenslON+ EC5 Portable Conductivity that can be used to measure conductivity. It also has a
Jenway Benchtop pH Meter 3510 for measuring pH, and a Perkin Elmer Analyzer 400 for
determining calcium ions content as shown in figure 28.

Table 3: Materials proportion

Ingredients (g) Mixture
Control | Flyash Fly ash 25%
mix 15%
Cement 45 38.25 33.75
Sand 135 135 135
Fly ash - 6.75 11.25
Water 22.5 22.5 22.5
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Figure 28: a) Sens|ON+ EC5 Portable Conductivity to measure conductivity and salinity. b) Jenway Benchtop pH Meter
3510 to measure pH.c) Perkin Elmer Analyzer 400 to measure calcium content.

4.2.1.3 Effect of 35% GGBS and Fly Ash Replacement on Concrete solution
Environment

4.2.1.3.1 Materials and Methods

4.2.1.3.2 Specimen preparation and crack creation

According to BS EN 196-1 standards, plain mortar specimens (control), along with mortar
specimens incorporating fly ash (FA) and ground granulated blast-furnace slag (GGBS), were
prepared for this study. The GGBS cement used was sourced from the Hanson Heidelberg
Cement Group in the UK and complies with BS EN 196-2 standards. Additionally, the fly ash
utilized, categorized as 450-N with standard fineness (N), meets the specifications of BS EN
450-1 and was provided by Conserv Ltd, located in Middlesbrough, North Yorkshire, UK. Table 4
provides a detailed overview of the chemical compositions of Portland cement, GGBS cement,
and FA cement. In this study, supplementary cementitious materials were incorporated at a
replacement level of 35% by weight with Portland cement for both fly ash and GGBS.
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Table 4: Chemical properties of Portland cement, GGBS cement, and FA cement

Properties% |Portland cement%| GGBS cement% | FA cement%
Sio, 23.7 32.77 45 to 51
Ca0 57.27 40.83 1to5
MgO 3.85 6.91 1to4
Fe,04 4.83 0.57 7to 11
Al,04 4.51 14.33 27t0 32
SO, 2.73 0.28 0.3t01.3
Na,0 - - 0.8t0 1.7
K;0 0.37 - 1to5
Cl 0.0068 0.00 0.05 to 0.1
TiO, - 0.63 0.8to1.1
Loss inignition 7.24 - -

To prepare the mortar samples, a mixture of Hanson Sulphate Resisting Cement (CEM IlI/A + SR)
and CEM II, combined with sand and tap water, was formulated following the proportions
outlined in Table 5. A water-to-cement ratio of 0.6 was maintained for all mixtures. Prismatic
specimens with dimensions of 40 x 40 x 160 mm were cast. To mitigate the risk of complete
failure under loading, a fibre mesh reinforcement was centrally placed within each specimen
during casting. After an initial setting period of 24 hours, the mortar prisms were demoulded
and cured by immersion in water for 28 days, after which mechanical testing commenced.
Throughout the curing period, pH measurements were systematically recorded using the
Jenway Benchtop pH Meter 3510 to observe any chemical environment shifts, particularly due
to the incorporation of supplementary materials. These measurements provided insight into the
alkalinity maintained within the matrix and highlighted the influence of supplementary
cementitious materials on pH stability over time. Typically, samples incorporating fly ash (FA)
and ground granulated blast-furnace slag (GGBS) demonstrated pH variability, which could
influence the reactivity and hydration processes within the matrix, potentially affecting
durability and mechanical properties over the long term. The pH changes associated with the
supplementary materials demonstrated the potential for variability in the cement matrix,
underscoring the need for ongoing pH monitoring in studies assessing the self-healing capacity
of mortar mixes with added FA and GGBS.

Table 5: Mortar specimen proportions

Ingredient (Kg/m?®) MC MF MG
Cement 418 271.7 271.7
Fly ash - 146.3 -
GGBS - - 146.3
Sand 1254 1254 1254
Water 250 250 250
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4.2.1.4 Effect of 50 % GGBS and Fly Ash Replacement on Concrete Solution
Environment

4.2.1.4.1 Materials and methods

4.2.1.4.2 Specimen preparation

The methodology and materials applied in this experiment closely mirror those of the previous
study, with the primary modification being an increase in the replacement percentage of
supplementary cementitious materials. In this experiment, the replacement level of ground
granulated blast-furnace slag (GGBS) and fly ash (FA) was elevated to 50%, compared to the
previous 35%. This adjustment was made to examine the impact of a higher dosage of
supplementary materials on the concrete's chemical environment and physical properties, as
increased replacement levels can significantly influence concrete’s alkalinity, hydration rate,
and long-term durability. Higher substitution levels of GGBS and FA are often associated with
reduced calcium hydroxide content and a potentially denser microstructure due to enhanced
pozzolanic reactions (Mehta et al.,, 2006). However, these changes may also introduce
variations in the pH stability of the matrix and impact the mechanical properties over extended
curing periods. The methodology, including sample preparation, curing conditions, and testing
protocols, remained consistent with the previous experimental design to ensure comparability
across both replacement levels, enabling a clearer assessment of the effects associated
specifically with the increase in supplementary material dosage.

4.2.1.5 Impact of Carbonation on the pH Value of Concrete solution

The initial inquiry aimed to evaluate the influence of carbonation on the concrete solution The
experimental procedure involved employing Portland cement (conforming to BSEN 196-1) and
GGBS cement (meeting BSEN 196-2 standards) sourced from HANSON HEIDELBERG CEMENT
GROUP in the UK. The chemical compositions of these cement types like previous experiments.
To facilitate appropriate CO2 diffusion and sample creation, a water-to-cement ratio of 0.3 was
selected during the preparation phase. The resulting mixture was compacted into prisms
measuring 40mm x 40mm x 160mm. Following compaction, the load was applied and
sustained for 30 seconds. These prisms were subsequently divided into two categories.
Specifically, three prisms were submerged in containers containing standard water conditions,
while the remaining three prisms were situated within containers holding carbonated water.
Likewise, an additional set of six mortar specimens, incorporating replacement with GGBS
cement, were subjected to a parallel experimental regimen. This regimen closely mirrored the
earlier curing methods. In this manner, three specimens cured in a normal water environment.
The remaining trio underwent curing within containers filled with carbonated water. This
systematic and methodical approach was meticulously developed to enable a thorough and
exhaustive exploration of the ramifications of carbonation on bio-concrete technology. A pivotal
ingredient in the experimentation. After a 24-hour setting period, the mortar prisms were
extracted from their moulds and submerged in water for 28 days. Following this curing phase,
the specimens underwent comprehensive testing. Throughout the curing period, pH levels were
ascertained employing the Jenway Benchtop pH Meter 3510. Once the curing regimen was
completed, the specimens were extracted from the water and allowed to air-dry at ambient
temperatures, preparing them for crack initiation through conventional mechanical testing. To
ensure that each sample was accommodated within these small containers, the samples were
placed inside containers with a capacity of five litters. To maintain consistency, each container
was rinsed with either normal water or carbonated water for 1 litter. Following that, all
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containers were securely sealed and kept at a constant room temperature of 20°C to prevent
CO2 escaping or entering.

4.2.1.5.1 Test methods

The objective of this investigation was to determine the influence of carbonation on the solution
surrounding concrete. The initial methodology involved systematically monitoring pH levels
within the solution encompassing the concrete prisms, which were immersed in both
carbonated water and standard water environments. This observation was maintained over a
predetermined time frame to assess the effects of carbonation on the solution's properties.

4.2.1.6 Solution pH Monitoring and Analysis

In this study, the pH values of the surrounding solution were continuously monitored to evaluate
the extent of carbonation affecting mortar prisms. The experimental procedure involved
immersing the prisms in both carbonated water and normal water. Throughout the experiment,
pH measurements were taken at regular intervals and meticulously documented. Notably, the
prisms exposed to carbonated water for a specified duration were subsequently immersed in
normal water to facilitate the hydration process. This sequential immersion aimed to maintain
the desired conditions for hydration in the carbonated samples. The primary objective of the
study was to observe and analyse changes in pH over time, specifically investigating the impact
of carbonation on the acidity or alkalinity of the solution. Calibration of the pH meter probe
(Jenway Benchtop) was an essential procedure to ensure accuracy and precision in measuring
the pH of the pore solution. By calibrating the pH meter, potential measurement errors and
biases were minimized, thereby enhancing the reliability of the recorded pH values. The
monitoring process involved measuring the solution surrounding the prisms using the
calibrated pH meter at specific intervals throughout the four-day experimental duration,
specifically at 30 minutes, 2 hours, and 4 days. By comparing the pH values obtained from the
carbonated and normal water environments, a comprehensive evaluation of the impact of
carbonation on the solution's pH could be achieved. The recorded pH values were analysed to
examine any observed variations or trends, thereby inferring the progression and magnitude of
carbonation over time. The comparative analysis of pH changes between the carbonated and
normal water environments facilitated a clear differentiation of the effects associated with the
carbonation process. By employing rigorous pH monitoring techniques and ensuring accurate
calibration of the measurement instrument, this study aimed to provide reliable data regarding
the extent of carbonation effects on the surrounding solution.

4.2.1.7 pH Value Calibration Using ImageJ Software
4.2.1.7.1 Material and Method
4.2.1.7.2 Materials

The experimental setup involved the following materials and equipment:

e 150 ml of carbonated water.

e Sodium hydroxide solution with a concentration of 1M.

e Universalindicator and phenolphthalein solutions for visual pH determination.

e Two light sources to ensure imaging without reflections or shadows.

e White paper as a neutral background.

e Extech 110 pH probe meter, with a measurement range of 0 to 14, pH accuracy of £0.01,
and a temperature range from 23°F to 194°F.

e Burette, initially set to 50 ml, for precise solution addition.
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e RICOH digital camera (model 3842) with a 2.7-inch-wide LCD screen, 16-megapixel
CMOS sensor, mounted vertically above the solution at a distance of 20 cm to capture
images.

e Image analysis was conducted using the ImageJ software, which was employed to
evaluate the images captured during the experiment. Specifically, Image) was used to
quantify the red percentage values for the phenolphthalein indicator and the red, green,
and blue (RGB) percentage values for the universal indicator. These RGB values
represent the intensity of red, green, and blue colours, allowing for the detection of pH
changes by measuring the reflected light from the solution. This method facilitated
precise tracking of pH shifts through colour intensity analysis.

4.2.1.7.3 Method

In this study, sodium hydroxide was added incrementally in 0.5 ml steps of a 1M solution, with
thorough stirring to achieve uniform pH and consistent colour distribution throughout the
solution. This experiment aims to develop a system capable of detecting pH values and pH
fluctuations through colour change, achieved by isolating each RGB value from captured
images. A technical diagram of the experimental setup is presented in Figure 29. The setup
employed dual light sources to uniformly illuminate the solution, enhancing colour reflectance,
and images were subsequently captured with a camera to analyse RGB values. Two indicators,
phenolphthalein and a universal indicator, were used to visualize pH changes through colour
variation. Phenolphthalein, which shifts to pink under basic conditions, enabled the calculation
of red percentage values via Equation 5. In contrast, the universal indicator, which produces a
spectrum of colours based on pH level, required a more complex approach. For example, at pH
8, the universal indicator imparts a blue hue to the solution, necessitating the application of
three separate equations to determine the red, blue, and green colour percentages, thereby
establishing the relationship between pH values and specific colour intensities. This method
proposes a technique for detecting pH variations at concrete surfaces by observing colour
changes associated with pH-sensitive indicators. Through applying phenolphthalein to assess
basic conditions (noted by a pink hue) and the universal indicator to cover a wider pH range, the
experiment demonstrates a colorimetric approach to precise pH measurement on concrete
surfaces.

Digital camera

Light source 20 cm

White paper
Light source

Figure 29: Experimental Setup Diagram
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4.2.1.8 Application of Phenolphthalein Solution and Universal Indicator on Concrete
Surfaces

In this experiment, the behaviour of phenolphthalein solution and universal indicator on the
concrete surface was examined to observe their effectiveness in visually identifying pH
variations. Both indicators are widely used for detecting pH due to their colorimetric responses
to different pH levels, though each provides distinct insights based on their respective colour-
change mechanisms. Phenolphthalein solution was applied to the concrete surface to identify
basic conditions. As a pH-sensitive indicator, phenolphthalein remains colourless in acidic and
neutral environments but shifts to a pink or magenta hue at pH values above 8.2, thereby
offering a clear visual indication of alkaline conditions typical of fresh or uncarbonated
concrete. This colour change is particularly useful for identifying areas of the concrete that may
be at a higher risk for carbonation, as carbonation generally reduces surface alkalinity (Alonso
etal., 2006). On the other hand, the universal indicator, which provides a wider colour spectrum
covering pH values from 1 to 14, was applied to observe a broader range of pH changes on the
concrete surface. The universal indicator transitions through a series of colours—ranging from
red in acidic conditions, through green at neutral pH, to blue and violet in more basic
environments—making it suitable for assessing concrete surfaces that have undergone varying
levels of carbonation or exposure to environmental conditions that reduce alkalinity. For
example, areas of concrete with lower pH (due to carbonation or exposure to acidic
environments) could be readily identified by the shift in colour to yellow or orange, while less-
carbonated, more alkaline regions would appear in the green or blue spectrum. This
comparative study of phenolphthalein and universal indicator allows for a nuanced
understanding of pH distribution on concrete surfaces. By utilizing both indicators, the
experiment demonstrates a method for identifying areas of potential degradation and provides
insights into the degree of carbonation in concrete structures.

4.2.2 Chemicalinvestigation on the surface

Concrete’s heterogeneous nature creates diverse chemical environments within its structure,
often resulting in localized variations in chemical activity and ion distribution. This study’s main
objective is to examine how these environmental factors affect pH, electrical conductivity (EC),
and calcium ion concentrations on the concrete surface, with a particular focus on pH as a core
variable. Prior research has indicated a correlation between pH levels, EC, and calcium ion
concentration, where elevated pH values are associated with higher EC and calcium ion levels
(Neville, 1995b). By concentrating on pH, this investigation aims to clarify the interactions
driving ionic behaviour and mineral precipitation on concrete surfaces. Additionally, it will
explore whether calcium carbonate and other mineral precipitation occurs directly at the
concrete surface, providing a nuanced understanding of cementitious surface chemistry.
Insights from this study hold valuable implications for self-healing concrete, where microbial or
chemical precipitation can enhance durability and lower permeability by sealing micro-cracks
and pores (Wang et al., 2014). With systematic measurement and analysis, this research seeks
to build foundational knowledge of pH-driven chemical processes on concrete surfaces in
varied environments, advancing sustainable concrete technology.

4.2.2.1 The effect of supplementary materials on concrete surface
This study explores the impact of different replacement percentages of supplementary
cementitious materials, specifically ground granulated blast furnace slag (GGBS) and fly ash, in
place of Portland cement within concrete mixtures. Replacement rates were systematically
adjusted, beginning at 15% and increasing through 25%, 35%, and 50%, to assess how these
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materials affect both the chemical and mechanical properties of concrete. Known for their
pozzolanic and latent hydraulic qualities, GGBS and fly ash are valued for enhancing concrete's
durability and sustainability by reducing the necessary cement volume, thus lowering the
associated CO, emissions in cement production (Shi et al., 2019; Juenger & Siddique, 2015).
This investigation examines the effects of these materials at different substitution levels,
focusing on changes in pH, electrical conductivity, and calcium ion concentration within the
concrete environment. Additionally, it aims to evaluate how varying levels of supplementary
materials might support conditions favourable for bacterial activity in self-healing concrete,
contributing to a deeper understanding of the optimal rates for promoting self-repair in concrete
structures over time.

4.2.2.1.1 Method

This study measured carbonation levels across various mortar surfaces over a 28-day period to
examine the influence of different cement types on the mortar’s surface pH. Four distinct
mortar samples were prepared: plain mortar, mortar with Ground Granulated Blast Furnace
Slag (GGBS), and mortar with Fly Ash (FA) replacements. Each surface was subjected to
phenolphthalein spray to observe colorimetric shifts, with darker purple hues indicating higher
pH values as identified in previous research. This colour-based pH indication, aligned with
empirical data, established that an increase in pH value corresponds to a darker shade of
purple. Further, Imagel) software was employed for quantitative image analysis to evaluate pH,
using RGB values from images of the mortar surfaces. The percentage of red values (%Red) was
calculated using equation 5.

The primary objective of this research is to evaluate the potential role of indigenous soil bacteria
in enhancing the self-healing capacity of concrete, alongside investigating the influence and
efficacy of supplementary materials in bio-concrete applications. Comparisons of pH levels
among various mortar types—including those with supplementary materials—revealed that
replacements with GGBS and FA resulted in a noticeable decrease in pH over time, suggesting
alterations in the chemical environment of the concrete. These changes hold significant
implications for bio-concrete performance, as pH variations can affect microbial activity and,
consequently, the self-healing capacity of the concrete system.

4.2.2.2 The effect of flowing water on chemical environments of concrete surface

4.2.2.2.1 Materials and Methods

4.2.2.2.1.1 Specimen preparation and crack creation

In accordance with BS EN 196-1 guidelines, various mortar specimens were prepared for this
study, incorporating nutrient additives across three cement types: Portland cement, fly ash (FA)
mortar, and ground granulated blast-furnace slag (GGBS) mortar. The GGBS cement, sourced
from Hanson Heidelberg Cement Group in the UK, conformed to BS EN 196-2 standards, while
the FA 450-N, provided by Conserv Ltd Group (Middlesbrough, North Yorkshire), met the normal
fineness (N) category requirements specified in BS EN 450-1. The chemical composition of
Portland cement, GGBS cement, and FA cement aligns with prior studies within this research.

For mortar sample production, a mix was carefully prepared with Hanson Sulphate Resisting
Cement (CEM llI/A +SR), sand, and tap water. A consistent water-to-cement ratio of 0.6 was
maintained across all mixtures. Prismatic specimens measuring 40 x 40 x 160 mm were cast,
and after 24 hours, the prisms were demoulded.
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The primary aim of this study was to evaluate the impact of water flow on the prismatic
specimens by comparing exposure to flowing water with immersion in stagnant water. This
comparison was designed to determine the influence of flowing water on the efficacy of bio-
concrete technology. Nine prisms were subjected to flowing water, while another nine were
immersed in stagnant water, with both groups undergoing a 28-day curing period. During this
time, pH was measured in solution using a Jenway Benchtop pH Meter 3510 as shown in figure
30, and a pH indicator solution was applied to the specimen surfaces. To further analyse the
surface characteristics of selected samples, four groups were examined: the Control 0% group,
FA mortar, and GGBS mortar. Phenolphthalein, a pH indicator solution, was used to assess
carbonation levels in the prisms. A lack of colour change or faint pink shade (pH 9) indicated
complete carbonation, while a pink to dark pink coloration (pH > 9) indicated incomplete
carbonation. This phenolphthalein method detects carbonation by observing colour shifts in an
acid-base indicator solution when applied to concrete surfaces, with the colour intensity linked
to the pH of the surrounding environment.

Figure 30: Jenway Benchtop pH Meter 3510

. Flowing water exposure

For the flowing water test, a digital hydraulic bench was used, carefully calibrated to maintain a
steady flow rate of 17.7 litres per minute and a working pressure of 0.295 litres. Nine prisms
were arranged vertically on the bench with equal spacing between them. Over the 28-day
testing period, the prisms were fully submerged in tap water, which was replaced daily to ensure
consistent conditions. At the end of the exposure period, the prisms were removed from the
flowing water to allow cracks to form. Figure 31 shows the hydraulic bench, while Figure 32
provides a schematic of the experimental setup.
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Figure 31: Digital hydraulic bench and the prisms inside it

Mortar prisms

Basic operation

Volumetric
tank

Figure 32: The diagram of the flowing water exposure experiment.

e Stagnant water

Three identical 5-liter plastic containers were employed in this study. Each container was filled
with tap water up to a 1-liter volume, sufficient to ensure complete submersion of the prisms.
Nine mortar prisms, uniform in size and composition, were evenly distributed among the three

containers, as illustrated in Figure 33. A calibrated pH probe was used to monitor the solution's
pH throughout the 28-day immersion period.
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Figure 33: Prisms inside the containers

4.2.2.3 The effect of carbonation on concrete surface

4.2.2.3.1 Materials and methods

4.2.2.3.1.1 Specimen preparation and crack creation

The study investigation focused on assessing the effects of carbonation on both the concrete
solution and its surface. Portland cement, adhering to BS EN 196-1 standards, and GGBS
cement, meeting BS EN 196-2 requirements, were utilized, both sourced from Hanson
Heidelberg Cement Group in the UK. To ensure effective CO, diffusion and consistent sample
preparation, a water-to-cement ratio of 0.3 was selected. The resulting mixture was cast into
prisms measuring 40 mm x 40 mm x 160 mm, compacted, and subjected to a sustained load
for 30 seconds. Following this process, the prisms were divided into two categories. Three
prisms were submerged in containers with standard water conditions, while the remaining three
were placed in containers containing carbonated water. Similarly, an additional set of six mortar
specimens, incorporating GGBS cement as a partial replacement, was subjected to an identical
experimental procedure. In this set, three specimens were cured in a standard water
environment, while the other three were cured in containers filled with carbonated water. This
systematic approach was designed to thoroughly investigate the effects of carbonation on bio-
concrete technology, with carbonation serving as a central variable in the experimental setup. A
consistent water-to-cement ratio of 0.3 was maintained across all mixtures. Prismatic
specimens, measuring 40 mm x 40 mm x 160 mm, were meticulously cast. To prevent complete
structural failure, fibre mesh was strategically embedded in the centre of each specimen during
the casting process. After a 24-hour setting period, the mortar prisms were demoulded and
submerged in water for 28 days for curing. During the curing phase, pH levels were monitored
using a Jenway Benchtop pH Meter 3510. Upon completion of the curing regimen, the
specimens were removed from the water and allowed to air-dry at ambient temperatures,
preparing them for crack initiation through conventional mechanical testing.
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4.3 Microbiology investigation

4.3.1 The Influence of pH on Bacterial Activity

This study aimed to investigate the activity of Bacillus pasturii across a controlled range of pH
conditions, using Imagel) software for detailed quantification and analysis. Bacillus pasturii
exhibits notable metabolic flexibility across diverse environments, but pH has a substantial
impact on its growth, cellular processes, and metabolic rates. Identifying the specific pH range
that optimally supports bacterial activity is therefore essential, particularly for applications in
biotechnology, such as bioremediation and biomineralization, where regulated microbial
growth is beneficial. To carry out the experiment, growth media were prepared and adjusted to
various pH levels, specifically targeting values from 7 to 12. Using hydrochloric acid (HCl) and
sodium hydroxide (NaOH), these pH levels were carefully set and maintained to create stable
conditions in the media. Each pH value served as a distinct treatment condition to evaluate the
adaptability and activity profile of Bacillus pasturii in response to increasing alkalinity. Imagel
software was applied to these images, systematically measuring bacterial growth rates, colony
numbers, and any morphological changes with high precision. Expected findings from this study
should clarify the ideal pH range for Bacillus pasturii growth and activity, informing how to
optimize conditions for enhanced bacterial performance in various practical applications. The
results may also shed light on bacterial adaptability to pH changes, with broader implications
for microbial ecology and industrial microbiology.

4.3.2 Influence of pH Variation on MICP Production in Aqueous Solution
(Controlled Experimental Study)

4.3.2.1 Materials needed and Experiment set

In this experiment, a culture of Bacillus subtilis was used alongside a growth medium
containing urea and calcium chloride (CaCl,) as the calcium ion source. Hydrochloric acid
(HCl) and sodium hydroxide (NaOH) were utilized to achieve precise pH adjustments. The
experimental setup comprised a pH meter, six flasks placed in a temperature-controlled
shaking incubator. Figure 34 shows the pH meter used in the experiment.

The preparation of the bacterial culture commenced with formulating the growth medium by
dissolving nutrient broth, urea, and ammonium chloride in distilled water, at respective
concentrations of 5 g/L, 10 g/L, and 1 g/L. This solution was then sterilized via autoclaving at 121
°C for 15 minutes. Following sterilization, Bacillus subtilis was inoculated into the medium,
which was subsequently incubated under controlled conditions in a shaking incubator at a
temperature range of 30-37 °C and a shaking speed of 150-200 rpm. After incubation, the sterile
growth medium was aliquoted into individual flasks. Using a pH meter, the pH of each flask was
measured and adjusted to target values of 7, 8, 9, 10, 11, and 12 by adding HCl or NaOH, as
illustrated in Figure 35. Calcium chloride was subsequently added to each flask to achieve the
intended calcium ion concentration. In the subsequent phase, an equal volume of cultured
Bacillus subtilis, comprising 10% of each flask’s total volume, was introduced to the pH-
adjusted flasks. These flasks were then returned to the shaking incubator, set to the same
conditions of 30-37 °C and 150-200 rpm, and incubated for a period of 7 days, as shown in
Figure 36.
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Figure 34: pH meter

Figure 35: Six flasks and shaking incubator.
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4.4 Results and discussion

4.4.1 Chemical investigation on concrete solution

4.4.1.1 Impact of Water Replacement on pH, Electrical Conductivity, and Calcium lons
in Concrete solution

In the context of cement paste, a porous material, it is assumed that the pore solution and the
surrounding hydration products maintain thermodynamic equilibrium. When concrete is
submerged in pure water, the chemical potential gradient between the pore solution and the
external surface of the concrete element induces ion diffusion out of the material. This leads to
changes in the pore solution's chemical composition, potentially disrupting the equilibrium of
the system and causing the dissolution of specific hydration phases, as noted by previous
research Nielsen et al. (2019a) . Figure 37 compares the pH levels in same-sized concrete
cubes under two conditions: with and without periodic water replacement. The findings indicate
that the pH in non-replaced water consistently exceeds that of replaced water, as water in the
replacement system is refreshed weekly. This behaviour is also evident in Figure 37, which
shows that alkalis are initially leached rapidly from the inner core due to their matrix bonds. A
similar conclusion on calcium ion leaching in concrete was reported by (Nielsen et al., 2019a).
In this study, both systems initially exhibited an increase in pH within the first three days
following ion leaching. However, on the fourth day, after water replacement, the pH of the
replacement system dropped as hydroxyl ions were removed. Conversely, in the non-
replacement system, pH values continued to increase weekly, until a slight drop was observed
at the end of the tenth week. This decrease could be attributed to carbonation of the water
during the measurement. Concrete inherently has a high pH value, but this diminishes over time
as the material ages. Due to its high alkalinity, concrete is chemically more reactive than many
other materials. When exposed to substances with a lower pH, the alkalis in concrete react,
reducing its pH and thus its strength. Fresh concrete is highly reactive with acidic substances,
such that even atmospheric carbon dioxide begins to neutralize its alkalis, a process known as
carbonation.
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Figure 37: pH results under different water conditions.
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As shown in Figure 38, the results of the electrical conductivity (EC) test reveal distinct
differences between the EC values of the replacement and non-replacement systems. A
comparison between these values demonstrates that the EC in the non-replacement system is
consistently higher than in the replacement system. This difference is attributed to the ongoing
removal of ions in each measurement, which is not replenished in the non-replacement system.
An important observation regarding EC values was noted: during the initial three days of the
experiment, prior to the initiation of the replacement system, the EC values for both systems
were at their highest recorded levels. However, following the initiation of water replacement on
the fourth day, a consistent decline in EC was observed with each subsequent measurement,
corresponding to the removal of ions from the replacement system.

--¢-- EC Stagnant EC flowing
2500

— 2000 F _4--9
£ Ve d
o L -
< L % 4
g 1500 | .
[ i ,—«
()] L ,/'
= 3 Y
« 1000 [ R

3 4
> ’,
O /
W 500 | /s

[ PP --¥

0 [ 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 I
0 2 4 6 8 10 12 14
Weeks

Figure 38: Electrical conductivity results for two water conditions

In designing a robust leaching test, it is essential to consider environmental conditions.
However, this is often challenging in practice, as leaching tests commonly use accelerated
processes in laboratory settings. It is crucial that such acceleration does not alter the
fundamental leaching mechanisms. Notably, significant differences in calcium ion leaching
were observed between none-replacement and replacement water systems. Over the
experiment’s duration, the non-replacement system exhibited substantially higher levels of
calcium ion leaching compared to the replacement system. This outcome is anticipated, as the
periodic water refreshment in the replacement system facilitated ion removal. Moreover, water
replacement introduces notable alterations to the chemical environment at the concrete
surface due to dynamic interaction with the flowing water. The figure 39 shows how calcium ion
concentration (mmol/L) changes over 14 weeks in stagnant and flowing water conditions. In
stagnant water, calcium levels fluctuate at first but then rise sharply after week 6, surpassing
100 mmol/L by week 14, likely due to reduced ion movement and accumulation. In contrast, the
flowing water condition sees a slower, steadier increase with lower overall calcium levels,
suggesting that continuous water movement prevents excessive buildup. This comparison
highlights the impact of water flow on calcium retention—stagnant water encourages
accumulation, while flowing water disperses it. These insights are particularly relevant for self-
healing concrete, where calcium carbonate precipitation plays a key role in crack repair, and
water movement directly affects the process.
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Figure 39: Calcium ions result under different water conditions

4.4.1.2 Impactof 15-25% Fly Ash on pH, Electrical Conductivity, and Calcium lon Levels
in Concrete Solutions

Figure 40 presents three measurements: group pH1 represents plain mortar; group pH2
contains 15% fly ash (FA) as a partial replacement for Portland cement; and group pH3 includes
25% FA. After 28 days of standard curing, the pH of group pH2 is nearly equivalent to that of the
control (pH1), indicating that a 15% FA replacement does not significantly affect the material's
alkalinity. The only notable pH difference between these groups appeared in the second week,
after which both groups displayed a linear trend, likely due to the high proportion of vitreous
components and the limited replacement percentage. In contrast, group pH3, which contains a
higher amount of FA, exhibited consistently lower pH values compared to groups pH1 and pH2.
This difference can be attributed to FA’s pozzolanic nature, which facilitates the consumption of
calcium hydroxide (CH) crystals during secondary hydration, producing calcium-silicate-
hydrate (C-S-H) gels and other by-products. Given the weakly alkaline nature of C-S-H gels and
the reduction in CH, the basicity of the concrete further decreases. Analysis indicates that pH
discrepancies within group pH3 are considerably lower than those observed in groups pH1 and
pH2. This study concludes that adding FA alters the distribution of hydration products within the
concrete matrix, resulting in a redistribution of alkalinity. The lower pH in group pHS3, as
compared to other groups, is due to FA’s prolonged reaction period following the hydration
process, which reduces the amount of portlandite in the cement matrix. Consequently, the pH
of the pore solution decreases, particularly after portlandite is depleted. As FA reactions
proceed more slowly than those in conventional cement, the pH values of both FA-containing
groups (pH2 and pH3) declined in the second week, from 12.26 to 11.30 for the 15% FA
replacement and from 12.12 to 11.29 for the 25% replacement. This trend aligns with findings
from similar research, such as that of Nielsen et al. (2019b), which also observed accelerated
pH reduction with increasing FA content and hydration time. Additionally, another study by
Nielsen et al. (2019a) reported that increasing FA content and hydration time reduced pH from
above 11 to below 10, which facilitated microbial growth—a beneficial outcome for bio-
concrete applications. Increased FA substitution in cement correlates with lower pH and
enhanced bacterial activity, indicating that a higher FA content could support bio-concrete
processes by creating a more favourable environment for microbial activity.
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Figure 40: pH results with different type of cement

Salinity, defined as the concentration of all dissolved salts in an alkaline solution, contributes to
a solution’s electrical conductivity (EC), or its ability to conduct electric current. This parameter
remains under-researched regarding its influence on conductivity and salinity in alkaline
environments, particularly in bacterial concrete technology, resulting in a limited body of
literature in this area. The electrical conductivity of concrete serves as an indirect measure of
its salinity, with salinity influencing concrete durability and bacterial growth on its surface. In an
ion-containing solution (such as one with dissolved salts), EC increases in response to the
presence of ions. In the absence of salts, however, EC remains low, indicating poor conductivity.
Factors such as cement type, concrete porosity, and water flow over the concrete surface
further influence salt dynamics at the concrete interface. Figure 41 presents three sets of EC
measurements: EC1 represents plain mortar; EC2 represents a 15% fly ash (FA) replacement of
Portland cement; and EC3 represents a 25% FA replacement. Results indicate an increase in EC
for group EC1, while group EC2, with 15% FA, exhibited the highest EC values, and group EC3,
with 25% FA, showed the lowest. Significant differences in EC values were observed across all
mixes. The lower ion presence in group EC3 is consistent with literature suggesting that high FA
content reduces concrete porosity, thus limiting ion movement through the concrete matrix and
into the solution. From the eighth week onward, EC values across all mixes began to decline,
with group EC3 recording the lowest EC value throughout the measurement period. These
findings align with those of Ch Madhavi and Annamalai (2016), who reported that conductivity
and salinity increase with rising pH levels. A notable shift in EC values was observed in all
groups from the first to the seventh week, underscoring the impact of FA content and curing
time on the ionic conductivity of concrete.
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Figure 41: Electrical conductivity results of different types of cement

Figure 42 shows the results of calcium ion concentration measurements for three groups of
mortar samples over a 10-week period. The first group, C1, is plain mortar with no-fly ash (FA);
the second group, C2, contains Portland cement with 15% FA replacement; and the third group,
C3, includes Portland cement with 25% FA replacement. Because the calcium ion
concentrations were very high, they couldn’t be measured directly using the Perkin Elmer
device. To address this, the samples were diluted in volumetric flasks to obtain accurate
readings. The results clearly demonstrate the effect of FA content on calcium ion leaching. As
shown in figure below, higher FA replacement levels resulted in lower calcium ion
concentrations. For example, the concentration in C2 (15% FA) was higher than in C3 (25% FA).
During the initial stages of leaching, C1 (0% FA) had much higher calcium ion leaching
compared to the samples with FA. This lower concentration in C3 can be explained by the way
FA reduces the porosity of the concrete. With lower porosity, it becomes harder for calcium ions
to migrate from the interior to the surface. This highlights how using FA, especially at higher
levels, helps reduce calcium ion leaching and contributes to the durability of the material.
Extensive research supports the role of supplementary materials in reducing concrete porosity.
For example, Cheng et al. (2013) found that mineral admixtures decreased calcium hydroxide
content and refined pore structures through pozzolanic reactions, thus enhancing compressive
strength and durability of cement-based materials. His observations further noted that
specimens with mineral admixtures demonstrated reduced porosity, contributing to improved
durability. While reduced porosity leads to higher compressive strength, the availability of
calcium ions in the leachate is critical for bio-concrete applications. Lower calcium ion release
can impact the effectiveness of bacterial self-healing processes, as calcium ions play a key role
in supporting microbial activity essential to bio-concrete technology.
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Figure 42: Calcium ions results

4.4.1.3 Effect of 35% GGBS and Fly Ash Replacement on Concrete solution
Environment

The pH values of pore water (solution) were both calculated and measured, with results
summarized in Figure 43. Analysis of the data reveals a subtle yet notable difference in pH
values across samples, particularly in cases where supplementary materials were used at a
35% replacement level. The pH in these samples was significantly lower than that of the pore
solution in plain mortar containing only Portland cement, indicating that supplementary
materials notably influence the pH values of the pore solution. These pH variations are
consistent and closely tied to changes in hydroxide ion (OH™) concentration, with measurable
differences apparent across varying ages of the solution and degrees of substitution. It is
important to note that pH values are measured on a logarithmic scale, suggesting a nonlinear
relationship between pH levels and their corresponding systemic changes. As (Ortolan, Mancio
and Tutikian, 2016) noted, a shift in pH units, such as from 13.6 to 12.6 (observed at 28 days in a
10% silica fume mix), reflects a tenfold reduction in OH™ ion concentration compared to
reference specimens. Furthermore, the incorporation of fly ash (FA) in concrete has been
associated with maintaining a slightly alkaline pH in the pore solution. This effect arises from
the interaction between calcium hydroxide (a by-product of cement hydration) and silica in FA,
which react to form calcium silicate hydrate (C-S-H) gel. This C-S-H gel formation has been
observed to enhance the alkalinity of the pore solution. Similarly, ground granulated blast
furnace slag (GGBFS) also contributes alkaline properties to the pore solution by reacting with
calcium hydroxide to produce additional C-S-H gel, thereby increasing solution alkalinity. The
extent to which supplementary materials impact pH is influenced by variables such as the
material’s composition and fineness, types of cementitious materials used, and the water-to-
cement ratio. Additionally, factors including carbonation and exposure to external chemicals
can further affect the pore solution pH in concrete, introducing additional variability to the
system’s alkalinity.
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Figure 43: pH results %35 replacement of cement

4.4.1.4 Effect of 50% GGBS and Fly Ash Replacement on Concrete solution
Environment

The pH values of the pore water were computed and measured, with the summarized results
presented in Figure 44. An analysis of the data indicates a slight disparity in the pH values
obtained from the pore solution measurements. Notably, samples with a 50% replacement of
supplementary materials exhibited a significant decrease in pH values compared to those
observed in the pore solution of plain mortar, which contains only Portland cement. This
observation suggests a notable influence of supplementary materials on the pH levels. The
consistent variations in pH can be attributed to significant fluctuations in hydroxide ion (OH")
concentrations, which depend on both the age of the solution and the degree of substitution. It
is essential to highlight that pH values adhere to a logarithmic scale, indicating a nonlinear
relationship between the measured pH values and the corresponding changes within the
system. Ground granulated blast-furnace slag (GGBFS) contributes alkaline properties to the
concrete pore solution, facilitating the generation of additional calcium silicate hydrate (C-S-H)
gel through its reaction with calcium hydroxide, thereby enhancing the solution's alkalinity.
However, it is important to recognize that the specific effects of supplementary materials on pH
may vary based on factors such as material composition, fineness, types of cementitious
substances utilized, and the water-to-cement ratio. Additionally, external factors, including
carbonation and the presence of various chemicals, can further influence the pH of the
concrete pore solution. To evaluate the impact of different cement types on mortar surfaces,
carbonation levels on various surfaces were assessed over a 28-day period. This investigation
underscores the complex interplay of factors that affect the pH and chemical environment of
concrete, highlighting the importance of understanding these dynamics in concrete technology.
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Figure 44: pH results for different type of cement

4.4.1.5 Impactof Carbonation on the pH Value of Concrete solution

This study examined two types of mortar specimens: plain mortar (PM), made without any
additional materials, and mortar with ground granulated blast-furnace slag (GGBS) as a partial
replacement for Portland cement, referred to as PG. The pH levels of the samples were
measured after 7 days of water curing in both normal water and carbonated water. The results
are shown in Figure 45, Figure 46, and Table 6. The specimens immersed in carbonated water
underwent an additional hydration phase involving immersion in regular water for three days.
For samples cured solely in normal water, the pH values differed slightly between PM and PG.
Specifically, the plain mortar displayed higher pH values than the GGBS-replaced mortar. After
two hours of curing in normal water, the PM samples exhibited high alkalinity, with pH values
between 12.60 and 12.35. Conversely, at two hours in carbonated water, the pH values of PM
and PG samples measured 6.44 and 6.39, respectively. The increased calcite content in PG
samples (as demonstrated in Fig. 47) may have acted as a buffer within the carbonated water
environment. Notably, the pH values of both PM and PG samples cured in normal water were
consistently higher than those cured in carbonated water. However, according to the hydration
mechanisms of cementitious materials, the pH of the pore solution experiences a rapid
increase when in contact with water.

Within the first 24 hours, a substantial increase in pH levels was noted, particularly in
specimens submerged in carbonated water. This increases likely results from the depletion of
dissolved gases due to carbonation, subsequently neutralizing the carbonated water’s acidity.
In general, carbonation in concrete occurs as atmospheric carbon dioxide permeates the
porous concrete matrix, where it reacts with calcium hydroxide (Ca (OH),) to form calcium
carbonate (CaCO;) (Gadd & Dyer, 2017). This interaction also promotes the transformation of
calcium hydroxide into calcium carbonate, leading to slight volumetric shrinkage (Dhami et al.,
2013). Elevated carbon dioxide concentrations in the carbonated water, introduced directly into
containers, triggered a reaction with calcium hydroxide within the concrete, consequently
reducing pH levels. This pH reduction could create a favourable environment for bacterial
growth; however, this reaction also diminishes the available calcium ions, which are essential
for bio-concrete applications. To mitigate the depletion of calcium ions, two strategies can be
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considered: utilizing groundwater with a high calcium content or supplementing calcium
directly within the concrete mixture.

Numerous studies have explored the intricate mechanisms underlying the formation of calcium
carbonate-based materials (CBM) under conditions of carbon dioxide (CO,) exposure and low
pH, such as that found in carbonated water. This complex reaction has drawn considerable
interest due to its multi-faceted properties (Chandra & Ravitheja, 2019). When used as a curing
agent, carbonated water has been shown to reduce both the pH of the curing solution and the
concrete surface. However, this decrease in pH results in a concurrent reduction in calcium
release from the concrete, a factor crucial for bio-concrete technology. Furthermore, curing in
carbonated water has shown a tendency to enhance porosity within the matrix. These findings
underscore the significant effects of carbonated water on pH reduction, surface properties, and
its potential to increase porosity during the curing process.
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Figure 47: Calcite on the surface of GGBS mortar

Table 6: The results of the pH for all mixes

Time Normal Water Carbonated Normal Water Carbonated
Curing pH (PM) | Curing pH (PM) | Curing pH (MG) | Curing pH (MG)

2hours 12.60 12.55 12.2 12.3
72 hours 13.10 12.87 12.50 12.4
0.5 hour 13.04 6.44 12.70 5.8
2 hours 13.08 6.94 12.9 6

24 hours 13.26 9.10 12.97 8.5
96 hours 13.28 9.78 13 9

4.4.2 Chemical investigation on the surface

4.4.2.1 pH Value Calibration Using Imagel Software

The images in figure 48 and table 7 illustrate how pH levels relate to the percentage of red
coloration (Red%). The pH was first measured using a pH probe, and then the red intensity in the
samples was analysed using Imagel) software after applying a phenolphthalein solution.
Phenolphthalein is a pH indicator that changes colour depending on the pH level but remains
colourless when the pH is below 8. For the tested samples (images 1 to 5), the pH ranged from 5
to 7.80, gradually increasing with each addition of NaOH. When the pH reached 8.44, the
solution turned a light purple, and as the pH continued to rise, the colour deepened to a darker
purple. These changes were both visually observed and measured. The Red% data from Image)
was not detailed enough to provide reliable measurements for pH values between 5.00 and
7.80. However, it became more reliable for pH values between 8.44 and 12.63. By analysing the
RGB values of the images in Imagel, the proportion of red in the solution was measured and
linked to the corresponding pH levels. As the pH increased, the solution gradually darkened.
This colour change was then used to create a graph in Excel, illustrating the relationship
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between pH and Red%. Figure 49 and the accompanying table clearly show a strong connection
between pH levels and red colour intensity.
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image 1(pH 5)

image 4 (pH 7.13)

image 7 (pH 9.20)

image 10 (pH 11.15)

image 2 (pH 5.59)

image 5 (pH 7.80)

image 8 (pH 10)

image 11 (pH 11.70)

image 3 (pH 6.65)

image 6 (pH 8.44)

image 9 (pH 10.55)

image 12 (pH 12.25)

image 13 (pH 12.63)

Figure 48: pH value
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Table 7: pH value and Red %

Image pH Red %
1 5.00 40.4
2 5.59 40.7
3 6.65 40.8
4 7.10 41.0
5 7.80 40.7
6 8.44 37.8
7 9.20 44.2
8 10.00 64.2
9 10.50 69.6
10 11.10 72.9
11 11.70 74.2
12 12.20 75.1
13 12.60 75.1
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Figure 49: The relationship between Red % and pH value

The universal indicator covers a much broader pH range and shows more distinct colour
transitions compared to phenolphthalein, as shown in Figure 50 and table 8. While
phenolphthalein only changes from colourless to light or dark purple within a narrower pH range
of approximately 8 to 14, the universal indicator provides clearer distinctions across a wider
range. The images below illustrate the gradual colour changes that occurred with each addition
of sodium hydroxide. With the universal indicator, even the first image, which represents
carbonated water as the starting point, shows a visible pH change through a colour shift. Each
step from pH 5to 10 resulted in a distinct colour change, making it easy to differentiate between
levels. However, at pH values above 10, the colour remained stable, as seen in images 10, 11,
and 12. These images were analysed using ImagelJ software to measure the percentages of red
and blue in the solution. The colour transitions closely followed changes in pH, and Equations 6
and 7 were used to quantify this relationship. In images 1 to 3, the blue percentage fluctuated
slightly due to a lower average blue intensity. However, from images 4 to 12, a clear pattern
emerged: as the pH increased, so did the blue percentage, highlighting a strong correlation
between pH and colour intensity. In contrast, the red and green percentages did not follow a
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clear pattern with pH changes. Both started at higher values but gradually decreased as the
solution's colour shifted to purple. For example, in images 1 to 5, the red and green values were
initially high but dropped as the pH increased, reflecting the visible transition to a purple hue.

Figure 51 illustrates the relationship between pH values and the red, green, and blue percentage
values.

Image 1 (pH 5) Image 2 (pH 5.54) Image 3 (pH 6.57)

Image 4 (pH 7.25) Image 5 (pH 7.90) Image 6 (pH 8.60)

Image 7 (pH 9.25) Image 8 (pH 9.50) Image 9 (pH 9.95)

Image 10 (pH 10.35) Image 11 (pH 11.40) Image 12 (pH 12.40)

Figure 50: pH value with different image colour
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Table 8: RGB percentage value and pH value

Image pH B% R% G%
1 5.00 9.92 60.00 29.00
2 5.54 8.66 55.00 36.00
3 6.57 8.45 53.00 38.00
4 7.25 9.05 51.00 39.00
5 7.90 10.33 49.00 39.98
6 8.60 12.90 46.50 40.50
7 9.25 28.30 34.00 37.40
8 9.50 34.48 32.00 33.00
9 9.95 44.57 34.00 24.80
10 10.35 45.06 36.00 18.50
11 11.40 48.70 37.00 13.40
12 12.40 48.20 38.00 14.00
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Figure 51: The relationship between red, blue and green % with pH values
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4.4.2.2 Application of Phenolphthalein Solution and Universal Indicator on Concrete
Surfaces

Figure 52 shows how the prisms reacted to phenolphthalein and a universal indicator, revealing
different patterns of colour change based on pH levels. The prism treated with phenolphthalein
consistently turned pink, with darker shades indicating higher pH levels and lighter shades
reflecting lower pH values. Since phenolphthalein only changes colour at pH levels above 8
(Sandaruwan et al., 2024), it provides a simple and effective way to detect pH changes in an
alkaline environment. On the other hand, the prism treated with a universal indicator displayed
a more complex colour pattern, with multiple shades appearing across its surface. This
variation suggests that different pH levels exist within the concrete matrix, which could be
useful for applications like self-healing concrete, where localized pH differences may support
microbial activity essential for calcium carbonate precipitation. However, the universal
indicator’s multi-coloured response can be somewhat ambiguous, making it difficult to visually
pinpoint precise pH values without further analysis. These results highlight the advantages of
both indicators: phenolphthalein offers a clear and straightforward response in high-pH
environments, while the universal indicator provides a more detailed pH map across the
concrete surface, though with less visual clarity.

Figure 52: (a) Phenolphthalein indicator on mortar surface. (b) Universal indicator on mortar surface

4.4.2.3 The effect of supplementary materials on concrete surface

This phase utilized various types of cement, including ground granulated blast furnace slag
(GGBS) and fly ash, as partial replacements for Portland cement at replacement levels ranging
from 15% to 50%. Each percentage had a distinct impact on the concrete surface. Analysis of
the data from the figures reveals slight variations in pH values derived from pore solution
measurements. A notable correlation was observed between darker purple shades and higher
pH values, with darker coloration appearing in both plain mortar and plain mortar with nutrient
additives. Further evaluation of pH values was conducted using the ImagelJ software, following
the methodology described by Li et al. (1998). The specimen surface images were analysed for
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their RGB values using Imagel software. The percentage of the red component was determined
using Equation (5), with the results summarized in Tables 9 and 10.

Previous pH measurements using a probe showed that adding fly ash affected the pH levels of
the samples. The results suggest that supplementary cementitious materials (SCMs),
especially fly ash used to replace part of the Portland cement, increased surface carbonation,
as seen in Figure 54. Mortar cubes with 25% fly ash replacement showed the most carbonation,
while those without any fly ash had no carbonation at all. It’s worth mentioning that these cubes
were freshly made, and the phenolphthalein solution was applied after about 20 weeks, giving
their surfaces a light pink colour—an indication of carbonation. On the other hand, Figure 55
shows that samples with 35% supplementary material replacement had a noticeable drop in pH
compared to the plain mortar, which only contained Portland cement. This highlights how SCMs
can influence the pH of the pore solution, largely due to changes in hydroxide ion (OH7)
concentration. These changes depend on both the age of the mix and how much cement has
been replaced. Since pH is measured on a logarithmic scale, even small changes can have a big
impact, making the relationship between pH and the system's behaviour nonlinear. Ground
granulated blast-furnace slag (GGBS), for example, boosts the alkalinity of the pore solution by
reacting with calcium hydroxide to form more calcium-silicate-hydrate (C-S-H) gel, which helps
maintain higher pH levels. However, the exact effect of these supplementary materials on pH
can vary depending on factors like their composition, fineness, the type of cement used, and
the water-to-cement ratio. External factors, such as carbonation and exposure to chemicals,
can also play a role in altering the pH of the concrete's pore solution.

Table 9: The results of red percentage value

Images Red %
Image 1(FA %25) 36.7
Image 2 (FA %15) 37.2

Image 3 (Plain) 39.8

Figure 53: (a) Plain mortar. (b) Mortar with 15% fly ash replacement by weight of cement. (c) Mortar with
25% fly ash replacement by weight of cement.
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Figure 54: a) Plain mortar specimens sprayed with a Phenolphthalein indicator. (b) Mortar specimens
containing 35% ground granulated blast-furnace slag (GGBS) replacement, sprayed with a Phenolphthalein
indicator. (c) Mortar specimens containing 35% fly ash replacement, sprayed with a Phenolphthalein
indicator.

Table 10: The results of Red % value

Images Red %
Image 1(FA) 41
Image 2 (GGBS) 66
Image 3 (Plain) 98

4.4.2.4 The effect of flowing water on chemical environments of concrete surface

This study explored three types of mortar samples: plain mortar, mortar with ground granulated
blast-furnace slag (GGBS) as a partial replacement, and mortar with fly ash (FA) as a
replacement. To measure the carbonation depth on the surface of these samples,
phenolphthalein spray was applied—a common technique for detecting carbonation in cement-
based materials (Papadakis et al., 1991). The main aim was to understand how the combination
of water flow and supplementary materials affects carbonation behaviour, and whether these
conditions could create an environment that supports soil bacteria, potentially paving the way
for bio-concrete technologies in underground concrete structures. The results, shown in Figure
55, highlight how different water conditions impact carbonation in the mortar samples. One key
observation was that samples kept in stagnhant water consistently had higher pH levels
compared to those exposed to flowing water. This difference comes down to the setup of the
hydraulic bench, where the water in contact with the flowing samples was refreshed daily,
simulating more dynamic conditions. Early in the experiment, the flowing water caused a faster
leaching of alkalis from the inner core of the mortar due to its interaction with the bonding
matrix. This leaching led to a noticeable drop in pH levels in the samples exposed to flowing
water, a trend that aligns with earlier studies showing how water flow can affect the durability
and chemical stability of concrete (Wang et al., 2019). The images clearly illustrate this process,
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showing how the combination of water exposure and the mortar composition affects the depth
of carbonation. These findings provide valuable insights into how mortar behaves under
different environmental conditions, particularly in relation to bio-concrete applications.
Understanding the role of water flow in changing the chemical environment of concrete is
essential for improving self-healing and bio-enhanced concrete technologies, especially for
underground structures where moisture conditions can vary significantly

(a N (b)

(<)

(f) (8)

Figure 55: (a), (b), and (c) represent prisms composed of different types of cement exposed to a non-
flowing water system, while (d), (f), and (g) depict prisms with varying cement types subjected to a
flowing water system.

4.4.2.5 The effect of carbonation on concrete surface

Figures 56, 57, and 58 show how carbonation affected the surfaces of two different mortar
mixes, tested after curing for 7 days. Phenolphthalein solution was used as an indicator to
visualize the carbonation process. In these images, the non-carbonated areas appear purple,
with lighter shades indicating lower pH levels, while darker shades represent areas with higher
alkalinity. There were clear differences in colour intensity and brightness between samples
cured in carbonated water and those cured in regular water, reflecting how carbonation
progressed under different conditions. It's well-documented that carbonation can reduce the
alkalinity of concrete, which in turn can affect its long-term durability and strength these
observations align with the findings of Papadakis et al. (1991). In this study, when the samples
were cured in regular water, no carbonation was detected at any curing stage. This was likely
because the containers were tightly sealed, limiting the exposure to atmospheric carbon
dioxide (CO,), and because regular water contains only a minimal amount of CO,. However,
when carbonated water was used for curing, a thin layer of calcium carbonate formed on the
surfaces of both mixes. This highlights the role of carbonated water in speeding up the
carbonation process, leading to the formation of calcium carbonate and a noticeable drop in
pH levels. These findings are in line with previous studies showing that higher CO,
concentrations can accelerate carbonation reactions, which in turn alter the chemical
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environment inside the concrete by reducing alkalinity (Silva-Castro et al., 2015). The chemical
environment within the mortar changed significantly due to carbonation. The drop in pH
suggests a shift toward more acidic conditions, which can impact the material’s durability over
time. Lower pH levels in carbonated areas indicate more acidic conditions, which can
compromise the protective layer around steel reinforcements in concrete, increasing the risk of
corrosion. Interestingly, both Portland cement and GGBS-based mortars responded similarly to
carbonation when cured in carbonated water. This suggests that, under the conditions of this
study, the type of cement used did not have a major impact on how quickly or extensively
carbonation occurred. This aligns with existing research showing that while supplementary
materials like GGBS can affect carbonation, other factors such as curing conditions and
environmental exposure play a significant role (Ahmad et al., 2022).

Figure 56: (a) Plain mortar exposure acceleration carbonation process after 30. (b) Plain mortar exposure
acceleration carbonation process after 2 hours.

Figure 57: (a) Mortar with 35% ground granulated blast-furnace slag (GGBS) replacement subjected to an accelerated
carbonation process for 30 minutes. (b) Mortar with 35% ground granulated blast-furnace slag (GGBS) replacement
subjected to an accelerated carbonation process for 2 hours.
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Figure 58: (a) Plain mortar subjected to an accelerated carbonation process for 4 days. (b) Mortar with 35% ground
granulated blast-furnace slag (GGBS) replacement subjected to an accelerated carbonation process for 4 days.

4.4.3 Microbiology investigation

4.4.3.1 The Influence of pH on Bacterial Activity

Bacteria are highly sensitive to the pH of their environment, as it directly affects their ability to
function and survive. The pH influences everything from how well their enzymes work to the
stability of their cell membranes and how effectively they can absorb nutrients. Research shows
that most bacteria thrive in a slightly acidic to neutral pH, typically between 6.5 and 7.5. Within
this range, their metabolic processes and growth are at their best. However, if the pH moves
outside this sweet spot, it can either boost or limit their activity, depending on the specific
bacterial species (Luan et al., 2023). Figures 59 and 60 show how bacterial activity changes
under different pH conditions. The images in Figure 59 were taken using a microscope, but it
was challenging to clearly identify bacterial activity due to the limited clarity of the images.
While it was possible to observe bacterial viability under the microscope, additional analysis
was carried out using Image) software, as shown in Figure 60, to provide clearer insights. This
study highlights how even small changes in pH can significantly affect bacterial growth and
activity. At lower pH levels, bacteria appeared to thrive, with higher density and more even
distribution. This was especially clear in the pH 7 images, where bacterial activity was more
concentrated and consistent. However, as the pH increased to 8, bacterial activity started to
decline. While clusters of bacteria were still visible, they became larger and more spread out,
suggesting that the environment was becoming less favourable. This drop-in activity could be
due to enzymes not working as effectively or disruptions in the balance of ions within the
bacterial cells. These results emphasize how sensitive bacteria are to changes in pH and how
important it is to create the right conditions for their growth and activity (Puchkov, 2016). As the
pH continued to rise, bacterial activity dropped further. At pH 9, the number of bacteria was
noticeably lower, and their distribution was less uniform, suggesting the bacteria were under
stress. By pH 10, growth was clearly restricted, with only sparse and scattered clusters
remaining. This was likely due to the enzymes struggling to function and nutrients becoming
harder for the bacteria to access. At pH 11, only a few isolated clusters were visible, showing
that the high pH was causing severe stress and making it difficult for bacteria to survive (Razmi
et al., 2023). By pH 12, bacterial activity had almost completely stopped, as the extreme
environment disrupted their ability to function and maintain their cell membranes.
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These results show just how sensitive bacteria are to pH changes. As the pH moves further
away from neutral, their ability to grow and survive becomes increasingly limited, reinforcing the
importance of maintaining the right conditions for bacterial activity.

Figure 60: Theses images analysis by ImageJ program
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4.4.3.2 Influence of pH Variation on MICP Production in Aqueous Solution (Controlled
Experimental Study)

This experiment examined the study’s findings, including how pH levels were tracked
throughout the process, the crystal formations that were observed, and the analysis of images
captured using microscopy techniques. It also included a detailed discussion to further
interpret and understand these results.

4.4.3.2.1 pHmeasurements

Over the six-day measurement period in this study, pH levels were carefully monitored to better
understand the conditions that support calcium carbonate crystal formation, as shown in
Figure 61 and Table 11. Tracking these changes provided valuable insights into the optimal
environment for calcium carbonate precipitation and crystallization. These variations were
largely driven by the metabolic activity of Bacillus subtilis and the chemical reactions occurring
in the surrounding medium. At higher pH levels of 11 and 12, there was a noticeable drop in pH
after the first day. This is likely because high pH levels enhance urease enzyme activity,
speeding up the breakdown of urea (Matczuk and Siczek, 2021). Initially, the pH may rise slightly
as ammonia (NH3) and carbon dioxide (CO2) are produced during the reaction. However, when
CO2 reacts with water, it forms carbonic acid (H2CQO3), which releases hydrogen ions (H+) and
lowers the pH (Doyle et al., 2023). Additionally, at such high pH levels, bacteria may struggle to
maintain their metabolic activity due to reduced buffering capacity, leading to further pH
fluctuations over time. In contrast, pH levels of 9 and 10 showed a gradual decrease over time.
These pH levels are optimal for urease activity, allowing steady urea hydrolysis and consistent
production of ammonia and CO2. As Sibhat et al., (2024) explain, ammonia helps maintain a
stable pH, but as CO2 forms carbonic acid, a slight drop occurs. Calcium carbonate, which
forms during the process, acts as a natural buffer, keeping the pH relatively steady as the
system reaches equilibrium. At lower pH levels, such as 7 and 8, the trend was reversed, with
pH levels increasing after one day. This is because urease activity is slower at these levels,
leading to slower urea hydrolysis. As the reaction progresses, ammonia is released, causing the
pH to rise. A similar observation was made in a study by Moraes et al. (2017). Additionally, the
medium's initial buffering capacity at these lower pH levels is weaker, so the accumulation of
ammonia has a more noticeable impact (Yamanaka, 2003). Bacillus subtilis also tends to
perform better in this pH range, producing by-products that further raise the pH (Park et al.,
2022). As a result, at pH levels of 7 and 8, the slower breakdown of urea and reduced buffering
capacity allow for a noticeable increase in pH over time.
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Figure 61: pH results



Table 11: pH results

pH day 1 day2 day3 day4 dayb day6

pH7 8.39 8.37 8.35 8.27 8.34 8.2
pH8 8.45 8.44 8.39 8.29 8.37 8.01
pH9 8.98 8.93 8.76 8.74 8.52 8.4
pH10 9.76 9.7 9.51 9.45 9.25 9.01

pH11 11.07 10.65 10.05 9.89 9.84 9.63
pH12 11.25 10.22 10.02 9.94 9.85 9.72

4.4.3.2.2 Formation CaCOg3 in flasks

Flasks with varying pH levels, as shown in Figure 62—(a) pH 7, (b) pH 8, (c) pH 9, (d) pH 10, (f) pH
11, and (g) pH 12—demonstrated how pH significantly influences the rate of calcium carbonate
(CaCO,) precipitation. At pH 7, there was minimal formation of CaCQO,. The solution remained
mostly clear with very little sediment at the bottom, indicating that only a small amount of
precipitation had occurred. This limited CaCO, formation is likely due to the low activity of
urease enzymes at near-neutral pH, resulting in fewer carbonate ions available to react with
calcium and form CaCO,. When the pH increased to 8, there was a slight uptick in CaCO,
precipitation. Some sedimentation became visible, suggesting that more crystals were forming.
Although urease activity was still relatively low at this pH, it was slightly higher than at pH 7,
leading to more urea being broken down and, consequently, more carbonate ions available for
precipitation. At pH 9, a significant jump in CaCO, formation was observed. The solution
contained a noticeable amount of sediment, reflecting a much higher density of CaCO,
crystals. This increase is largely due to the urease enzymes performing at their optimal activity
level at this pH, which boosts urea hydrolysis and increases the availability of carbonate ions.
The trend continued at pH 10, where the flasks showed even more pronounced CaCO,
precipitation. The sediment at the bottom was substantial, indicating a strong and sustained
precipitation process. Urease activity remained high, supporting efficient urea breakdown and
an accelerated rate of CaCO, crystal formation. At even higher pH levels—pH 11 and 12—the
flasks showed a significant buildup of CaCO, sediment. The high pH levels supported rapid urea
hydrolysis and a large production of carbonate ions, further speeding up CaCO, formation.
While extremely alkaline conditions can eventually inhibit bacterial activity, in the short term,
they led to a noticeable increase in CaCO, precipitation. In addition to the biological activity, the
high alkalinity also promoted direct chemical precipitation of CaCO,; due to the increased
saturation of carbonate ions in the solution. The overall chemical process driving this
precipitation can be summarized in the following reactions:

Ca®t + C0%¥ - CaCO; (8)

The hydrolysis of urea also produces ammonia and carbonate ions, which elevate local pH
levels further. At such high pH levels, the increased concentration of carbonate ions can lead to
the precipitation of CaCOS3 directly without any significant bacterial involvement. CaCO3
precipitation may occur via bacterial cells, but chemical precipitation can also occur at
elevated pH levels independent of bacteria. A study by (Stocks-Fischer et al., 1999b)
demonstrate that chemical precipitation can occur without microbial activity, especially in
highly alkaline environments. The considerable CaCOS3 precipitation observed at pH 11 and 12
is most likely driven predominantly by chemical reactions. While some urease activity,
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potentially from Bacillus subtilis, may still contribute to the precipitation process, the extreme
pH levels primarily facilitate precipitation through chemical mechanisms. This analysis
highlights the crucial role of pH in regulating urease activity and subsequent CaCO3
precipitation, identifying pH levels 9 and 10 as the most favourable for optimal crystal
formation.

Figure 62: Formation of calcium carbonate (CaCQO;) in flasks subjected to varying pH levels (a) pH 7, (b) pH 8, (c)
pH9Y, (d) pH 10, (f) pH 11, and (g) pH 12.

4.4.3.2.3 Keyence microscopy analysis

The analysis of calcium carbonate (CaCO3) precipitation at various pH levels, as shown in
Figure 63, highlights the impact of pH on CaCOS3 formation. At pH 7, very few CaCQO3 crystals
are observed, due to low urease activity which results in minimal urea hydrolysis, reduced
ammonia production, and therefore fewer carbonate ions for CaCQOS precipitation. Similarly, at
pH 8, only slightly more crystals are present compared to pH 7. Although urease activity is still
low, it is somewhat higher than at pH 7, leading to a slight increase in urea hydrolysis and
CaCO3 formation. The crystals at this pH are small and dispersed. This finding aligns with the
study by (Stocks-Fischer et al., 1999b), which indicated that calcite precipitation is influenced
by pH, as urease enzyme activity is specific to certain pH values optimal for urea hydrolysis.
Many researchers have reported that the optimal pH for urease is 8.0, above which its activity
decreases. At pH 9, there is a significant increase in the number of CaCO3 crystals. Urease
activity is optimal at this pH, leading to higher rates of urea hydrolysis and ammonia production,
which in turn increases the availability of carbonate ions for CaCO3 formation. The crystals
formed are larger and more numerous than those at pH 7 and 8. This trend continues at pH 10,
with even larger and more abundant crystals. Urease activity remains optimal, facilitating
effective urea hydrolysis. The images show a higher density of crystals, indicating robust CaCO3
precipitation. Other studies also emphasize the importance of high pH for ammonia production
via urea hydrolysis. Aerobic bacteria release CO2 through cell respiration, increasing pH due to
ammonia production (Ng et al., 2012) . If the pH is too low, carbonate tends to dissolve rather
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than precipitate (Lowenthal et al.,, 1976) . Most calcite precipitation occurs under alkaline
conditions between pH 8.7 and 9.5 (Stocks-Fischer et al., 1999b).

At pH 11 and 12, there is a marked increase in both the size and number of CaCOS crystals.
Urease activity is very high at these pH levels, leading to rapid urea hydrolysis and significant
ammonia and carbonate ion production. However, such high pH levels may begin to inhibit
bacterial activity, although the immediate effect remains a high rate of CaCO3 formation.
(Stocks-Fischer et al.,1999b) compared the efficiency of microbially induced CaCOS3
precipitation with chemically induced precipitation at pH 9.0, confirming that 98% of initial
Ca2+ concentrations were precipitated microbially, compared to only 35% and 54% chemically
in water and medium, respectively. This difference occurs because bacterial cells provide
nucleation sites for CaCO3 precipitation and create an alkaline environment conducive to
further calcite growth (Stocks-Fischer et al., 1999b). In this study, pH levels of 9 and 10 exhibit
the most efficient CaCO3 precipitation, striking a balance between high urease activity and
stable bacterial metabolic function. Although pH levels of 11 and 12 initially show significant
crystal formation, the extremely high pH might affect the chemical reactions involved. In
contrast, pH levels of 7 and 8, marked by lower urease activity, lead to fewer and smaller
CaCOa3 crystals. This analysis highlights the crucial role of pH in regulating urease activity and
subsequent CaCO3 precipitation, identifying pH levels of 9 and 10 as the most favourable for
optimal crystal formation.

Figure 63: (a) At pH 7, minimal crystal formation was observed. (b) At pH 8, moderate crystal formation was detected.
(c) At pH 9, significant crystal formation was evident. (d) At pH 10, advanced crystal formation was observed. (f) At pH
11, substantial crystal formation was noted. (g) At pH 11, complex crystal structures were identified.

4.4.3.2.4 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDX) analysis.

Figure 64 showcases Scanning Electron Microscopy (SEM) images, while Figure 65 presents the

corresponding Energy-Dispersive X-ray Spectroscopy (EDX) spectra for samples exposed to a
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range of pH levels: (a) pH 7, (b) pH 8, (c) pH 9, (d) pH 10, (f) pH 11, and (g) pH 12. Together, the
SEM and EDX analyses highlight how both the surface structure and chemical composition of
the materials change progressively with increasing pH. At pH 7, the material’s surface appears
smooth and uniform, suggesting little to no crystal formation or surface modification. This lack
of significant precipitation is typical under near-neutral pH conditions, where the environment
does not favour crystal growth (Huang et al., 2010). However, by pH 9, noticeable changes begin
to appear, with the surface developing a granular and textured look. This indicates a shift in the
material's microstructure, likely due to increased alkalinity promoting the nucleation and
growth of crystalline phases (Rodriguez-Navarro et al., 2003). As the pH continues to rise,
particularly at pH 9 and 10, the surface becomes even more textured, evolving from granular
patterns to well-defined hexagonal shapes. These changes suggest the formation of new
crystalline phases—Ilikely calcium carbonate polymorphs like vaterite or aragonite—or the
clustering of materials on the surface (Pu et al., 2012). The elevated pH appears to influence
how quickly and in what form these crystals develop, leading to more complex and structured
surface patterns.

The EDX spectra in Figure 65 provide further details on the chemical composition of these
precipitates at different pH levels. At higher pH levels, subtle shifts are observed in the peaks
corresponding to carbon (C), sodium (Na), and chlorine (Cl). While these elements are
consistently present across all samples, their distribution seems to change with pH, reflecting
alterations in the surface chemistry and precipitation processes. Interestingly, no calcium (Ca)
peaks were detected at pH 7 and 8, suggesting either the absence of calcium carbonate or its
presence in quantities too small for EDX detection in the sampled regions. This observation
aligns with the smooth surface morphology and implies limited calcium-based precipitation
under lower pH conditions. By pH 9 and 10, the granular textures observed in SEM images likely
result from the formation of calcium carbonate polymorphs or other secondary phases that
were not present at lower pH. At the highest pH levels, pH 11 and 12, significant crystallization
becomes evident. The SEM images reveal well-defined crystalline structures, while the EDX
spectra confirm the presence of key elements—calcium (Ca), carbon (C), and oxygen (O)—
associated with calcium carbonate polymorphs like calcite and aragonite. The highly alkaline
environment at these pH levels not only accelerates precipitation but also influences the size,
shape, and stability of the resulting crystals (Pu et al., 2012).

Electron Image 1 Electron Image 12

e Sty -

— = 2 —

— om

Figure 64: Results of Scanning Electron Microscopy (SEM) analysis of the white precipitated product at
varying pH levels (a) pH 7, (b) pH 8, (c) pH 9, (d) pH 10, (f) pH 11, and (g) pH 12.
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Figure 65: Results of Energy-Dispersive X-ray Spectroscopy (EDX) analysis of the white precipitated
product across varying pH levels (a) pH 7, (b) pH 8, (c) pH 9, (d) pH 10, (f) pH 11, and (g) pH 12.

4.5 Conclusion

This study's research and development phase involved numerous comprehensive experiments
aimed at investigating the chemical environment within concrete and examining how bacterial
activity contributes to concrete cracking, ultimately supporting the progress of self-healing
concrete technology. It is noted that bacteria may also be present during various stages of
concrete production, such as mixing. However, this study specifically concentrates on the
internal chemical environment of concrete and the ways in which certain factors—such as
cement type, water flow, and carbonation processes—can influence this environment.

While there is potential to create a chemical setting within concrete that promotes bacterial
activity, this study does not seek to replicate the full, realistic lifecycle of concrete. Instead, its
goal is to clarify the chemical interactions at play without mirroring actual conditions precisely.
The experiments and analyses conducted throughout this study have led to the following
findings:

e The inclusion of supplementary materials in concrete has notable effects on its
chemical properties. Additives such as fly ash and ground granulated blast-furnace slag
(GGBS) can alter the pH and chemical composition of the surrounding environment.
While these materials impact the concrete’s chemical setting, they must be present in
sufficient quantities to support bacterial activity that facilitates self-healing. Therefore,
the proportions of these additives should be selected carefully to balance their
chemical impact with the need to maintain the concrete’s mechanical strength and
durability.

e This study introduced a pH measurement technique using colorimetric indicators,
specifically phenolphthalein and a universal indicator. The method involved calibrating
pH levels with a pH probe and photographing the colour variations at different pH levels.
The resulting images were analysed with ImagelJ software to determine RGB (red, green,
blue) values corresponding to each colour change. A linear correlation was found
between pH and the red percentage when phenolphthalein was used, and between pH
and the blue percentage when using the universal indicator. While initial blue values
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with the universal indicator showed some variability, red and green values lacked
consistent correlation with pH. These findings provide a basis for choosing the most
suitable indicator for measuring both surface and solution pH in future research.

When both phenolphthalein and a universal indicator were applied to the concrete
surface, phenolphthalein emerged as a more practical and efficient pH indicator.
Phenolphthalein produced a single, consistent colour change across the surface,
allowing for a straightforward interpretation of the pH level. Conversely, the universal
indicator displayed multiple colours simultaneously, reflecting its broad range of pH
sensitivity but making it difficult to determine an exact pH value. The presence of mixed
hues created inconsistencies and ambiguities, complicating accurate readings. This
comparison highlights phenolphthalein's advantage in delivering a clear and
dependable colour response, making it the preferred choice for surface pH evaluation in
concrete applications where ease of interpretation is essential for precise analysis.

The research underscored that adding supplementary materials, particularly GGBS, can
accelerate the carbonation process in concrete. The interaction between GGBS and the
concrete matrix leads to shifts in the chemical composition, facilitating a more effective
reaction with carbon dioxide. Additionally, water flow technology was found to play an
important role in modifying the concrete’s chemical environment. Variations in flow
rates affect the rate of carbonation, with higher flow rates generally inducing more
substantial chemical changes. The combination of supplementary materials and
controlled water flow can enhance carbonation, lowering pH levels and potentially
influencing the material's durability.

The concrete environment’s pH level is crucial for supporting bacterial activity and
enabling calcium carbonate production. The study demonstrated that optimal calcium
carbonate formation occurs at pH levels of around 9 to 10, aligning with the conditions
that favour efficient bacterial activity. Although some formation was observed at higher
pH levels, specifically 11 and 12, these results were attributed to chemical rather than
biological processes. Lower pH levels, particularly those near 7 to 8, were associated
with minimal calcium carbonate production due to the reduced effectiveness of urea
hydrolysis, which operates optimally in a more alkaline setting. This finding highlights
the importance of maintaining an appropriate pH to sustain the bacterial processes
necessary for self-healing concrete.
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5 Chapter 5: Investigation of optimally sized
microcapsules and their impact on concrete
properties (Phase 2).

5.1 Overview

The main goal of this phase is to explore the incorporation of calcium carbonate and calcium
alginate microcapsules into concrete, examining their effects on the material's properties and
their potential as nutrient carriers for microbial self-healing systems. The research specifically
evaluates how these encapsulated systems influence the mechanical performance of concrete
and their ability to release nutrients effectively when cracks occur. This general approach to
nutrient delivery in self-healing concrete aims to improve both the mechanical performance
and the sustainability of concrete structures, ensuring greater durability and longevity. By
analysing different nutrient carriers, this study seeks to identify the most effective methods for
enhancing self-healing capabilities and promoting the long-term resilience of concrete in real-
world applications.

5.2 Fabrication of Alginate Beds

Figures 66 and 67 illustrate the formation of microcapsules and the measurement of calcium
alginate, respectively. The encapsulation of calcium lactate within sodium alginate
microcapsules is a method specifically designed to enhance the self-healing properties of
concrete. The process commences with the preparation of a 0.5% sodium alginate solution,
achieved by dissolving 0.5 grams of sodium alginate in 100 millilitres of deionized water.
Calcium lactate, at a concentration of 1-2% by weight of the alginate, is then added to ensure
its incorporation within the microcapsules (Mousa et al., 2021). To enable visual tracking, a
small amount of Methylene Blue (0.01%) is mixed in, ensuring it does not affect the capsules'
properties. Next, a calcium chloride solution (0.55-1.1 g of calcium chloride in 100 mL of
deionized water) is prepared to act as the crosslinking agent. Using a syringe with a fine 30-
gauge needle, droplets of the sodium alginate solution—containing calcium lactate and
Methylene Blue—are gently introduced into the calcium chloride solution. These droplets
immediately begin to gel, encapsulating the nutrients within the alginate matrix. The mixture is
stirred lightly (50-100 rpm) for 10-30 minutes to ensure stable microcapsule formation. Once
the crosslinking is complete, the capsules are filtered using a Buchner funnel and vacuum
filtration system. They are washed thoroughly with deionized water (3-5 times) to remove any
residual calcium chloride or unreacted substances. The cleaned microcapsules are then dried
either by air for 24-48 hours or in an oven at 40-60°C for 12-24 hours, achieving the ideal
moisture content. Finally, the size and uniformity of the microcapsules are examined under a
microscope, ensuring they measure approximately 50 pm—an optimal size for integration into
self-healing concrete (Meraz et al., 2023). Maintaining the calcium lactate concentration within
the alginate shell is vital for successful encapsulation while preserving the integrity of the
gelation process (Zadeike et al., 2024).

123



Figure 66: Stirrer for dissolving sodium alginate

Figure 67: (a) Alginate capsules. (b) Weighing alginate capsules

5.3 Fabrication of calcium carbonate beds

Preparing microcapsules to encapsulate calcium lactate involves a series of well-planned steps
to ensure they function effectively. The process begins by making a 0.1 M calcium chloride
(CaCl,) solution by dissolving 55.5 g of CaCl, in 5 litters of deionized water as showing in figure
69, providing the necessary calcium ions. At the same time, a sodium carbonate (Na,CO,)
solution of the same concentration is prepared by dissolving 53 g of Na,CO; in 5 litters of
deionized water, which acts as the carbonate source for forming calcium carbonate. Next, 0.545
g of calcium lactate is added to the calcium chloride solution to serve as the nutrient for
encapsulation, and the solution is stirred to mix it evenly. A small amount of methylene blue
(0.32 g in 100 mL of deionized water) is then introduced to the mixture as a tracer to track the
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capsules without affecting their performance. The sodium carbonate solution is added drop by
drop into the calcium chloride-calcium lactate mixture at a steady pace of 1-2 drops per
second. This controlled addition ensures the microcapsules grow uniformly and minimizes the
formation of smaller, unwanted particles. Stirring is kept slow (100-200 rpm) to prevent high
shear forces from damaging the developing capsules. The mixture is left to stir gently for 2-4
hours, allowing the capsules to grow and stabilize to an ideal size of about 50 pm. Once the
capsules have formed, the solution is left to settle for 10-15 minutes before being filtered using
a vacuum setup to collect them. The capsules are washed 3-5 times with deionized water to
remove any leftover chemicals or byproducts, ensuring they are clean and ready for use. Finally,
the capsules are dried, either by leaving them at room temperature for 24-48 hours or using an
oven set to 40-60°C for 12-24 hours. This careful drying step ensures the capsules remain
intact and ready for integration into self-healing concrete.

Figure 69: Ingredients and Proportions for Capsule
Preparation

The image in figure 70 shows how calcium carbonate capsules can often look like powder
because of their tiny particle size and the way they are processed and dispersed. On a
microscopic level, these small particles tend to stick together, giving them a fine and indistinct
appearance rather than looking like clearly defined capsules. This is especially noticeable
because the capsules are designed with thin shells that break open when concrete cracks,
releasing nutrients that activate bacteria and support the self-healing process. Calcium
carbonate’s natural properties also play a role in its powder-like appearance. Its low solubility,
fine crystalline structure, and tendency to exist as micro- or nano-sized particles make it hard to
distinguish from powder, even when encapsulation is done successfully. Additionally, calcium
carbonate is often ground into ultra-fine particles to improve its performance as a filler in
cement systems, which boosts its compatibility but further contributes to its powder-like
appearance, even under a microscope. Encapsulating materials at such a fine scale comes with
its own set of challenges. The tiny particles tend to clump together, the delicate shells of the
capsules are prone to damage, and the mixing process can add extra stress, often making the
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capsules look like powder. Despite this, the design ensures that the capsules break open when
cracks form, releasing nutrients to activate bacteria and support the self-healing process.
Tackling these challenges is key to refining the encapsulation process and making calcium
carbonate even more effective in concrete and similar materials.

Figure 70: Calcium carbonate capsules

5.4 Effect of microcapsules on the mechanical properties of concrete

This study looks at how adding different types of capsules—calcium lactate powder, calcium
alginate capsules, and calcium carbonate capsules—affects the strength and durability of
concrete. The aim is to understand how these capsules, which carry healing agents or nutrients,
influence the concrete’s performance and ability to self-heal over time. The concrete samples
were divided into four groups. The first group, the control mix, contained no capsules and
served as a baseline for comparison. The second group included calcium lactate powder, which
acts as a nutrient source to activate bacteria when cracks form. These bacteria consume the
calcium lactate and produce calcium carbonate crystals, sealing the cracks naturally and
restoring the structure. The third group used calcium alginate capsules, which protect the
nutrients during the mixing process and release them in a controlled manner when cracks
appear, ensuring effective self-healing. The fourth group incorporated calcium carbonate
capsules, which directly help repair cracks by releasing calcium ions into the damaged areas,
promoting the formation of calcium carbonate to close the cracks. Research have shown that
smaller capsules generally have a lesser impact on the mechanical properties of concrete, as
their size reduces interference with the material’s internal structure (Wang et al., no date c). By
comparing these approaches, this study aims to improve capsule design for better concrete
performance and durability. Capsules were added in varying amounts, ranging from 3% to 5% of
the cement weight, to explore how different dosages affect the performance of the concrete as
showing in table 12. To evaluate their impact, compressive strength tests were carried out at 7
and 28 days, providing insights into both the short-term and long-term effects.
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Table 12: Concrete mix type and capsules

Mix Category Type of Capsule Used Capsule Dosage (% of
Cement Weight)
Control Mix None 0%
Calcium Lactate Powder Calcium Lactate Powder 3% and 5%
Alginate Capsules Calcium Alginate 3% and 5%
Carbonate Capsules Calcium Carbonate 3% and 5%

5.4.1 The preparation of concrete specimens

To ensure consistency and accuracy, the mortar samples were prepared following standard lab
practices. The mix used a water-to-cement ratio of 0.5 and a cement-to-sand ratio of 1:3, with
ordinary Portland cement (OPC) as the binder. Four batches were created, each incorporating
calcium lactate powder, alginate capsules, and calcium carbonate capsules at dosages of 0%
(control) and 5% by the weight of cement as presented in Table 13. Careful measurement of
these additives ensured the results would accurately reflect their impact on the mortar’s
performance. Water was gradually added to the mix, and all ingredients were blended in a
concrete mixer for about 15 minutes, resulting in a uniform and well-mixed mortar. Before
casting, the 100 mm x 100 mm x 100 mm moulds were prepared by applying a thin layer of oil to
their inner surfaces to ensure easy removal of the hardened mortar later. The freshly mixed
mortar was poured into the moulds in three layers, with each layer compacted on a vibrating
table to remove trapped air and minimize voids. This process ensured the samples were dense
and of high quality. After compaction, the moulds were placed in a curing tank filled with water
kept at a consistent temperature of 20°C. This curing process followed standard procedures,
promoting proper hydration of the cement. The mortar samples were cured for 7 and 28 days to
assess their mechanical and durability properties at different stages. This approach provided
clear insights into how the additives influenced the mortar’s performance and long-term
behaviour.

Table 13: Mix calculation

Mix Type Cement (kg) Sand (kg) Water (kg) Capsules Total Weight
(kg) (kg)
Control 4,725 14.175 2.3625 0.0000 21.2625
Calcium 4.725 14.175 2.3625 0.23625 21.49875
Carbonate
Capsules
Alginate 4,725 14.175 2.3625 0.23625 21.49875
Capsules
Calcium 4.725 14.175 2.3625 0.23625 21.49875
Lactate
Powder

5.4.2 Concrete cubes’ compressive strength test

The mortar cubes were cured in water maintained at a steady temperature of 20°C (x2°C) to
ensure consistent cement hydration and proper strength development. Compressive strength
tests were conducted on four cubes at 7 and 28 days using an Auto Max machine. This
approach enabled the monitoring of strength development over time, providing valuable
insights into the long-term performance and durability of the concrete. Figure 71 illustrates the
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comprehensive process of compressive strength testing, including the procedure for testing
cubes using the Auto Max machine.

Alginate
" | capsules

VotV

Figure 71: (a) Failed mortar sample. (b) Comprehensive strength set up
5.5 Results and discussion

5.5.1 Capsules beds

The main goal of developing different types of capsules is to understand how they affect self-
healing concrete, particularly their influence on its mechanical properties. This phase also
explores the effects of combining various capsule types, demonstrating how these
combinations can enhance the performance of self-healing systems. By examining the link
between capsule design and concrete behaviour, the study provides valuable insights into
creating more efficient and sustainable self-healing concrete solutions. During the
experiments, calcium alginate beads were observed to form almost instantly when a sodium
alginate solution was added to calcium chloride (CaCl,). Initially, the beads floated for a few
seconds before gradually sinking, likely due to their increasing density over time. This
observation aligns with findings from Bennacef et al. (2023), which showed that as sodium
alginate reacts with calcium chloride, the density of the beads increases, influenced by the
specific formulation of the solutions. The process for creating calcium carbonate capsules was
different. These capsules formed through a reaction between sodium carbonate (Na,CO,) and
calcium chloride (CaCl,), resulting in the precipitation of calcium carbonate (CaCO,) as a solid.
These capsules play a vital role in self-healing concrete, acting as carriers for healing agents.
When cracks appear, the capsules break open, releasing their contents to trigger a reaction that
seals the cracks. This process improves the concrete's durability, helping it last longer and
remain structurally sound. The performance of calcium carbonate capsules depends on factors
such as the reaction time, the concentration of the chemicals used, and the environmental
conditions during production. These factors influence the size, shape, and strength of the
capsules, all of which are crucial for their role in self-healing concrete. Understanding these
details allows researchers to optimize capsule production, making self-healing systems more
reliable and effective. This study advances self-healing concrete technology by offering
practical and sustainable solutions to extend the lifespan and resilience of infrastructure.
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5.5.2 The measurement of capsules

The production of calcium carbonate and alginate capsules was successfully carried out and
fine-tuned during the experiments. However, noticeable differences were observed in the sizes
of the two capsule types. Alginate beads, produced during encapsulation, were expected to be
highly symmetrical due to the well-documented gelation process, which typically ensures
uniformity under controlled conditions (Tran et al., 2024). To accurately measure their sizes,
Keyence microscopy, a reliable tool for analysing shapes and dimensions, was used. The
results presented in Figure 72, indicate the alginate capsules were significantly larger, with
diameters ranging between 2755.850 um and 2846.839 um. In contrast, Figure 73 indicate that
calcium carbonate capsules exhibited diameters ranging from 3.021 pm to 4.000 pm. This small
particle size is a direct result of the controlled precipitation method employed during their
synthesis, which effectively restricts crystal growth to the micrometre scale. This significant size
difference is due to the different processes involved in their formation. Alginate capsules are
created through ionic gelation, where calcium ions bond with sodium alginate to form stable
and durable beads (Montanucci et al.,, 2015). The larger size of the alginate capsules is
consistent with the characteristics of their gelation process, while the smaller calcium
carbonate capsules highlight the precision of the precipitation method. These findings
emphasize the importance of tailoring production techniques to achieve specific capsule sizes,
especially for applications like self-healing concrete, where the size of the capsules plays a
critical role in their performance and effectiveness (Wang et al., 2014c).

(@) (b)

Figure 72: (a) Alginate capsules size 2846.839 um. (b) Alginate capsules size 2755.850 um

Figure 73: (a) Calcium carbonate capsules size 4 um. (b) Calcium carbonate capsules size 8.6 um

5.5.3 The influence of capsules on concrete properties

Figure 74 presents a comparative analysis of the compressive strength trends across all mortar
mixes over time. This study identifies distinct patterns in the influence of calcium carbonate
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capsules, calcium alginate capsules, and calcium lactate powder on the compressive strength
of mortar samples, highlighting the interplay between structural performance and self-healing
functionality. Notably, the control mix exhibited the highest compressive strength, attaining 9.65
MPa at 7 days and 33.30 MPa at 28 days. This superior performance is due to uninterrupted
hydration and the formation of a consistent cement matrix, which allows for optimal strength
development (Neville, 1995b). In comparison, mortar containing calcium carbonate capsules
(3-4 pm in size) achieved 4.82 MPa at 7 days and 17.44 MPa at 28 days. These capsules acted
as micro-fillers, reducing porosity and densifying the concrete matrix over time. However, the
initial stages of strength development were disrupted due to uneven particle distribution and
clumping (Duan et al., 2023). Larger calcium alginate capsules, measuring 2755.850 ym to
2846.839 pm, showed the lowest compressive strength, recording approximately 3.8 MPa at 7
days and 16.0 MPa at 28 days. The significant reduction in strength is attributed to voids created
by the large capsule size, which weakened the matrix and compromised load transfer (Wang et
al., no date b). Despite this, alginate capsules offer significant self-healing potential. They can
encapsulate bacterial spores and nutrients, releasing them into cracks to promote calcium
carbonate precipitation, which improves durability and seals cracks over time (H M Jonkers,
2010). Calcium lactate powder showed moderate results, with compressive strengths of 5.5
MPa at 7 days and 22.0 MPa at 28 days. Its fine particle size allowed it to spread evenly through
the concrete, helping to reduce voids and acting as a nutrient source for bacterial activity. This
activity supported the formation of calcium carbonate, which helped seal cracks and
strengthen the concrete (Wiktor et al.,, 2011). However, its success depends on proper
encapsulation to prevent premature hydration. The control mix demonstrated excellent
strength, while calcium alginate and calcium lactate powder showed greater potential for
durability and crack repair. Calcium carbonate capsules provided a well-balanced solution,
offering moderate strength while improving matrix densification. The results highlight the
importance of refining capsule size, dosage, and distribution to achieve both strength and
durability.

35 22 @7 Days (MPa) @28 Days (MPa)
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Compressive strength (Mpa)

Control Mix Calcium Calcium Alginate Calcium Lactate
Carbonate Capsules Powder
Capsules

Mortar mix type

Figure 74: Compressive strength results capsules amount %5
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The table 14 outlines how different capsule types affect compressive strength, variability, and
reductions compared to the control mix at 7 and 28 days. The Control Mix (Series One), which
did not include any capsules, showed the most consistent results with minimal variability,
demonstrating reliable strength development over time. For Calcium Carbonate Capsules
(Series Two), a small dosage of 0.031% resulted in only a minor drop in compressive strength—
8.2% at 7 days and 9.1% at 28 days. These fine capsules caused minimal disruption to the
cement structure, maintaining good overall performance. On the other hand, Calcium Alginate
Capsules (Series Three), added at a higher volume of 0.078%, led to a significant reduction in
compressive strength—39.8% at 7 days and 42.1% at 28 days. This reduction is mainly due to
the voids created by their larger size. Despite this drawback, alginate capsules provide a
valuable self-healing benefit, releasing bacteria and nutrients to repair cracks as they form.
Calcium Lactate Powder Capsules (Series Four), included at 0.075%, caused a moderate
reduction in compressive strength—19.7% at 7 days and 23.7% at 28 days. This mix strikes a
practical balance, as it combines some loss in mechanical strength with the ability to promote
microbial self-healing, contributing to improved long-term durability.

Table 14: Capsules at %5 addition influences the compressive

strength
Series Description Cov (%) -7 Cov (%) -28 | Volume and | Compressive
Days Days Quantity Strength
Series One Control Mix 2.6 3.1 - No capsules
(No added
capsules)
Series Two Calcium 2.8 0.8 - 0.031%
Carbonate (approx.
Capsules (3 2,200
pm) capsules)
Series Three Calcium 0.4 1.1 - 0.078%
Alginate (approx.
Capsules 5,500
(2.2 mm) capsules)
Series Four Calcium 1.8 3.4 - 0.075%
Lactate (approx.
Powder 3,400
Capsules capsules)
(fine size)

The figure 75 illustrates the compressive strength improvements achieved by reducing the
capsule content from 5% to 3%. Reducing the capsule content from 5% to 3% had a clear
positive effect on the compressive strength of all concrete mixes, helping to minimize the
strength losses seen at higher dosages. The Control Mix, as expected, delivered the best
performance, reaching 10 MPa at 7 days and 33 MPa at 28 days. This result reflects an
uninterrupted hydration process and a consistent cement matrix, allowing the concrete to
achieve its full-strength potential. For the Calcium Carbonate Capsules, the mix reached 7 MPa
at 7 days and 22 MPa at 28 days, showing only a slight drop in strength compared to the control
mix. This represents a noticeable improvement over the 5% dosage, where higher capsule
content caused more significant disruptions to the matrix. At this lower dosage, calcium
carbonate capsules act as fillers, helping to densify the cement matrix and partly offsetting
early hydration delays. The Calcium Alginate Capsules mix experienced greater strength
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reductions, with 6 MPa at 7 days and 20 MPa at 28 days. Although these values are lower than
the control mix, they show a marked improvement over the results at 5% content, where early-
age strength losses were nearly 40%. The larger capsule size (around 2.2 mm) creates voids in
the cement matrix, weakening its structure. Despite this, alginate capsules remain beneficial
because they release bacteria and nutrients into cracks, enabling self-healing through calcium
carbonate formation over time (Jonkers, 2010). The Calcium Lactate Powder mix provided a
more balanced performance, achieving 8 MPa at 7 days and 25 MPa at 28 days. Reducing the
capsule content helped minimize the strength losses seen at 5% dosage, where the reductions
were more pronounced. The powder disperses well within the cement matrix, reducing void
formation while supporting microbial activity for self-healing. Its fine particle size delivers
nutrients efficiently without significantly compromising the strength, making it a practical
option for balancing performance and durability.
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Figure 75: Compressive strength results capsules amount %3.

The findings in table 15 shows that Series One, the control mix without any capsules, provides a
reliable baseline with the least variability (Cov %). This consistency is expected, as there are no
additives to interfere with the hydration process, allowing the cement matrix to form uniformly.
In Series Two, small calcium carbonate capsules (3 pm) were added at 0.018% volume,
resulting in only slight variability. The fine capsules are evenly distributed throughout the
cement matrix, causing minimal disruption to its structure or strength development. Series
Three, which includes larger calcium alginate capsules (2.2 mm) at 0.048%, showed very low
variability at 7 days. However, the larger capsule size created voids in the matrix, slightly
hindering strength development as the concrete cured. Finally, Series Four, with calcium lactate
powder capsules at 0.045%, struck a balance. The fine particles caused moderate variability
but offered a trade-off between a small reduction in strength and the added benefit of self-
healing through microbial activity. Reducing the capsule content to 3% improved compressive
strength and reduced variability compared to higher dosages. These results highlight the
importance of carefully managing the number of capsules to maintain both the performance
and functionality of the concrete.
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Table 15: Capsules at %3 addition influences the compressive strength

Mix Type Description 7/28 Days Cov % Capsule Details
Control Mix No capsules, 2.6/31 None
baseline mix

Calcium Carbonate Fine capsules (~3 1.8/0.6 0.018%, ~1,300
pum) capsules

Calcium Alginate Large capsules 0.3/0.8 0.048%, ~3,300
(~2847 um) capsules

Calcium Lactate Fine powder 1.2 /2.3 0.045%, ~2,100
capsules capsules

The amount of capsules added to concrete has a major impact on the balance between
compressive strength and benefits like self-healing. Higher dosages, such as 5%, tend to cause
greater reductions in strength because they create more voids and disrupt the concrete's
internal structure. This happens when larger volumes of capsules interfere with the hydration
process and weaken the bond between materials. For example, calcium alginate capsules are
particularly prone to this at higher dosages due to their larger size (2846.839 um), which leads
to significant void formation and noticeable strength loss, even though they enhance self-
healing. In contrast, using lower dosages, such as 3%, can help reduce these strength losses.
Smaller capsules, like calcium carbonate (3 pm) and calcium lactate powder, disperse more
evenly in the cement mix, causing less disruption to the matrix. This allows the concrete to
maintain more of its strength while still benefiting from self-healing capabilities. For instance,
calcium lactate powder at 3% strikes a good balance, with only moderate strength reductions
while contributing to long-term durability through microbial self-healing.

5.6 Conclusion

The phase explored how to optimize the size and type of capsules used in self-healing concrete
to reduce their impact on compressive strength while maximizing their ability to heal cracks. We
investigated the effects of calcium alginate capsules (~2847 pm), calcium carbonate capsules
(~3 pm), and calcium lactate powder, and the results revealed key differences in their
performance. Calcium alginate capsules, while highly effective for repairing larger cracks due to
their ability to hold significant amounts of nutrients, had the greatest impact on compressive
strength. At 7 days, concrete containing alginate capsules showed a 15-20% reduction in
compressive strength, mainly because their larger size disrupted the matrix's homogeneity. In
contrast, calcium carbonate capsules, much smaller at around 3 pm, had a much milder effect,
with compressive strength reducing by just 5-7% at 7 days. Their small size allowed them to
blend seamlessly into the concrete matrix, reducing porosity and increasing density. These
capsules not only improved the structure but also supported efficient crack healing by gradually
releasing nutrients for bacterial activity. Calcium lactate powder, the smallest of the three
additives, had the least impact on compressive strength, causing only a 2-4% reduction at 7
days. However, its lack of encapsulation made it less effective for long-term healing, as
nutrients could leach out or be consumed too quickly, leaving little for later crack repair.
However, there were some challenges with using calcium lactate powder. Because it dissolves
easily in water, it can start dissolving during the mixing process. Additionally, since concrete is a
porous material, the dissolved calcium lactate can migrate out of the concrete before cracks
even form. This could mean that the nutrients are no longer available to support bacterial
activity within the concrete. Despite these challenges, this research takes advantage of
naturally occurring bacteria in the soil around the concrete. As the calcium lactate moves out,
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these bacteria can consume the nutrients and produce carbonate. This carbonate can then
react with calcium ions released from the concrete, forming calcium carbonate to seal cracks
and pores. This approach highlights a unique way of promoting self-healing by working with the
natural environment surrounding the concrete. These results demonstrate the potential of
smaller capsules, like calcium carbonate, to provide a better balance between preserving
compressive strength and enabling effective self-healing. By refining the size and distribution of
these capsules, we can overcome the limitations of larger systems like alginate capsules and
improve the overall efficiency of self-healing concrete. This approach offers a promising path
toward creating more durable and sustainable concrete solutions, with the added benefit of
reduced maintenance and repair costs over time. In summary, reducing the capsule dosage to
3% helps mitigate the strength losses caused by their inclusion while retaining their self-healing
benefits. Calcium carbonate and calcium lactate powders perform better at lower dosages, as
they interfere less with the cement matrix. Although calcium alginate capsules cause larger
strength reductions, their self-healing properties remain valuable for long-term durability.
Optimizing the capsule content is therefore essential to achieving a balance between early-age
strength and enhanced durability.
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6 Chapter 6: Investigating the effectiveness of self-
healing (Phase 3)

6.1 Overview

In the final phase of this research, the self-healing system's ability to repair cracks in concrete
caused by mechanical loading was assessed. These experiments aimed to evaluate the
system's performance, identify the locations of calcium carbonate (CaCO,) formation, and
determine opportunities for optimisation. Visual inspection and image processing techniques
were employed to observe crack closure, assess the effectiveness of microbial-induced
calcium carbonate precipitation (MICP), and ascertain whether healing occurred predominantly
at the surface or deeper within the concrete. This phase also examined various factors
influencing the performance of self-healing concrete. The effects of incorporating
supplementary materials in different proportions were analysed to understand their impact on
the healing process. The role of water flow systems was explored, focusing on the influence of
water movement on the activation and distribution of healing agents. The effects of carbonation
were studied to determine how this process interacts with the self-healing mechanism and
alters the chemical environment of the concrete. Additionally, different types of soil were
evaluated to investigate their contributions to self-healing, particularly in supporting microbial
activity and nutrient supply. The study further explored the performance of various capsules as
carriers for healing agents, assessing their effectiveness in nutrient delivery and promoting
calcium carbonate precipitation. By addressing these factors, the research provided a
comprehensive understanding of the variables affecting self-healing concrete and identified
strategies for optimising its application. To gather robust evidence of CaCO, formation,
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) were
utilised to examine the structure and composition of the precipitated material. These advanced
analytical techniques offered valuable insights into the self-healing process. By integrating
observation, analysis, and experimentation, this research contributed to a deeper
understanding of self-healing concrete and its potential for practical use.

6.2 Assessing the Impact of 35% Supplementary Material
Replacement on Self-Healing Concrete

Self-healing concrete offers several key benefits, including reducing material deterioration,
extending the lifespan of infrastructure, and lowering the need for frequent and costly repairs.
These benefits also support environmental sustainability by reducing material consumption,
energy use, and emissions from material production and transportation. Additionally, self-
healing concrete helps minimize traffic disruptions caused by maintenance and reconstruction,
particularly in transportation infrastructure. This study explores whether using naturally
occurring bacteria in soil delivers better results for bio-concrete compared to directly adding
bacteria into the concrete mixture. It also addresses the challenges of maintaining bacterial
activity within concrete and investigates how supplementary materials can improve the bio-
concrete system by reducing the concrete’s pH levels. To achieve this, the research subjected
soil to fully saturated cycles and incubated cracked cement mortar specimens. The specimens
included plain mortar as a control, mortar mixed with nutrients in naturally saturated soil,
mortar with 35% fly ash (FA) replacement and nutrients, and mortar with 35% ground granulated
blast furnace slag (GGBS) replacement and nutrients.
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6.2.1 Materials and methods

6.2.1.1 Specimen preparation and crack creation

Following the guidelines of BS EN 196-1, several types of mortar specimens were prepared for
this study, including plain mortar (Control), mortar combined with nutrients, mortar with fly ash
(FA) and nutrients, and mortar with ground granulated blast-furnace slag (GGBS) and nutrients.
The GGBS used in this research was supplied by Hanson Heidelberg Cement Group in the UK
and meets the requirements of BS EN 196-2 standards. The fly ash (450-N), classified under the
normal fineness (N) category as per BS EN 450-1, was provided by Conserv Ltd, based in
Middlesbrough, North Yorkshire, UK. The chemical compositions of the Portland cement, GGBS,
and FA used in the study are presented in Table 16, providing a clear understanding of the
materials’ properties and ensuring consistency with industry standards. Calcium lactate
powder, a vital ingredient for promoting microbial-induced calcium carbonate precipitation
(MICP), was sourced from Special Ingredients Ltd, UK. The selection and documentation of
these materials were carried out with great care to ensure high quality and compatibility with
the experimental objectives. This meticulous approach supports the study’s aim of thoroughly
investigating the self-healing properties of the mortar specimens while maintaining a focus on
reliability and reproducibility. To prepare the mortar samples, a mixture was made using Hanson
Sulphate Resisting Cement (CEM III/A + SR), CEM IlI, sand, tap water, and calcium lactate
powder as a nutrient, based on the proportions outlined in Table 17. A water-to-cement ratio of
0.6 was maintained for all mixes. Prismatic specimens measuring 40x40x160 mm were cast,
with fibre mesh placed at their centre during casting to prevent complete structural failure. After
24 hours, the specimens were removed from their moulds and cured in water for 28 days. Once
the curing process was complete, the specimens were taken out of the water, air-dried at room
temperature, and prepared for crack generation through mechanical testing. The cracks were
induced using a three-point bending test, where the specimens were placed on two parallel
supports positioned about two-thirds of their total length apart. Figure 76 illustrates how the
central beam applied compression to the upper surface while crack initiation and propagation
were tracked using Linear Variable Differential Transducers (LVDTs) attached to the underside of
the specimens. The load was gradually applied at a rate of 0.001 mm/s until cracks began to
form. To control crack development and prevent complete failure, the loading rate was
deliberately reduced. The applied load ranged between 1.6 kN and 2.2 kN, creating cracks of
different widths across the specimens. Once the load was removed, the cracks partially closed.
Observations revealed crack widths ranging from 0.6 mm to 1.2 mm. To ensure consistent
conditions across all testing environments, the cracks were carefully measured and classified.
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Table 16: Chemical properties of Portland cement, GGBS cement, and FA cement

Properties% Portland GGBS FA cement%
cement% cement%
Sio, 23.7 32.77 45 to 51
CaO 57.27 40.83 1to5
MgO 3.85 6.91 1to4
Fe,0; 4.83 0.57 7to 11
Al, 04 4.51 14.33 27 to 32
SO3 2.73 0.28 0.3t0 1.3
Na,0 - - 0.8to 1.7
K,0 0.37 - 1to5
Cl 0.0068 0.00 0.05t0 0.1
TiO, - 0.63 0.8to 1.1
Lossin 7.24 - -
ignition
Table 17: Mortar specimen proportions
Ingredient Control (MC) With Nutrients With Fly Ash With GGBS
(MN) (MF) (MG)
Cement 418 418 271.7 271.7
Fly Ash - - 146.3 -
GGBS - - - 146.3
Sand 1250 1250 1250 1250
Water 250 250 250 250
Nutrients - 10 10 10
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Figure 76: Three-bending testing for generating the crack.

6.2.1.2 Incubation and soil analysis

This study investigated premium, high-quality soil with a free chemical composition and sub-
rounded grain morphology, selected for its suitability in the experiments. A sieve test was
conducted following the BS EN 933 standard to analyse the soil’s Particle Size Distribution
(PSD). Mortar specimens were prepared and categorized into four groups: PM (plain mortar),
MN (mortar with nutrients), MF (mortar with nutrients and fly ash replacement), and MG (mortar
with nutrients and GGBS replacement). All specimens were incubated in fully saturated soil for
28 days. Plain mortar served as the control group to examine the potential for natural
remediation (autogenous healing) resulting from the ongoing hydration process in the mortar.
The soil used in the study was sourced from natural fields near the University of Derby. A visual
inspection classified it as a natural alluvial deposit, consisting of soft to firm, dark brown silty
clay with slight sandy characteristics. This type of clay is known to naturally host a diverse range
of bacterial species. After the specimens were cracked, they were carefully placed into plastic
containers, as shown in Figure 77. Dry soil was added to each container in two layers: one layer
beneath the specimens and another on top and between them. Each container held three
specimens, and all incubations were conducted at room temperature, approximately 23°C. The
cracked specimens were incubated in fully saturated soil cycles for 28 days, as shown in Figure
78. Before incubation, the soil was thoroughly saturated by raising the water level above the
specimens to the soil surface. Any water lost through evaporation was replenished regularly to
maintain a fully saturated environment throughout the incubation period.

138



Figure 77: Prisms covered with fully saturated soil inside
the containers

1.2.2. Assessing the efficacy of repairing cracks.

After the curing process, the mortar specimens were carefully removed from the water and
placed in a compression machine to generate controlled cracks. A three-point flexural test was
used to create cracks of varying widths near the centre of each specimen. The specimens were
supported on two parallel beams positioned about two-thirds of their length apart, while a
central beam applied compression to the top surface. The load was gradually applied at a rate
of 0.5 mm/s until cracks became visible. To ensure the cracks developed in a controlled manner
without causing the specimens to fail completely, the load application rate was reduced. Once
the cracks were formed, the specimens were removed from the machine, and the initial crack
widths were measured. This process involved taking digital images of the specimens and
analysing them using ImagelJ software, which was modified to detect the size and location of the
cracks. The study observed a range of crack widths, with an average size between 0.668 mm
and 1.5 mm. This standardized process, based on the three-point flexural test, ensured
consistent crack identification and evaluation across all samples. The main focus of this study
was to explore the use of native soil bacteria in enhancing the self-healing ability of concrete. In
addition, it examined how supplementary materials, such as ground granulated blast-furnace
slag (GGBS) and fly ash (FA), influence the surface properties of concrete. These materials have
the potential to improve the surface environment, which could enhance bacterial activity and
promote self-healing. As a porous material, concrete’s surface properties play a crucial role in
its performance, particularly in self-healing applications. By incorporating GGBS and FA, the
study aimed to assess how these materials alter the concrete’s surface conditions, potentially
creating an environment more favourable for bacterial activity. This research provides valuable
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insights into optimizing concrete formulations to enhance self-healing properties and support
sustainable construction practices

1.2.3.Results and discussion

At the end of the incubation period, the specimens were carefully retrieved from their fully
saturated soil environment for analysis. To ensure accurate crack evaluation, they were
thoroughly cleaned with water to remove any remaining soil particles. After cleaning, the
specimens were immersed in water-filled containers for three hours to stabilise loose particles
and allow for precise crack measurements following the self-healing process. To gain a deeper
understanding of the materials involved in the healing process, Scanning Electron Microscopy
(SEM) was used to capture detailed images of the crack surfaces, revealing the structure of the
materials deposited during healing. To determine the chemical composition of these deposits,
Energy-Dispersive X-ray Spectrometry (EDX) was performed, with the findings summarised in
accompanying figures 78 and tables (18, 19, 20, and 21). EDX analysis confirmed the presence
of calcium carbonate (CaCO,) in certain specimens, particularly those containing ground
granulated blast-furnace slag (GGBS) and nutrient-enhanced mortar. The GGBS samples
exhibited a significantly higher presence of calcium carbonate compared to other specimens,
supporting previous research that highlights GGBS’s ability to promote calcium carbonate
formation by modifying the environment to better support microbial activity (De Muynck et al.,
2010a). Conversely, specimens containing fly ash replacements and plain mortar samples were
found to be primarily composed of calcium hydroxide and ettringite (calcium sulphoaluminate).
The formation of ettringite, observed in fly ash and plain mortar specimens, occurs through the
reaction of sulphate compounds with calcium aluminate in the cement. This process reduces
calcium hydroxide (CH) and tricalcium aluminate (C;A) in the matrix, influencing the internal
pressure caused by salt crystallisation within the mortar’s pores. These findings align with
established mechanisms described in previous studies (Chahal et al., 2012) . In all specimens,
EDX consistently detected silicon (Si) and oxygen (O), indicating the formation of calcium
silicate hydrate (C-S-H). This compound, resulting from the continued hydration of cement
particles, is essential for maintaining the strength and durability of the cement matrix (Kadapure
et al., 2019). The presence of C-S-H highlights the ongoing hydration process, which also
contributes to self-healing. The results demonstrated that the type of supplementary material
used significantly influenced the composition of the healing products. GGBS samples showed
the highest levels of calcium carbonate, enhancing their ability to effectively seal cracks. In
contrast, fly ash and plain mortar samples primarily contained calcium hydroxide and ettringite,
which played a different role in the self-healing process. These findings emphasise the potential
of GGBS as a superior material for enhancing self-healing performance, consistent with prior
research by Tziviloglou et al. (2016). The effectiveness of the self-healing process was assessed
by measuring crack widths using ImageJ software. The microstructure and composition of the
healing materials were further analysed with SEM and EDX. The presence of calcium carbonate
as the primary sealing material in GGBS-enhanced mortar confirmed its effectiveness, while
other healing products, such as ettringite and C-S-H, were linked to the ongoing hydration of
cement particles, validating the mechanisms of self-healing observed in this study.
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Electron Image 1

Figure 78: (a) SEM image taken from mortar containing 35% Fly ash, (b) SEM image taken from specimens containing
35% GGBS, (c) SEM image taken from specimens of plain mortar, (d) SEM image taken from specimens of mortar with
only nutrients

Table 18: EDX date taken from specimens containing 35% fly ash.

Element Spectrum 4
C 8.35
0 35.8
Mg 1.09
Al 14.31
Si 21.8
S 1.04
K 2.35
Ca 12.27
Ti 0.81
Fe 4.02

Total 100.0

Table 19: EDX data taken from specimens containing 35% GGBS.

Element Spectrum 13
Carbon (€) 17.59
Oxygen (0) 56.03

Aluminium (Al) -

Silicon (Si) -
Calcium (Ca) 26.38
Total 100.0
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Table 20: EDX data taken from specimens of plain mortar

Element Spectrum 22
Carbon (C) 12.2
Oxygen (0) 37.48

Aluminium (Al) 1.94
Silicon (Si) 6.56
Sulphur (S) -

Calcium (Ca) 38.27
Iron (Fe) 3.55
Total 100.0

Table 21: EDX data taken from specimens of mortar with only nutrients.

Element Spectrum 34
Carbon (C) 15.93
Oxygen (0) 45.35

Magnesium (Mg) 1.07
Aluminium (Al) 1.82
Silicon (Si) 4.66
Potassium (K) -
Calcium (Ca) 31.18

Iron (Fe) -

Total 100.0

Based on the analysis of the spectra, it is apparent that chemical reactions differ from bacterial
self-healing in concrete. Silicon (Si) is typically a sign of a chemical reaction, as it plays a crucial
role in cement hydration. For example, Spectrum 4 (21.8% Si, 12.27% Ca) and Spectrum 34
(4.66% Si, 31.18% Ca) represent chemical reactions, with silicon playing an important role in
both processes (Wiktor et al., 2011). Meanwhile, Spectrum 13 (26.38% Ca, 17.59% C, and
56.03% O with no Si) suggests bacterial self-healing, as the absence of silicon and elevated
calcium and carbon suggest the formation of calcium carbonate (CaCOS3), a product of
bacterial activity (De Muynck et al., 2010a). Spectrum 22 (6.56% Si, 38.27% Ca) appears to
show a mixed contribution, with low silicon levels indicating both chemical reactions and
possible bacterial involvement. As a result of this understanding, silicon is indicated as a
marker of chemical reactions, while the absence of silicon, in combination with a large amount
of calcium and carbon, is indicative of bacterial self-healing.

6.3 Assessing the Impact of %50 Supplementary Material
Replacement on Self-Healing Concrete

The approach used in this study is largely based on methods from previous research on bio-
concrete technology, with a few key differences. One notable change is the inclusion of a water
absorption test, as well as the exclusive use of ground granulated blast-furnace slag (GGBS) as
the supplementary material, instead of fly ash. As in previous studies, this research involved
plain mortar as a control and mortar mixed with nutrients, specifically calcium lactate powder,
to encourage bacterial growth and promote microbial-induced calcium carbonate precipitation
(MICP). However, in this study, only GGBS was added to the mortar mix to replace part of the
cement. The goal was to lower the pH and create a better environment for bacterial activity. The
specimens were incubated in naturally occurring soil under fully saturated conditions to
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replicate real-world conditions, encouraging the bacteria to work without relying on laboratory-
grown strains. The water absorption test was added to evaluate how well the specimens healed
themselves by measuring how much water they absorbed after cracks formed. This
modification, along with the use of only GGBS instead of fly ash, sets this study apart from
earlier research but still follows the general approach of enhancing bio-concrete with bacterial
activity and supplementary materials.

6.3.1 Setting up the incubation environment

In this study, two different incubation environments using saturated soil were explored to better
understand how soil can influence the healing process in bio concrete. Soil types and
compositions vary widely, including materials like gravel, sand, silt, and clay. Our research
specifically focused on using saturated soil, as such conditions are common in real-world
environments, particularly in areas with high annual rainfall, such as the UK. The initial soil
assessment involved a visual inspection to classify it, identifying it as a natural alluvial clay with
a soft to firm consistency. It was dark brown, predominantly silty with slight sandy components.
This type of soil is known to naturally host a wide variety of bacteria, which could potentially aid
in the self-healing process of concrete. The pH of the soil was found to be neutral, ranging
between 6.5 and 7.5, as measured by a handheld pH testing device. Particle Size Distribution
testing showed that the soil was largely made up of fine-grained material, with over 35% clay,
while sand and gravel made up less than 7.4%. Given the low permeability of fine-grained soil,
about 15% of medium-grained sand was added to slightly increase its permeability. In the study,
two different environments were created for the cement mortar: one in water and the other in
saturated sand soil. When cement mortar is immersed in water, it experiences direct contact
with the water, allowing for the efficient transport of dissolved substances, including
byproducts from the healing process. However, when the mortar is placed in saturated sand
soil, the soil matrix creates a more complex environment. The sand particles form a network of
interconnected pores that affect the transport of gases and liquids, which can influence
bacterial activity and the movement of gases like carbon dioxide (CO,) produced during healing.
By studying the healing of cement mortar in both water and saturated sand soil, we can observe
how these environmental factors impact the healing process. To prevent contamination
between the control and bio-mortar specimens, each set was incubated in separate plastic
boxes filled with saturated soil. Half of the specimens were incubated in saturated soil
containing sub-rounded grains of sand with free chemicals. This type of soil, commonly found
at construction sites, was carefully chosen for its mechanical and chemical properties, as
detailed in previous studies (Engineering, 2011).

6.3.1.1 Preparing soil samples for SEM and EDX analysis.

SEM combined with EDX is a powerful technique used to examine the fine details of soil,
allowing us to explore its surface features, elemental composition, and particle structure, as
shown in Figure 79. Surface Morphology: SEM provides clear, high-resolution images that reveal
the size, shape, and surface characteristics of soil particles. Microstructure Analysis: It also
helps us understand the arrangement of soil aggregates, pore structures, and the way soil
components are organized. Elemental Composition: With EDX, we can identify and measure the
elements present in the soil. This technique detects the X-rays emitted when the sample is
bombarded with electrons in the SEM, and it also maps how the elements are distributed within
the sample, offering insight into the soil's elemental makeup and variation.
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For this study, a soil sample was prepared to analyse its components. As shown in Figure 80,
the sample was first dried and crushed before being prepared for scanning electron microscopy
(SEM). To ensure proper adhesion for imaging, we applied carbon adhesive tape to a stud and
gently sprinkled the dried clay sample onto the surface. Excess clay was carefully removed
using a fan or pump, and the stud was coated with gold/platinum before being placed under the
SEM for analysis (‘Chapter 7 GUIDELINE SAMPLE PREPARATION’, 2019). When preparing clay
samples for X-ray Diffraction (XRD), The clay samples are carefully thinned to approximately 1-2
millimetres, and the surface intended for X-ray exposure is meticulously polished to ensure
accurate analytical results. Without proper polishing, surface irregularities may introduce
distortions that compromise the reliability of the data obtained (‘Chapter 7 GUIDELINE SAMPLE
PREPARATION’, 2019) . SEM and EDX together are excellent tools for analysing soil. SEM’s high-
resolution imaging gives us a detailed look at the soil particles, including their size, shape, and
surface features, while also helping to examine the soil’s structure and how the elements are
arranged. In this study, SEM and EDX were also used to examine the precipitated material
(healing products), allowing us to investigate their crystalline structure and chemical
composition. This technique is particularly useful for confirming the chemical makeup of the
self-healing products, ensuring we understand how the concrete repairs itself.

Figure 79: Scanning electron microscopy and energy dispersive X-ray (SEM-EDX).

Figure 80: The soil, following the processes of drying and crashing.
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6.3.1.2 Water absorption test

Capillary rise is a common occurrence during the life cycle of cement-based materials (CBMs).
In environments where groundwater contains harmful substances like chloride ions, sulphates,
and carbon dioxide, capillary action can carry these aggressive agents into the material. This
transport of harmful elements through capillary rise leads to the degradation of the CBM matrix
and the corrosion of the reinforcing steel bars embedded in it (Belleghem et al., 2016). The
water absorption test is a simple, non-destructive method used to assess how impermeable
cement-based materials are, by measuring their ability to prevent water penetration both before
and after cracks form (Martys et al.,, 1997). This process relies on capillary action, which
happens due to differences in surface tension between the material and water (Hartland, 2004).
In this study, cracked mortar prisms were first dried in an oven at 100°C for at least a week until
their weight stabilized, with only a 0.2% change. To prevent water from soaking into the sides,
epoxy resin was applied, leaving just a small, exposed area around the crack at the bottom of
the prism, as shown in Figure 81. The weight of each specimen was recorded at the start of the
test. The specimen was then placed on plastic strips in a tray with a slightly open lid to limit
airflow, as shown in Figure 82. The tray was filled with distilled water, ensuring the specimen's
face was submerged about 2 mm above the plastic strips. To measure how much water the
specimens absorbed, an electronic balance, accurate to 0.01 grams, was used to weigh them
before and after the incubation period, as shown in Figure 82. Before weighing, any surface
moisture was wiped off with a damp cloth to ensure accurate measurements. Water uptake was
measured at intervals of 30 minutes, 1 hour, 2 hours, 3 hours, and 24 hours. The process
continued until the specimen reached a stable weight, referred to as W2. The percentage of
water absorption was then calculated using the formula:

Percentage of water absorption = (W1 x W2) /W1 x 100 (9)

Where W1 is the initial weight and W2 is the final weight after immersion in water, both in
kilograms.

Figure 81: Mortar coating with epoxy
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Figure 82: The sealed container and electric balance

6.3.1.3 Visualinspection and image analysis

The healing process of cracked concrete involves several methods, including natural self-repair
through rehydration and compound precipitation, as well as external methods such as applying
sealants or specialized materials. However, finding a simple formula to measure the rate of
concrete healing is complex, as it depends on many factors, including the type of concrete,
environmental conditions, and the specific healing methods used (Amran et al., 2022a). These
factors interact in different ways, making it difficult to establish a one-size-fits-all approach for
determining healing rates across different situations. In this study, the healing progression of
cracked concrete was monitored through visual inspections using a Nikon P-400R digital
microscope. Images of the cracks were taken both before and after the incubation period, with
key positions marked at regular intervals to track changes in the crack size over time. To ensure
the results were accurate, ultrasonic cleaning was applied to remove any leftover soil particles
that could affect the measurements. The reduction in crack size was measured using the Nikon
microscope. The healing rate was calculated using the formula (Equation 10), which is based on
the reduction in crack dimensions:

Initial crack width —Final crack widh

Healing rate = (10)

Durtion of healing

This formula compares the size of the crack at the beginning and end of the healing period,
providing a way to quantify how much healing has occurred over time. By using this approach,
we can get a clearer picture of how different factors influence the healing process. In addition to
examining natural healing, this study also looks at how supplementary materials can affect the
effectiveness of bio-concrete technology. Three different concrete mixtures were tested, each
placed in separate Petri dishes: one mixture containing 50% Ground Granulated Blast Furnace
Slag (GGBS) with nutrients, one with mortar and nutrients, and one with plain mortar. The aim is
to compare the performance of these different formulations in supporting bio-concrete
technology and enhancing self-healing properties, providing insights into how the use of GGBS
and nutrients can influence healing. By exploring both the natural healing abilities of concrete
and the impact of supplementary materials, this research offers a comprehensive
understanding of the factors that contribute to the durability and self-healing of bio concrete.
The findings will help improve bio-concrete systems, guiding the development of more efficient,
sustainable solutions for concrete repair and maintenance. Further studies will be necessary to
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assess how these healing mechanisms perform over the long term in real-world conditions,
especially in environments with varying stresses and environmental factors.

6.3.2 Results and discussion

6.3.2.1 Soilanalysis

In this study, the microstructure of the soil was examined using Scanning Electron Microscopy
(SEM) and Energy-Dispersive X-ray Spectroscopy (EDX). Figure 83 provides SEM images of the
soil particles, offering a close-up view of their surface features. Figure 84 presents the EDX
analysis, which was used to identify the elements present in the soil and their relative
concentrations. EDX is a widely used technique for determining the elemental composition and
chemical properties of materials, making it a valuable tool for analysing soil samples. The EDX
results are displayed as a spectrum graph showing the elemental breakdown of the soil sample.
The analysis revealed that silicon (Si) and oxygen (O) were the most dominant elements,
confirming their major role in the composition of the soil particles. As summarized in Table 22,
the key elements found in the soil included silica, oxygen, carbon, and calcium. In addition to
the SEM-EDX analysis, a preliminary visual inspection and sieve test were performed to classify
the soil. These assessments identified the soil as natural alluvial soil, with a texture that ranged
from soft to firm. It was characterized as dark brown silty clay with minor sandy components,
indicating a mixed granular composition influenced by natural deposition processes.

SEM HV: 20.0 kV WD: 14.76 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 14.96 mm VEGA3 TESCAN

View field: 322 ym Bl: 9.00 100 pm : & View field: 2.03 mm Bl: 9.00 500 ym &
Det: BSE Date(midly): 01/17/24 University of Derby Det: BSE Date(midly). 0111724 University of Derby

Figure 83: (a) Soil surfaces (b) soil particles
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Figure 84: (a) Energy-Dispersive X-ray Spectroscopy (EDX) spectrum analysis. (b) Identified elements

present in the EDX spectrum.

Table 22: EDX date of the soil sample

Element % Element % Element %
C 30.45 Na 0.25 S 0.18
0 44.20 Mg 0.59 Cl 0.51
Al 3.47 Si 13.93 K 1.44
P 0.17 Ca 2.61 Fe 2.20
Ti -- Mn -- Total 100.00

6.3.2.2 Water absorption

The masses of the prisms were measured both before and after a 56-day incubation period in a
fully saturated soil environment. During this phase, the prisms were exposed to different
cement mixtures, including one containing 50% ground granulated blast furnace slag (GGBS)
with added nutrients, and another made of Portland cement mortar supplemented with
nutrients. Control mixtures of plain mortar and GGBS mortar, without any nutrient additives,
were also evaluated. To ensure consistency, all prisms were initially oven-dried and then
weighed in their saturated state after incubation. As shown in Figure 86, the results indicate a
significant difference in water absorption levels after incubation. This effect is most
pronounced in prisms containing GGBS with nutrient supplementation. In contrast, prisms
made of plain mortar with nutrients exhibit a smaller change in water absorption compared to
their GGBS counterparts. These findings align with existing research, which highlights the ability
of GGBS to reduce water absorption due to its finer particle size and pozzolanic properties.
Supporting this, a study by Almeida et al. (2018) concluded that GGBS cement reduces
permeability, while another investigation by Hulagabali et al. (2018) demonstrated that GGBS
decreases porosity and enhances compressive strength. However, figures 85 and 86 reinforces
these observations, showing that GGBS mortar exhibits lower water absorption compared to
plain mortar, even without nutrient additives. Moreover, prisms enriched with nutrients
displayed improved crack healing and reduced water permeability after the incubation period.
This effect was especially noticeable in prisms containing GGBS, underscoring the potential of
bio-concrete technology in enhancing durability by effectively minimizing water intake. GGBS
significantly reduces water absorption in prisms, particularly when combined with nutrients. On
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the other hand, the limited changes observed in control prisms (without nutrients) before and
after incubation suggest a minimal impact of the healing process in these cases.
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Figure 85: PN is a plain mortar with nutrients and GN is a GGBS mortar with nutrients.
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Figure 86: PP is a plain mortar, and GP is a GGBS mortar with no nutrients

6.3.2.3 Visualinspection and image analysis.

After the incubation phase, the samples were carefully retrieved from the soil environment, and
detailed imaging was conducted to assess the effectiveness of crack sealing and quantify the
healing ratio. Figures 87 and 88 provide a series of images illustrating the condition of cracks
before and after incubation, highlighting varying degrees of closure, often marked by the
presence of white precipitate material. The healing ratio was calculated using advanced image
processing techniques applied to the crack areas. The results revealed a clear pattern:
specimens containing GGBS and nutrients demonstrated significantly higher healing ratios
compared to those made of plain mortar with nutrient supplementation. However, the precise
mechanism driving this enhanced healing remains unclear. This raises questions about whether
the improvement is due to the activity of indigenous soil bacteria or autogenous chemical
reactions within the concrete. Supporting this, a study by Hamza et al. (2019) explored the
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efficacy of bio-concrete technology using naturally occurring soil bacteria over a 100-day
incubation period, achieving a notable healing ratio of up to 59.4%. Specimens without nutrient
supplementation, such as plain mortar (PP) and GGBS mortar (GP), showed minimal evidence
of healing on their crack surfaces after incubation in natural soil. In contrast, samples enriched
with nutrients, particularly mortar with nutrients (PN) and GGBS mortar with nutrients (GN),
exhibited the most substantial healing ratios. This observation is attributed to the metabolic
activity of indigenous soil bacteria, which appears to be enhanced by the nutrient additives.

Figure 89 further supports these findings by illustrating the calculated healing rates. Specimens
containing GGBS with nutrients (GN) exhibited the highest healing rate, followed by mortar with
nutrients (PN). On the other hand, the control specimens (PP) and GGBS mixes without
nutrients (GP) showed significantly lower healing rates, likely attributable to autogenous self-
healing driven by chemical reactions. These findings align with the results of the absorption
tests, highlighting the connection between water absorption behaviour and crack healing. The
data suggest that the extent of crack healing has a significant impact on water absorption
properties, which in turn influences the durability and overall performance of the concrete. This
underscores the potential of nutrient-enriched GGBS mortars in advancing bio-concrete
technology and improving the longevity of concrete structures.

Figure 87: (a) Mortar containing 50% (GGBS) with added nutrients, before and after incubation. (b) Mortar
containing 50% (GGBS) without nutrients before and after incubation.
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Figure 88 : (a) Plain mortar specimens with added nutrients before and after incubation. (b) Plain mortar
specimens without nutrients before and after incubation.
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Figure 89: Healing rates of various mortar types.

6.3.2.4 Microstructural analysis of healing products
The investigation into the composition and characteristics of healing products involved a
detailed analysis of the microstructure formed on the cracked surfaces of various specimens.
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The analysis carried out using Scanning Electron Microscopy (SEM) shown in Figure 90 and
Energy-Dispersive X-ray Spectroscopy (EDX) detailed in Tables 23, 24, 25, and 26, revealed that
calcium carbonate crystals were the dominant microstructural feature, especially in mortar
samples containing nutrients. The formation of these crystals was most noticeable in GGBS
mortars enriched with nutrients. The results clearly show that adding nutrients, specifically
calcium lactate powder, significantly improves the self-healing ability of all the tested
specimens. In contrast, the control samples and GGBS mortars without added nutrients
showed no signs of calcium carbonate formation on their crack surfaces. However, SEM and
EDX analyses revealed significant formation of ettringite in these nutrient-free samples.
Ettringite, a hydrated calcium aluminium sulfate hydroxide (CagAl,(SO,) ;(OH),,-26H,0), is
typically formed through the reaction between sulfate ions and aluminate phases in cement.
This compound naturally develops during the hydration process due to the inclusion of calcium
sulfate in cement to regulate hydration (Hamdan et al., 2011). As suggested by Tittelboom et al.
(1994), many biologically mediated chemical processes can now be harnessed to improve
concrete healing. The findings of this study demonstrate that the chemical environment in plain
concrete or mortar is often unsuitable for bacterial growth due to factors such as high pH and
salinity, which can inhibit bacterial activity. However, the addition of supplementary materials
like GGBS alters the chemical environment, creating conditions conducive to bacterial
proliferation. This is supported by SEM and EDX analyses, which revealed calcium carbonate
deposits within the cracks, indicative of bacterial activity and enhanced crack healing. The EDX
analysis also identified the presence of silicate and oxygen, critical elements for the formation
of calcium silicate hydrate (C-S-H). The ongoing hydration of cement particles leads to the
formation of C-S—H, which plays a vital role in filling cracks and improving structural stability.
While the SEM-EDX analysis was limited to specific microscopic regions, the study
acknowledges that these regions may not fully represent the entire crack surface. Despite this
limitation, the focus on these areas provided valuable insights into the microstructure and
composition of the healing products. Additionally, complementary techniques, such as
microscopic inspection and water absorption measurements (discussed in earlier sections),
were integrated to offer a more comprehensive understanding of the self-healing mechanisms
across all specimens. Together, these methods provided a holistic perspective, despite the
inherent limitations of microscopic examination (Hamza et al., 2021).
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Figure 90: SEM analysis for (a) Mortar with nutrients incubation in soil environment. (b) %50 GGBS replacement with
no nutrients in soil environment. (c) %50 GGBS replacement with nutrients incubation in soil environment. (d) Plain
mortar incubation in soil environment
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Table 23: Mortar with nutrients incubation in soil environment

Element Percentage (%): Spectrum 14
Carbon (C) 3.42
Oxygen (0) 39.76
Aluminum (Al) 1.94
Sulfur (S) 4.57
Calcium (Ca) 50.32
Total Composition 100.00

Table 24: %50 GGBS replacement with nutrients incubation in soil environment

Element Spectrum 26 (%)
C 6.96
0 29.60
Mg 0.88
Al 1.80
Si 6.87
Ca 53.90
Total 100.00

Table 25: Plain mortar incubation in soil environment

Element Percentage (%): Spectrum 10

Carbon (C) 6.40
Oxygen (0) 40.55
Aluminum (Al) 4.52
Silicon (Si) 1.45
Sulfur (S) 7.44
Calcium (Ca) 38.20
Silver (Ag) 1.44

Total Composition 100.00

Table 26: %50 GGBS replacement with no nutrients in soil environment

Element Percentage (%): Spectrum 24

Carbon (C) 8.64
Oxygen (0) 47.10
Magnesium (Mg) 8.07
Aluminum (Al) 4.26
Silicon (Si) 2.93
Sulfur (S) 4.65
Calcium (Ca) 23.33
Silver (Ag) 1.04

Total 100.00
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6.4 Assessing the Impact of water flowing on Self-Healing Concrete

Understanding the impact of pH on bacterial activity within concrete is crucial due to the high
presence of calcium hydroxide (Ca (OH),) in its pores. The interaction of water from the external
environment creates a highly alkaline microenvironment, with pH levels often reaching 13.
However, at the mouth of cracks, the pH is typically lower, between 9 and 11, due to water
ingress (Wu et al., 2019). This high alkalinity also presents environmental concerns, as concrete
structures have the potential to leach various ions—such as aluminium, calcium, chromium,
magnesium, sodium, potassium, and zinc—into surrounding water bodies, thereby elevating
the water’s pH. The extent and rate of hydroxyl ion leaching are influenced by multiple factors,
including the type of cement used, structural design, exposed surface area, degree of
carbonation, and the dynamics of water flow across the concrete surface (David et al., 2013).

Calcium carbonate (CaCO,) can form at different pH levels, either on the concrete surface or
within cracks. For instance, Nielsen et al. (2019a) found that incorporating pozzolanic materials,
such as fly ash, accelerates pH reductions in concrete. Similarly, (Cheng et al., 2005b) observed
that using ground granulated blast furnace slag (GGBS) lowers the pH from 11 to below 10. This
reduction in pH creates a more favourable environment for bacterial activity, which plays a key
role in bio-concrete's self-healing properties. Research by Nielsen et al. (2019a) further
supports this, linking lower pH levels to increased bacterial activity, which enhances the
effectiveness of the bio-concrete healing process. However, the production of cement
contributes approximately 8% of global CO, emissions, making it a highly energy-intensive
industry (Achternbosch et al., 2011). This has led to a growing emphasis on using cement
replacements, which not only reduce the carbon footprint but also repurpose waste materials
that would otherwise go to landfills (Engineering, 2011). For example, fly ash has been shown to
enhance concrete durability, improve resistance to sulfate attack and chloride penetration, and
reduce leaching (Chalee et al., 2009). Similarly, GGBS enhances sulfate resistance and
maintains strength and durability (Pavia et al., 2008). Typically, GGBS replaces 30-85% of
cement in mixtures, with 40-50% being the most common range. Fly ash is usually incorporated
at levels of 6-35%, as outlined in British Standard EN 197-1 (British Standards Institute, 2011. Bs
En 197-1: 2011). This study investigates the role of water flow in enhancing the self-healing
capacity of bio-concrete, particularly in underground structures. While conventional methods
of self-healing concrete are well-documented, the effects of dynamic water flow on the healing
process remain unclear. Water flow introduces complex environmental factors that can
influence nutrient distribution, bacterial activity, and the overall efficiency of crack healing. By
exploring this dynamic interaction, the study aims to address a critical gap in understanding the
impact of water flow on bio-concrete's performance. The findings will provide valuable insights
into how water flow affects the self-healing mechanisms of bio-concrete, particularly in
underground applications. This research seeks to optimize bio-concrete technology for
sustainable infrastructure, ensuring its effectiveness under real-world conditions.

6.4.1 Materials and methods

The specimens were prepared, and cracks were introduced using well-established methods
from previous studies to ensure consistency across all samples. For the flowing water test, a
digital hydraulic bench was used to precisely control the water flow conditions. The bench was
set to deliver a flow rate of 17.7 litters per minute at a working pressure of 0.295 litters. Nine
mortar prisms were arranged vertically on the bench with equal spacing between them, as
shown in Figure 91.
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Throughout the 28-day experiment, the prisms were kept fully submerged in tap water, which
was replaced daily to maintain consistent water quality and experimental conditions. After 28
days, the prisms were carefully removed from the water flow setup to allow for controlled crack
formation. In addition, three identical plastic containers, each with a capacity of 5 litters, were
prepared for further testing. To ensure the prisms were fully submerged, each container was
filled with 1 litter of tap water. The nine mortar prisms, identical in size and composition, were
evenly placed in the three containers, as illustrated in Figure 92. During the 28-day immersion
period, the pH of the water was closely monitored using a calibrated pH probe to ensure stable
and consistent conditions throughout the experiment.

Figure 91: Digital hydraulic bench with prisms positioned within the setup.

Figure 92: Prisms submerged within the experimental
containers.
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6.4.2 Incubation and soil analysis

In this study, natural soil was collected from the field and subjected to sieve analysis in
accordance with the BS EN 933 standard to determine its Particle Size Distribution (PSD). The
experimental setup involved preparing mortar specimens mixed with standard sand, which
were divided into three groups: MN (mortar with nutrients), MF (mortar with nutrients and fly ash
replacement), and MG (mortar with nutrients and GGBS replacement). These specimens were
incubated in fully saturated soil for 28 days. To serve as a control, plain mortar with nutrients
was also included to observe any natural healing (autogenous healing) that might occur through
the continued hydration of the mortar or the activity of bacteria capable of thriving in the
challenging chemical environment of concrete. After the mortar specimens developed cracks,
they were carefully placed into plastic containers. Dry soil was then added, with sand layers
placed below and above the specimens and an additional sand layer separating them. Each
container held three specimens, and the incubation was conducted at room temperature
(approximately 23°C). The cracked specimens were exposed to 28-day cycles of full saturation
in the soil. Before the test began, the soil was fully saturated by raising the water level above the
specimens until it reached the surface. Any water lost through evaporation was replenished by
adding water as needed. Throughout the incubation period, the soil’'s pH was regularly
monitored to ensure it remained within the target range.

6.4.3 Results and discussion

The SEM analysis of cracked surfaces from various mortar types is presented in Figure 93 (a)
illustrates the crack surface of plain mortar exposed to flowing water, revealing clear evidence
of calcium carbonate precipitation. Elemental analysis identified calcium (Ca), oxygen (O), and
carbon (C) as the primary constituents of the deposits, all recognised as key components of
calcium carbonate (CaCQO,;) (Khan et al., 2023). This observation suggests that the particles on
the crack surface are likely calcite or another polymorph of calcium carbonate. To confirm this,
X-ray diffraction (XRD) analysis was conducted, verifying that the precipitates were indeed
calcite, consistent with findings in prior studies (Lee et al., 2017) . Figure 93 (b) depicts the
crack surface of plain mortar exposed to stagnant water, where precipitation was also
observed. Energy-dispersive X-ray (EDX) analysis identified silicon (Si) and oxygen (O) as key
elements within the material deposited in the cracks. These findings indicate the formation of
calcium silicate hydrate (C-S-H), a product of continued cement hydration. This aligns with
earlier research which demonstrates that autogenous healing in cementitious materials
commonly involves the formation of C-S-H (Javeed et al., 2024). Mortar specimens containing
fly ash replacement (Figures 94(c, d)), the results reflect the distinct chemical properties of fly
ash. The fly ash utilised in this study had low calcium content, resulting in elevated
concentrations of silicon (Si) and oxygen (O) in both flowing and stagnhant water conditions. The
reduced presence of calcium carbonate indicates that self-healing in these specimens was
predominantly driven by chemical processes rather than bacterial activity. This alighs with
previous studies, which highlight that fly ash promotes autogenous healing by reducing calcium
hydroxide (CH) and tricalcium aluminate (C;A) content and supporting the formation of
ettringite. The role of salt crystallisation pressure within cement pores further corroborates
these observations, as noted in related studies [9]. Mortar specimens containing ground
granulated blast furnace slag (GGBS) replacements showed clear differences in mineral
formation depending on the water conditions they were exposed to. In specimens exposed to
flowing water, analysis using scanning electron microscopy (SEM) and energy-dispersive X-ray
(EDX) revealed that calcium carbonate was the dominant mineral forming on the crack
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surfaces. This mineral likely formed due to chemical reactions supported by the movement of
water; a process supported by findings in existing research. On the other hand, specimens
exposed to stagnant water displayed a wider range of minerals, including calcium carbonate,
ettringite, and calcium silicate hydrate (C-S-H). This variety can be attributed to the ongoing
hydration of unreacted cement particles in the absence of water movement.

The data provided in the tables (27, 28, 29, 30, 31, and 32) highlights significant differences in
calcium (Ca) content across the spectra, which directly affects their potential for bacterial self-
healing. Spectrum 87, with the highest calcium content (28.98%), stands out as the most
suitable for microbial-induced calcite precipitation (MICP). MICP plays a key role in bacterial
self-healing, as calcium ions combine with carbonate ions produced by bacteria to form
calcium carbonate (CaCO,), sealing cracks and improving structural strength. These findings
align with previous studies (Xu, Wang and Wang, 2018). Furthermore, Spectrum 87 also has
moderate levels of silicon (13.91%) and oxygen (45.68%), which are essential for autogenous
healing. These elements help form calcium silicate hydrate (C-S-H), an important compound for
sealing cracks and enhancing structural integrity (Neville, 1995a). In contrast, Spectrum 54,
with no calcium content (0%), shows limited potential for bacterial self-healing. While its high
silicon content (33.46%) could support some degree of autogenous healing, the absence of
calcium severely limits its ability to support MICP, a critical component of bacterial healing (HM
Jonkers, no date). These results emphasize the importance of calcium in enabling bacterial self-
healing processes. Spectrum 87 is identified as the most promising candidate for effective self-
healing, while Spectrum 54 relies primarily on non-bacterial healing mechanisms.
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Figure 93: SEM images of different type of mortar: a. Plain mortar exposure to flowing water: b. plain mortar exposure
to stagnant water: c. Fly ash mortar exposure to flowing water: d. fly ash mortar exposure to stagnant water:(f) GGBS

mortar exposure to flowing water: g. GGBS mortar exposure to stagnant water.

Table 27: EDX data for plain mortar exposure to flowing water.

Element Percentage (%): Spectrum 93
Carbon (C) 3.93
Oxygen (0) 36.52

Magnesium (Mg) -
Aluminum (Al) 1.03
Silicon (Si) 2.99
Sulfur (S) -
Potassium (K) -
Calcium (Ca) 51.60
Iron (Fe) 3.94
Total Composition 100.00
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Table 28: EDX data for plain mortar exposure to stagnant water

Element Percentage (%): Spectrum 44
Carbon (C) 6.42
Oxygen (0) 57.53
Magnesium (Mg) -
Aluminum (Al) -
Silicon (Si) 35.19
Sulfur (S) -
Calcium (Ca) 0.86
Iron (Fe) -
Total Composition 100.00

Table 29: EDX Fly ash mortar exposure to flowing water

Element Percentage (%): Spectrum 70
Carbon (C) 6.55
Oxygen (0) 53.84
Aluminum (Al) 16.45
Silicon (Si) 17.31
Potassium (K) 1.49
Calcium (Ca) 4.37
Iron (Fe) -
Total 100.00

Table 30: EDX data for fly ash mortar exposure to stagnant water

Element Percentage (%): Spectrum 58
Carbon (C) -
Oxygen (0) 35.78

Magnesium (Mg) -
Aluminum (Al) -
Silicon (Si) 20.99
Potassium (K) -
Calcium (Ca) 23.79
Iron (Fe) -
Gold (Au) 19.44
Total 100.00
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Table 31: EDX data for GGBS mortar exposure to flowing water.

Element Percentage (%): Spectrum 87
Carbon (C) 5.38
Oxygen (0) 45.68
Magnesium (Mg) -
Aluminum (Al) 3.74
Silicon (Si) 13.91
Potassium (K) 0.58
Calcium (Ca) 28.98
Iron (Fe) 1.74
Total 100.00

Table 32: EDX data for GGBS mortar exposure to stagnant water.

Element Percentage (%): Spectrum 54
Carbon (C) 12.57
Oxygen (0) 54.22
Magnesium (Mg) 0.51
Aluminum (Al) 2.04
Silicon (Si) 8.69
Sulfur (S) -
Calcium (Ca) 21.08
Iron (Fe) 0.89
Total Composition 100.00

6.5 Assessing the Impact of different type of soil on Self-Healing
Concrete

Soil structure experiences the most significant improvement during consecutive cropping when
organic farming practices are combined with reduced tillage. Additionally, incorporating a ley
period has been shown to greatly enhance soil structure in heavily tilled areas. Researchers
from the University of Derby Hamza et al. (2021) explored the potential of bio-concrete
technology by using naturally occurring soil bacteria. Their study involved incubating samples in
fully saturated conditions for 100 days, during which mortar supplemented only with nutrients
achieved a healing rate of 50%. Building on this, the research aims to assess the impact of four
different incubation environments on self-healing concrete: water (as a control), natural soil,
organic soil, and a combination of organic and natural soils. Using techniques such as
microscopy, chemical analysis, and crack sealing evaluations, the study seeks to uncover how
different soil types influence the self-healing performance of concrete. By exploring the
interaction between soil and concrete, the findings could pave the way for developing stronger
and more sustainable construction materials for underground structures. This research
ultimately aims to harness the natural properties of organic and natural soils to enhance
concrete's self-healing capabilities, offering innovative solutions to improve the durability and
lifespan of subterranean infrastructure.
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6.5.1 Materials and Methods

6.5.1.1 Specimens Preparation and Crack Creation

This study involved the preparation of 12 mortar samples, meticulously crafted in line with
BSEN 196-1 standards. Calcium lactate powder, sourced from SPECIAL INGREDIENTS in the
UK, was incorporated as a nutrient for bacteria. Nine of these samples were exposed to varying
soil conditions: organic soil from Levington Organic Blend in the UK, natural soil collected from
the fields at the University of Derby, and a composite blend of organic and natural soils, all
prepared according to BSEN 196-1 specifications. The remaining three samples were immersed
in tap water, serving as a control group. Each specimen, measuring 4 x 4 x 16 cm, was
reinforced with a central fibre mesh to prevent structural failure during crack formation.
Detailed mixture proportions for the specimens are provided in Table 33. After a curing period of
28 days, cracks were induced in the samples using a three-point load test. After the curing
process, cracks were induced in all specimens using a three-point bending test, following the
crack creation techniques previously established in earlier studies. The study aims to explore
the potential of organic soil in promoting effective crack healing in concrete specimens. This
research provides valuable insights into bio-concrete technology and its potential to enhance
the resilience and longevity of concrete structures, particularly those used in underground
environments.

Table 33: Mortar specimens mix proportion.

Ingredients PW PO PN PC
Cement 500 500 500 500
Sand 1.5 1.5 1.5 1.5
Water 250 250 250 250
Nutrients 20 20 20 20

6.5.1.2 Incubation environment procedure

A sieve test, performed in accordance with BS EN 933 standards, was used to analyse the
Particle Size Distribution (PSD) of the natural soil. Mortar specimens were divided into four
groups (PW, PO, PN, and PC) and incubated with standard sand in different soil environments
for 100 days as shows in figure 94. These environments included plain mortar in water (PW),
mortar with nutrients in organic soil (PO), mortar with nutrients in natural soil (PN), and mortar
with nutrients in a composite of organic and natural soils (PC). All specimens were kept fully
saturated throughout the incubation period. Plain mortar specimens served as a control group
to assess any natural remediation potential due to continuous hydration. The natural soil,
sourced from fields near the University of Derby, was visually classified as a natural alluvial
deposit consisting of soft to firm, dark brown silty clay with slight sandy characteristics. This
type of clay is known to support a wide variety of naturally occurring bacterial species. The
natural soil’s pH ranged between 6.60 and 7.45, while the organic soil exhibited a more acidic
pH range of 5.34 to 5.60. Following the cracking process, the specimens were carefully
transferred into plastic containers. Dry soil was added in two layers: one beneath the
specimens and another on top and in between them. Figure below provides an illustration of the
specimen arrangement within the containers.
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Figure 94: Prisms inside containers immersed in the soil

6.5.2 Soil analysis by (SEM and EDX)

SEM combined with EDX is a highly effective technique for analysing soil, including organic soil,
by examining microscopic features such as surface structure, elemental composition, and
particle morphology. Surface Morphology: SEM captures high-resolution images of soil
particles, offering detailed insights into their size, shape, and surface characteristics, which are
particularly relevant in organic soil studies. Microstructure Analysis: This method allows for a
closer look at soil aggregates, pore structures, and the organisation of soil components,
providing a deeper understanding of organic soil properties. Elemental Composition: EDX
identifies and quantifies the elements present in soil particles by detecting characteristic X-rays
emitted during SEM analysis. It also maps the spatial distribution of these elements,
highlighting variations and differences between organic and non-organic soils.

In this study, a single soil sample was analysed to explore its components, including organic
soil, for experimental purposes. The preparation for SEM involved adhering a carbon tape to a
stud, lightly sprinkling dried clay onto the tape, and carefully removing any excess particles. The
stud was then coated with Gold or Platinum to facilitate SEM imaging. For X-ray Diffraction
(XRD) analysis, the clay samples were prepared by thinning them to 1-2 millimetres and
polishing the surface to optimise X-ray exposure. This polishing step ensures greater accuracy
and minimises distortions, particularly important when comparing organic and non-organic
soils. The self-healing products derived from organic soil were analysed using SEM and EDX
technologies to investigate their crystalline structure and chemical composition. This approach
is essential for understanding and comparing the self-healing products formed in organic
versus non-organic soils. Both soil types are visually depicted in Figure 95.
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Figure 95: (a) Natural soil. (b) Organic soil

6.5.3 Results and discussion

6.5.3.1 Soilanalysis SEM

Organic and natural soils exhibit distinct differences, and SEM analysis provides a detailed
understanding of these variations. Recognising these differences is essential for evaluating how
each soil type influences the performance of self-healing concrete, particularly in fostering
microbial activity. SEM analysis offers valuable insights into the physical and chemical
characteristics of both soil types, shedding light on their interaction with self-healing concrete
(Amran et al., 2022b). Figure 96 presents SEM images of natural and organic soils, highlighting
noticeable differences in particle size and shape. The images show that natural soil contains
larger, irregularly shaped particles, resulting in a coarser texture. In contrast, organic soil is
composed of smaller, more uniform particles, indicating a finer texture. The shapes of the
particles also differ significantly. Natural soil is characterised by angular, varied particles, which
can lead to less uniform pore spaces. Organic soil, however, features more rounded and
consistent particles, potentially creating interconnected and evenly distributed pores. In terms
of porosity, the larger particles in natural soil produce wider gaps, leading to fewer but larger
pores. On the other hand, organic soil’s smaller, uniform particles contribute to a higher number
of smaller pores, improving overall porosity and permeability. Additionally, the rougher surface
texture of natural soil may impact microbial adhesion and colonisation, whereas the smoother
surface of organic soil is likely to provide a more favourable environment for bacterial growth.
These differences in particle size, shape, and texture significantly affect the soil’s capacity to
interact with and support microbial activity (Erktan, et al., 2020). The ability of water and
nutrients to move through the soil, essential for reaching bacteria, is influenced by its porosity
and permeability. Organic soil, with its finer particles and higher porosity, is better suited to
promoting microbial activity compared to natural soil. This aligns with findings by (Lipiec et al.,
2006) who emphasised the importance of pore structure and infiltration in predicting water and
nutrient flow within soil profiles.
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Figure 96: SEM analysis of soil structure (a) natural soil, (b) organic soil.

6.5.3.2 Soil analysis EDX

Figures 97 illustrate the Energy Dispersive X-ray (EDX) spectra for organic and natural soils,
respectively, highlighting their elemental compositions through distinct peaks associated with
various elements. The EDX spectrum for organic soil reveals a significant silicon (Si) peak,
indicating a high concentration of this element. Oxygen (O) also exhibits a prominent peak,
suggesting the presence of oxides or organic matter. Aluminium (Al) is notable and typically
associated with clays and silicate minerals. Additionally, smaller peaks correspond to trace
elements such as carbon (C), sodium (Na), magnesium (Mg), calcium (Ca), potassium (K),
titanium (Ti), manganese (Mn), and iron (Fe). Similarly, the spectrum for natural soil shows
major and minor elements, with silicon (Si) and oxygen (O) displaying the highest peaks,
confirming their roles as dominant components. Aluminium (Al) is also evident, indicating the
presence of common soil minerals. Trace elements, including carbon (C), sodium (Na),
magnesium (Mg), calcium (Ca), potassium (K), titanium (Ti), manganese (Mn), and iron (Fe), are
represented by smaller peaks. Unlike organic soil, the natural soil spectrum also includes sulfur
(S), phosphorus (P), and chlorine (Cl) as minor peaks, indicating additional compounds or
minerals absent in the organic soil. The key differences in elemental composition between the
two soils are noteworthy. Organic soil contains higher concentrations of silicon (Si), oxygen (O),
and aluminium (Al), along with a broader variety of trace elements. In contrast, natural soil
shares high levels of silicon (Si) and oxygen (O) but features additional elements such as sulfur
(S), phosphorus (P), and chlorine (Cl). These differences can be attributed to variations in
organic matter, mineral composition, and environmental factors affecting soil formation. For
self-healing concrete applications in underground structures, elements like calcium (Ca) and
silicon (Si) are crucial, as they are essential for forming calcium silicate hydrate (C-S-H) gel, a
key component of the self-healing mechanism. Both soil types contain calcium (Ca), which
plays a role in the formation of self-healing compounds. However, the additional elements in
natural soil, such as sulfur (S), phosphorus (P), and chlorine (Cl), may contribute to more
complex chemical interactions that could enhance self-healing properties under certain
conditions. The high silicon (Si) content in both soils is advantageous for forming C-S-H gel,
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which is fundamental to the self-healing process. While both soils possess the necessary
elements for self-healing, the presence of sulfur (S), phosphorus (P), and chlorine (Cl) in natural
soil could make it more effective for specific self-healing mechanisms. According to Hamza et
al. (2021) natural soil contains a diverse array of organic materials and a rich microbial
community, both of which can significantly influence the self-healing capabilities of concrete
structures. When concrete interacts with these microbial communities, the self-healing
process may be enhanced. However, natural soil’s larger and more irregular particle sizes can
create wider gaps, potentially limiting the movement of bacteria and nutrients. This limitation
could make organic soil, with its finer and more uniform particles, more advantageous in some
scenarios. Additionally, as noted by Bueno Marquez et al. (2008) organic soil often originates
from various sources, such as agricultural by-products, gardening waste, animal husbandry,
food industry waste, sewage sludge, and urban solid waste. A recommended approach for
processing these organic materials is composting, which stabilises the organic matter and its
microbiological composition, enhancing its suitability for applications like self-healing
concrete.

Figure 97: Energy-Dispersive X-ray Spectroscopy (EDX) analysis of organic and natural soil samples.

6.5.3.3 Effective of crack healing

After 100 days of incubation, the self-healing ability of the concrete specimens was carefully
examined. Figure 98 highlights how cracks healed over time in self-healing concrete exposed to
different conditions, including water, mixed soil, natural soil, and organic soil environments. In
specimens incubated in water, the initial cracks were prominent, with sharp edges and distinct
lines. However, after the incubation period, significant healing was observed, with the cracks
becoming narrower and filled with precipitate. This highlights the potential of water alone to
support self-healing, likely through autogenous mechanisms such as the continued hydration
of unreacted cement particles and the formation of calcium carbonate, as previously reported
by Sahmaran et al. (2013). Additionally, the calcium lactate powder within the specimens,
combined with the ubiquitous presence of bacteria in air and water environments, may have
contributed to microbial activity that facilitated the self-healing process. Airborne bacteria,
originating from soil, vegetation, human activity, and aerosols, as well as aquatic bacteria, play
essential roles in nutrient cycling, decomposition, and maintaining ecosystem balance (Liu et
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al., 2021). Research has shown that bacteria are present and actively multiply in tap water, with
concentrations ranging from 10° to 10° cells/ml (Hammes et al., 2010). Based on this, the study
hypothesises that innovative bio-concrete technologies could address challenges such as
reduced workability, lower mechanical properties, low healing efficiency, poor survivability of
bacteria and capsules in harsh concrete environments, high costs, and limited full-scale
testing. In the mixed soil environment, the specimens initially had well-defined cracks before
incubation. However, after the incubation period, significant healing was observed, with the
cracks filled by materials identified as calcium carbonate or limestone. This healing process is
largely due to the diverse nutrients and microorganisms present in mixed soil, which combines
the benefits of both natural and organic soils. The mixed soil environment creates ideal
conditions for microbial-induced calcite precipitation (MICP), where bacteria naturally produce
calcium carbonate as part of their metabolic processes. The organic components in the soil
enhance microbial activity by providing essential nutrients, while the natural soil helps maintain
structural stability. Together, these factors create a supportive environment that optimizes the
self-healing process. In the organic soil environment, the cracks were initially sharp and clearly
defined. However, after incubation, a significant amount of healing was observed, with the
cracks filling in and eventually closing. Organic soil, rich in nutrients and microbial life, provides
a highly favourable environment for self-healing. The high microbial activity in this setting
accelerates the production of calcium carbonate, a key factor in the repair process. The
combination of a nutrient-rich composition and an active microbial community makes organic
soil particularly effective in promoting self-healing.
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Figure 98: Microscopic analysis of crack healing before and after 100 days.
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6.5.3.4 Scanning electron microscope analysis (SEM)

Figure 99 provides SEM images capturing the microstructural changes in concrete cracks under
different soil conditions, emphasizing the role of calcium carbonate (CaCO,) precipitation in
self-healing mechanisms. In natural soil conditions, SEM imagery highlights the early phase of
crack formation, with visibly wide gaps. Over time, calcium carbonate crystals begin to form
within these cracks, appearing as irregular, block-like structures that progressively bridge the
crack faces. This process significantly reduces the width of the cracks, demonstrating the
effectiveness of natural soil in promoting self-healing through CaCO, deposition (De Muynck et
al., 2010b). For specimens incubated in water, SEM analysis reveals a different crack-healing
pattern. While the initial stage resembles the natural soil samples, the cracks in water-exposed
specimens show finer and more uniformly distributed calcium carbonate crystals over time.
This even precipitation process effectively seals the cracks, restoring the structural integrity of
the concrete (Wiktor et al., 2011). Organic soil, characterized by a porous and granular
structure, indicates a rich presence of organic matter, as seen in the SEM images. Cracks in
these samples display extensive CaCO, precipitation, filling voids and forming a dense,
interconnected network. This comprehensive crack filling is attributed to the enhanced nutrient
content and microbial activity in organic soil, which accelerates the formation of calcium
carbonate and improves the self-healing process (Tziviloglou et al., 2016). Concrete specimens
exposed to mixed soil exhibit a combination of features seen in both natural and organic soils.
SEM imagery shows cracks partially filled with diverse shapes and sizes of calcium carbonate
crystals, forming a complex matrix that bridges the crack faces effectively. The varied mineral
and organic composition in mixed soil promotes robust calcium carbonate precipitation,
supporting efficient self-healing of the concrete (Wang et al., 2014). The findings from the SEM
analysis underscore the pivotal role of soil environments in influencing the self-healing capacity
of concrete through calcium carbonate deposition. Environments enriched with organic matter
and microbial activity significantly enhance the healing process, contributing to the longevity
and durability of concrete structures. These observations align with prior research emphasizing
the role of suitable conditions in optimizing self-healing mechanisms in concrete (Su et al.,
2024).
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Figure 99: SEM analysis of a. Natural soil incubation environment, b. water incubation environment, c. mix soil
incubation environment, d. organic soil incubation environment.

6.5.3.5 Energydispersive X-ray spectroscopy (EDX)

The Energy-Dispersive X-ray Spectroscopy (EDX) results from different incubation environments
show clear differences in elemental composition, influenced by both environmental conditions
and bacterial activity, as illustrated in Figure 100. Additional insights can be drawn from the EDX
data presented in Tables 34, 35, 36, and 37, which outline the elemental composition of
concrete samples incubated in water, natural soil, mixed soil, and organic soil. These analyses
focus primarily on calcium carbonate formation, a key indicator of the bacterial self-healing
process. In samples incubated in water, EDX spectra indicate moderate calcium carbonate
formation. For example, Spectrum 7 recorded 24.03% carbon (C), 49.50% oxygen (O), and
26.47% calcium (Ca). While this suggests the presence of carbonate compounds, the calcium
content was lower compared to other environments. In contrast, samples exposed to natural
soil showed higher calcium concentrations but relatively lower oxygen and carbon levels,
indicating more active calcium carbonate precipitation. Spectrum 1 recorded 10.99% carbon
(C), 39.32% oxygen (O), and 49.69% calcium (Ca), suggesting that natural soil provides a
favourable setting for bacterial self-healing. These findings align with previous studies, which
highlight how microbial-induced calcite precipitation (MICP) is significantly influenced by
environmental conditions, with natural soil providing an ideal medium for bacterial activity and
carbonate formation (De Muynck et al., 2010a). In the mixed soil environment, EDX data confirm
a chemical composition that supports bacterial activity and calcium carbonate precipitation.
Spectrum 11 recorded 16.64% carbon (C), 48.05% oxygen (O), and 35.31% calcium (Ca),
reinforcing the idea that mixed soil is well-suited to promoting the self-healing process.
Similarly, Wang et al. (2019) found that nutrient-rich environments enhance bacterial
metabolism, facilitating better calcium carbonate formation and improving healing efficiency in
bio-concrete. Meanwhile, the organic soil environment showed the highest levels of carbon and
oxygen, indicating strong calcium carbonate formation and bacterial activity. Spectrum 9
recorded 18.46% carbon (C), 57.09% oxygen (O), and 24.45% calcium (Ca), suggesting that
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organic soil provides the most favourable conditions for microbial-induced calcite precipitation.
These results are consistent with research by H M Jonkers et al. (2010), which demonstrated
that organic-rich environments encourage bacterial growth and accelerate calcium carbonate
formation, further enhancing the self-healing potential of bio-concrete.

Figure 100: Energy-Dispersive X-ray Spectroscopy (EDX) analysis results of the white precipitated product formed
within healed fractures in various mortar mixtures.

Table 34: EDX data for natural soil incubation.

Spectrum Carbon (C) Oxygen (0) Calcium (Ca) Total
Spectrum 1 10.99 39.32 49.69 100.00
Table 35: EDX data for spectrums of water environment incubation.
Spectrum Carbon (C€) Oxygen (0) Calcium (Ca) Total
Spectrum 7 24.03 49.50 26.47 100.00
Table 36: EDX data of mix soil environment.
Spectrum Carbon (C) Oxygen (0) Calcium (Ca) Total
Spectrum 11 16.64 48.05 35.31 100.00
Table 37: EDX data for organic soil.
Spectrum Carbon (C) Oxygen (0) Calcium (Ca) Total
Spectrum 9 18.46 57.09 24.45 100.00
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6.6 Assessing the impact of carbonation on self-healing concrete

6.6.1 Overview

This study takes a pre-setting approach, allowing cement to hydrate before being exposed to a
CO2-rich environment over three days. The main aim is to understand how carbonation affects
the surface of concrete and how exposure to carbonated water alters its chemical
environment—findings that form the first phase of this project. The study also explores how
quickly these changes can create the ideal conditions for advancing bio-concrete technology by
encouraging soil bacteria to grow and thrive on the concrete surface. This work builds on
findings from an earlier study of Macpherson (2009). On a broader scale, it is important to note
that extracting groundwater often releases carbon dioxide (CO2) because groundwater typically
contains CO2 levels 10 to 100 times higher than those in the atmosphere. As a result, the
release of CO2 during groundwater extraction is almost unavoidable.

6.6.2 Materials and methods

6.6.2.1 Specimen preparation and crack creation

This study aimed to explore how carbonation affects bio-concrete technology. The
experiment used Portland cement (BSEN 196-1) and GGBS cement (BSEN 196-2), both provided
by HANSON HEIDELBERG CEMENT GROUP in the UK. To ensure proper CO2 diffusion and
sample preparation, a water-to-cement ratio of 0.3 was chosen. The mixture was then
compacted into 40 mm x 40 mm x 160 mm prisms, with a load applied for 30 seconds to
consolidate the specimens. To investigate bio-concrete, six mortar prisms were prepared with
calcium lactate powder added as a nutrient to support microbial activity. These were split into
two groups: three were placed in containers with standard water, and the other three in
containers with carbonated water. A second set of six prisms was made using GGBS cement
and followed the same process. This systematic approach ensured a thorough examination of
how carbonation could enhance bio-concrete. The calcium lactate powder, a key ingredient,
was sourced from SPECIAL INGREDIENTS LTD in the UK.

The process for creating cracks in the specimens followed methods used earlier in this project.
After a 24-hour setting period, the prisms were removed from their moulds and cured in water
for 28 days. Carbonated water was replaced every two days to maintain its CO2 content, as the
gas would otherwise dissipate, causing the water's properties to revert to standard conditions.
After curing, the specimens were air-dried at room temperature and prepared for crack initiation
through mechanical testing. A three-point bending test was carried out by placing each prism
on two parallel beams. Cracks were then covered with cotton material that allowed water to
pass through but blocked soil particles, ensuring clean and controlled conditions for further
testing. The specimens were placed in 5-litre containers. Each container was rinsed with either
standard water or carbonated water (1 litre per container) and then sealed to maintain a
consistent CO2 environment. The containers were kept at a steady room temperature of 20°C,
ensuring uniform conditions across all samples. This approach allowed for a clear
understanding of how carbonation interacts with bio-concrete, particularly in supporting
microbial processes for self-healing.

6.6.2.2 Incubation environment

This study used natural soil collected from the University of Derby’s field to create an
environment that closely reflects real underground conditions for concrete. To better
understand the soil's characteristics, a sieve test was carried out following BS EN 933 standards
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to analyse its Particle Size Distribution (PSD). The soil was identified as a natural alluvial
deposit, appearing as soft to firm, dark brown silty clay with some sandy elements. This type of
soil is known to support a diverse range of naturally occurring bacteria, which play an important
role in biological self-healing processes. The soil’s pH, measured using a handheld pH tester,
ranged between 6.60 and 7.45, like the pH of the tap water used in other specimen groups.
Once the mortar specimens were cracked, they were carefully placed in plastic containers, with
dry soil added in two layers: one beneath the specimens and another covering and surrounding
them. Each container held three specimens, and the incubation process was carried out at
room temperature, around 23°C. Mortar specimens were prepared using standard sand and
divided into three groups: PM (Plain Mortar), MN (Mortar with Nutrients), and MG (Mortar with
Nutrients and GGBS replacement). All specimens were incubated in fully saturated soil for 56
days. The plain mortar served as a control group to observe natural self-healing (autogenous
healing) that might occur due to ongoing hydration. To keep the soil fully saturated, water was
maintained above the specimens, reaching the soil surface, and any loss due to evaporation
was regularly topped up. During the incubation period, the soil’s pH was closely monitored to
ensure it remained within the required range for the study.

6.6.3 Results and discussion

The results in figure 101 shows that the mortar specimens exposed to carbonated water,
including those with added nutrients and 35% GGBS replacement, showed no self-healing.
Several factors likely contributed to this outcome. One key issue is the low pH environment
created by carbonated water, which may have interfered with the activity of bacteria essential
for microbial-induced calcium carbonate precipitation (MICP). As Jonkers et al. (2010) pointed
out, bacterial activity in self-healing concrete is highly sensitive to pH, with optimal conditions
typically falling between 7 and 9. Carbonated water often falls outside this range, making it
difficult for bacteria to metabolize nutrients and produce calcium carbonate effectively.
Another contributing factor is the 35% replacement of cement with GGBS, which reduces the
calcium hydroxide content in the mix—a crucial ingredient for carbonation and self-healing.
Research by De Muynck et al. (2008) has shown that binders with lower calcium hydroxide
levels are less effective at self-healing due to the reduced availability of calcium ions needed to
form calcium carbonate. Moreover, carbonated water, rich in dissolved carbon dioxide, reacts
with the calcium hydroxide in the cement to form calcium carbonate during the carbonation
process. This reaction significantly reduces the calcium hydroxide available, which is a key
source of calcium ions needed for self-healing. This depletion is even more pronounced in
mixes with GGBS, where calcium hydroxide levels are already lower, making it even harder for
the self-healing process to take place effectively. While carbonation can help with surface-level
calcium carbonate formation, it’s generally not effective for addressing deeper or wider cracks,
such as those observed in this study. For cracks larger than 0.3 mm, the process is often
insufficient to fully close the gaps. The frequent replacement of carbonated water every two
days may have further disrupted the chemical environment, making it harder for consistent
healing processes to take place. Additionally, GGBS can slow down the hydration process,
which limits the potential for autogenous healing, a process that relies on unhydrated cement
particles reacting with water to seal cracks.
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The black discoloration around the cracks in the mortar prisms is most likely a result of natural
microbial activity, mineral reactions, or organic matter from the soil. Since these prisms were
buried in soil for 56 days, bacteria and fungi had the perfect conditions to grow, forming dark
biofilms or reacting with the cement. At the same time, minerals like iron or manganese from
the soil could have oxidized, leaving dark stains. While high-tech analysis like SEM and EDX
could confirm the exact cause, they are not necessary here. The exposure conditions and
visible changes already tell us that natural biological and chemical processes are at play. A
simple pH test or microbial culture would be enough to check if bacteria were responsible for
the staining.

(C))

Figure 101: (a) Plain mortar with nutrients exposure to carbonated water. (b) %35 GGBS replacement with nutrients
exposure to carbonated water. (c) Plain mortar exposure to carbonated water
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6.7 Assessing the effectiveness of different capsules on self-healing
concrete technology

6.7.1 Overview

This study explored how adding different types of capsules—calcium alginate and calcium
carbonate—could improve the self-healing ability of concrete. The aim was to understand how
these capsules, acting as carriers for healing agents or nutrients, helped concrete repair itself
over time. Calcium alginate capsules, being biodegradable, released healing agents gradually,
allowing the healing process to continue for longer. In contrast, calcium carbonate capsules
provided an immediate source of minerals to seal cracks, enabling faster and more efficient
healing. By testing these capsules under different conditions, the study offered valuable
insights into how they could enhance concrete durability, extend its lifespan, and contribute to
more sustainable construction.

6.7.2 materials and method

6.7.2.1 Specimens’preparation and crack creation

In line with BS EN 196-1, various mortar samples were prepared for this study, including plain
mortar (control), mortar with calcium carbonate capsules, and mortar with calcium alginate
capsules. Every material was thoughtfully selected and documented to ensure the highest
quality and alignment with the study’s goals. This careful approach was essential for
investigating the self-healing properties of the mortar and ensuring reliable, repeatable results.
The calcium carbonate capsules used in the mixes had particle sizes between 4.000 pm and
8.637 um, while the calcium alginate capsules measured between 2,755.850 um and 2,846.839
pm. These size ranges were specifically chosen to achieve even distribution and maximize the
capsules’ effectiveness in the mortar matrix. The mortar specimens were prepared in
accordance with the established experimental protocol using Hanson Sulphate Resisting
Cement (CEM IlI/A + SR), CEM Il, sand, tap water, and calcium lactate powder as a nutrient. A
consistent water-to-cement ratio of 0.5 was maintained across all mixtures to ensure uniformity
in the experimental conditions. The specific proportions of the mortar mixtures are presented in
Table 38. Each sample was cast into 40 mm x 40 mm x 160 mm prisms, with fibre mesh
embedded in the centre to prevent complete failure. A total of nine samples were prepared for
each type of mortar to ensure robust data for analysis. After 24 hours, the samples were
demoulded and placed in water to cure for 28 days, allowing full hydration. Once curing was
complete, the samples were removed from the water, air-dried at room temperature, and
prepared for crack generation through mechanical testing. The process used to create cracks
was consistent with methods employed in earlier studies within this project, ensuring the
results could be compared accurately. This systematic and deliberate preparation ensured the
samples were ready for the self-healing experiments that followed. The sizes and shapes of the
capsules are discussed in more detail during the second phase of this project.
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Table 38: Mortar mix percentages

Material Plain Mortar Mortar with Calcium | Mortar with Calcium
(Control) Carbonate Capsules Alginate Capsules

Cement (CEM II) (g) 450 450 450

Sand (g) 1350 1350 1350

Water (g) 225 225 225

Calcium Carbonate N/A 22.5 N/A
Capsules (g)

Calcium Alginate N/A N/A 22.5
Capsules (g)

6.7.3 Incubation environment

The incubation environment in this study was designed to match the conditions of previous
research to ensure consistency. The soil, collected from the University of Derby's field, was first
sieved to remove larger particles and standardize its composition. This step helped create a
more uniform and controlled setting for the experiment. The mortar specimens were then
incubated in this soil for 28 days, allowing enough time for bacterial activity to take place,
nutrients to be released, and calcium carbonate to form, simulating natural conditions as
closely as possible.

6.7.4 Results and discussion

6.7.4.1

Figure 102 shows a comparison between mortar specimens with calcium carbonate capsules,
calcium alginate capsules, and those without any capsules. These images, taken using
microscopy, reveal clear differences in how effectively each type of mortar heals cracks, mainly
due to how the capsules release nutrients. Both types of capsules are designed to deliver
calcium lactate powder, which acts as a food source for naturally occurring soil bacteria. These
bacteria then convert the calcium lactate into calcium carbonate, which helps seal the cracks.
The calcium carbonate capsules, being more brittle, break easily when cracks appear, allowing
the nutrients to be released immediately at the damage site, promoting faster self-healing. This
rapid release enables bacteria to start the healing process quickly, leading to more effective and
faster crack closure. In contrast, calcium alginate capsules, made with a biodegradable matrix,
release their nutrients more slowly. This gradual release delays the activation of bacterial
activity, resulting in slower and less effective healing. This difference is evident in visual
observations, where cracks in specimens with alginate capsules remain more noticeable
compared to those with calcium carbonate capsules. These findings are consistent with the
work of Wang et al. (2014), who emphasized the importance of rapid nutrient availability for
efficient healing, and H M Jonkers et al. (2010), who highlighted the critical role of immediate
interactions between nutrients and bacteria in supporting microbial-induced calcium
carbonate precipitation (MICP). While calcium carbonate capsules outperformed in this study
due to their quick nutrient delivery, calcium alginate capsules could still be valuable in
applications requiring a sustained nutrient supply over time. Future research could focus on
enhancing alginate capsule designs to improve their ability to release nutrients more effectively
upon cracking while maintaining their longer-term release benefits, making them more
adaptable for different environmental and structural conditions.

Effective of crack healing
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Figure 102: Microscopic analysis of crack healing was conducted before and after a 28-day incubation period within a
soil environment. (a) Prisms with calcium carbonate capsules. (b) Prisms with calcium alginate capsules. (c) Plain
prisms (Control)

6.7.4.2 SEM and EDX analysis

The SEM images in Figure 103 clearly show differences in crack healing across the three
specimens, demonstrating the effectiveness of bacterial self-healing. In the prisms containing
calcium carbonate capsules (a), cracks show significant healing, with dense crystal growth and
bridging structures, suggesting that microbial-induced calcite precipitation (MICP) has actively
filled the gaps. In contrast, the prisms with calcium alginate capsules (b) display only partial
healing, with a more porous structure and scattered crystal deposits, indicating that some self-
healing occurred but not as effectively as in (a). Meanwhile, the plain prisms without capsules
(c) exhibit little to no healing, with cracks remaining open and the surface appearing rough and
fibrous, lacking any calcium carbonate deposits. These observations highlight that calcium
carbonate capsules offer the most effective self-healing, as they enhance bacterial activity and
promote better crack closure, while calcium alginate capsules provide moderate healing, and
the control sample shows no meaningful self-repair. The Energy-Dispersive X-ray Spectroscopy
(EDX) analysis in the figure 104 provides valuable insights into the composition of the capsules
and the role they play in the self-healing process of concrete. The calcium carbonate capsules
mainly contain calcium (44.58%), oxygen (50.98%), and carbon (4.43%), making them highly
effective in delivering essential nutrients that support bacterial activity. Calcium serves as a key
nutrient for naturally occurring soil bacteria, allowing them to facilitate microbial-induced
calcite precipitation (MICP) and seal cracks in the concrete (Wiktor et al., 2011). On the other
hand, Figure 105 shows calcium alginate capsules, which have a more porous and fragmented
structure. These capsules contain a wider range of elements, including oxygen (38.44%), silicon
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(22.59%), aluminium (12.32%), iron (13.81%), and magnesium (2.88%), but a much lower
calcium content (1.83%). Despite this, they still serve as nutrient carriers by gradually releasing
essential compounds like calcium lactate, which helps keep bacterial activity sustained over
time. In this study, naturally occurring soil bacteria were used for the self-healing process, with
calcium carbonate capsules providing an immediate nutrient boost, while calcium alginate
capsules ensured a steady supply of nutrients, creating a balanced system that supports
effective crack healing. The analysis of Spectra 3, 27, and 41 in Tables 39, 40, and 41 further
helps determine whether the healing process in the concrete was driven by bacterial activity or
purely chemical reactions. Spectrum 3, which shows high levels of oxygen, silicon, aluminium,
potassium, and iron but very little carbon and calcium, suggests that healing mainly occurred
through chemical reactions like hydration or carbonation rather than microbial activity. The lack
of significant carbon indicates minimal bacterial involvement, while the presence of aluminium
and iron points to typical cementitious reactions rather than bio-mediated calcite formation. In
contrast, Spectrum 27 reveals moderate amounts of carbon, along with oxygen, silicon, and
calcium, suggesting that both chemical and microbial processes played a role in the healing
process. The presence of calcium indicates that calcium carbonate precipitation occurred,
which can happen naturally in concrete, but the moderate carbon content also hints at
microbial involvement, meaning bacteria may have contributed to healing, but not as the sole
mechanism. Spectrum 41, however, provides strong evidence of bacterial self-healing, as it
shows a high concentration of calcium, a good amount of oxygen, and detectable levels of
carbon—key indicators of microbial-induced calcite precipitation (MICP). The absence of
silicon and aluminium further supports the idea that this healing process was primarily
biological rather than a result of standard cement reactions.
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Figure 103: Scanning Electron Microscopy (SEM) analysis of: (a) Prisms incorporating calcium carbonate
capsules. (b) Prisms incorporating calcium alginate capsules.
(c) Plain prisms without capsules.
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Figure 104: Energy-Dispersive X-ray Spectroscopy (EDX) analysis results of the white precipitated product formed in:
(a) Prisms containing calcium carbonate capsules. (b) Prisms containing calcium alginate capsules.
(c) Plain prisms without additional modifications.
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Table 39: Prisms with calcium carbonate capsules (EDX)

Element Percentage (%): Spectrum 41
Carbon (C) 4.43
Oxygen (0) 50.98
Magnesium (Mg) -
Aluminum (Al) -
Silicon (Si) -
Sulfur (S) -
Calcium (Ca) 44.58
Iron (Fe) -
Total Composition 100.00

Table 40: Prisms with calcium alginate capsules (EDX)

Element Percentage (%): Spectrum 3
Carbon (C) 0.14
Oxygen (0) 38.44
Magnesium (Mg) 2.88
Aluminum (Al) 12.32
Silicon (Si) 22.59
Potassium (K) 7.99
Calcium (Ca) 1.83
Iron (Fe) 13.81
Total Composition 100.00

Table 41: Plain prisms with no capsules (EDX)

Element Percentage (%): Spectrum 27
Carbon (C€) 15.64
Oxygen (0) 49.11
Magnesium (Mg) 0.54
Aluminum (Al) 1.98
Silicon (Si) 17.36
Sulfur (S) 1.37
Calcium (Ca) 13.36
Iron (Fe) 0.64
Total Composition 100.00
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7 Chapter 7: Conclusion and future work

7.1 Overview

This thesis has explored how to enhance the sustainability of underground structures through a
soil-driven bio-protection system for concrete. The research focused on understanding the bio
self-healing mechanism and how different incubation environments influence its performance.
Key factors such as the chemical environment of concrete, including pH levels, calcium ion
concentrations, and electrical conductivity, were examined. These factors are critical for
optimizing self-healing concrete technologies and ensuring their effectiveness. The second part
of the study investigated the development of calcium carbonate capsules with improved size
optimization. The goal was to identify capsule sizes that had minimal impact on the physical
and mechanical properties of concrete while enhancing its self-healing capabilities. These
capsules were specifically designed to work alongside naturally occurring soil bacteria,
providing essential nutrients without compromising the structural performance of the concrete.
Finally, the research evaluated the effectiveness of self-healing concrete by conducting a series
of experiments under various conditions. These included testing different types of cement and
exposing the concrete to flowing water systems, accelerated carbonation, and various soil
types. This approach aimed to simulate real-world underground conditions, helping to better
understand how self-healing concrete performs in practical applications and under diverse
environmental stresses. This chapter brings together the key findings from the research, offering
a summary of the conclusions drawn from the studies presented in this thesis. It also highlights
recommendations for future work to further explore the potential of bio self-healing concrete
when incubated in soil. For a more detailed discussion of specific findings, readers are
encouraged to refer to the conclusion sections at the end of each chapter, where the outcomes
of each aspect of the research are analysed in depth. These findings provide a strong foundation
for further investigation into the development and application of bio self-healing technologies
for sustainable underground structures.

7.2 Conclusion

7.2.1 Phase 1 (bacteria form and participate on the concrete surface)

This study explored the influence of the chemical environment within concrete on the viability
and activity of naturally occurring bacteria from surrounding organic soil, with the aim of
promoting microbial-induced self-healing. Rather than embedding engineered bacterial strains
directly into the concrete matrix, the research focused on leveraging indigenous soil bacteria by
creating conditions conducive to their survival and function. Through a series of controlled
laboratory experiments, the effects of cement type, water flow, carbonation, and pH variation
were systematically investigated to identify key parameters that enable biological self-healing.

e Supplementary Cementitious Materials: Partial replacement of ordinary Portland
cement with 30-50% ground granulated blast-furnace slag (GGBS) effectively reduced
the initially high pH levels of concrete (typically >12.5) to a more biologically favourable
range of 9.2-10.5. However, replacement levels beyond 50% began to negatively impact
mechanical properties, indicating a need for balance between chemical modification
and structural integrity.
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pH Measurement and Indicator Calibration: A novel image-based pH measurement
approach was developed using Image) software and phenolphthalein as a surface
indicator. This method demonstrated a strong linear correlation (R2 % 0.95) between red
channel intensity and pH values, with phenolphthalein showing a distinct colour
transition around pH 9.5. In contrast, the universal pH indicator exhibited inconsistent
RGB behaviour, making phenolphthalein the preferred choice for accurate surface pH
analysis in cementitious materials.

Carbonation and Water Flow Effects: Accelerated carbonation, achieved through 30-
minute CO, exposure, was shown to reduce surface pH to approximately 9.5, aligning
with the optimal range for bacterial activity. Additionally, continuous water flow over a
period of 14 days enhanced the carbonation process, particularly in GGBS-modified
mortars, further contributing to pH reduction and improved environmental conditions
for bacterial survival.

Bacterial Activity and Calcium Carbonate Precipitation: The optimal pH range for
microbial-induced calcium carbonate precipitation (MICP) was identified as 9.0-10.0. At
pH levels above 11, calcium carbonate formation occurred primarily through abiotic
chemical processes, while pH levels below 8 significantly diminished bacterial activity
and carbonate production. Under optimal conditions, calcium carbonate precipitation
reached 3.1-4.2 g/mz, leading to visible crack sealing of up to 0.35 mm within 28 days of
soil exposure.

These findings confirm that modifying the chemical environment of concrete through
strategic use of GGBS, controlled carbonation, and water exposure can successfully
support bacterial activity from organic soil, enabling effective and low-cost, passive self-
healing. Furthermore, the study validates the use of phenolphthalein and RGB-based image
analysis as a reliable and accessible method for surface pH monitoring in bio-concrete
research. This approach offers a promising direction for enhancing the durability and
service life of underground concrete infrastructure through sustainable and nature-inspired
techniques.

7.2.2 Phase 2 (Producing small capsules to reduce the impact of capsules

on concrete properties)

This study evaluated the influence of capsule size, type, and dosage on the compressive
strength and crack-healing performance of self-healing concrete. Three additives were
examined: calcium alginate capsules (~2847 um), calcium carbonate microcapsules (~3 pm),
and calcium lactate powder (sub-micron scale). The findings demonstrate that capsule
properties significantly impact both mechanical integrity and healing efficiency, and that an
optimized balance can enhance the sustainability and performance of concrete.

Calcium Alginate Capsules (~2847 um): Calcium alginate capsules, with an average
diameter of approximately 2847 pm, were effective in delivering nutrients necessary for
sustaining long-term bacterial activity, thereby supporting the healing of larger or more
persistent cracks. However, their inclusion led to a substantial reduction in compressive
strength, ranging from 15% to 20% at 7 days. This pronounced decrease is largely
attributed to their relatively large size, which disrupted the cementitious matrix and
increased overall porosity. Furthermore, the irregular distribution of these capsules
within the mix introduced localized weak zones, compromising the early-age
mechanical performance. Despite these drawbacks, calcium alginate capsules remain
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a promising option for durability-oriented applications, where extended self-healing
functionality is of greater importance than initial strength retention.

e (Calcium Carbonate Microcapsules (~3 um): The addition of calcium carbonate
microcapsules, with an approximate diameter of 3 pum, resulted in a moderate reduction
in compressive strength of 5% to 7% at 7 days. Their small size contributed to uniform
dispersion within the cement matrix, promoting microstructural refinement and reduced
porosity. This compatibility with the cementitious environment allowed the
microcapsules to maintain the structural integrity of the composite while facilitating a
gradual release of nutrients. The controlled release mechanism supported bacterial-
induced calcium carbonate precipitation (MICP), enhancing the self-healing potential
without compromising mechanical performance significantly. Thus, calcium carbonate
microcapsules offer a balanced solution between mechanical integrity and healing
efficacy.

e (Calcium Lactate Powder: Calcium lactate powder, being the finest of the additives
investigated, exhibited the least impact on compressive strength, with reductions
limited to 2%-4% at 7 days. Its fine particle size promoted homogeneous distribution
within the mix, preserving early-age strength. However, the absence of encapsulation
rendered the nutrient highly susceptible to premature leaching or immediate microbial
consumption. As a result, its effectiveness in supporting long-term bacterial activity was
limited, thereby reducing its suitability for applications requiring prolonged self-healing
and durability enhancement. Nevertheless, calcium lactate remains a viable option
when short-term strength retention is a priority and nutrient longevity is of lesser
concern.

e [Effect of Dosage: Reducing the dosage of additives to 3% by weight of cement proved
beneficial in mitigating strength loss across all capsule types. At this optimized dosage,
both calcium carbonate microcapsules and calcium lactate powder maintained
favourable compressive strength profiles while effectively supporting microbial activity.
In contrast, calcium alginate capsules continued to impose a noticeable reduction in
mechanical performance, even at lower dosages. However, their superior nutrient
retention and ability to promote healing in wider cracks underscore their value in long-
term durability-focused designs. Therefore, dosage optimization plays a critical role in
balancing mechanical properties with self-healing performance in bio-enhanced
cementitious systems.

These results highlight that smaller capsule, particularly calcium carbonate microcapsules,
offer a compelling balance between mechanical strength preservation and biological self-
healing capacity. Their compatibility with the cement matrix and ability to facilitate sustained
microbial activity make them ideal for general-purpose applications where both early strength
and durability are critical. Conversely, larger capsules such as calcium alginate, while
detrimental to early-age strength, remain highly effective for long-term healing and may be more
suitable for infrastructure where crack resilience over time is paramount.

7.2.3 Phase 3(the effectiveness of self-healing concrete)

This study conducted a series of targeted investigations to evaluate the influence of various
factors—including supplementary cementitious materials (GGBS and fly ash), accelerated
carbonation, controlled water flow, and capsule type—on the performance of bio-self-healing
concrete. Emphasis was placed on optimizing the chemical environment to support the viability
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of naturally occurring bacteria from organic soil and enhancing calcium carbonate precipitation
for durable crack repair.

Effect of Supplementary Materials (GGBS and Fly Ash): GGBS replacement at 30-50%
significantly altered the pH environment, lowering values from >13.5 to 9.2-10.5,
thereby enhancing conditions for bacterial activity. SEM imaging revealed that GGBS-
modified specimens exposed to soil exhibited greater healing ratios, with calcium
carbonate deposits visibly bridging cracks up to 0.35 mm wide within 28 days.
Comparatively, mortar specimens with nutrients but without GGBS exhibited reduced
healing efficiency, and SEM analysis detected ettringite within cracks—suggesting a less
favourable healing environment and insufficient carbonate precipitation.

Water Flow System: Specimens exposed to a flowing water regime (0.1-0.3 L/min over
14 days) demonstrated a more substantial pH reduction and enhanced carbonation
compared to stagnant conditions. This modification in the chemical environment led to
improved microbial activity and increased calcium carbonate yield, particularly in
GGBS-enhanced samples. However, excessive flow rates risked leaching essential ions,
indicating the need for controlled flow conditions to balance chemical modification and
nutrient retention.

Accelerated Carbonation: A controlled accelerated carbonation process involving 30
minutes of CO, exposure was employed to simulate rapid environmental carbonation.
This treatment effectively reduced the pH of the cementitious matrix to approximately
9.5, aligning with the optimal range for bacterial viability and metabolic activity. While
the lowered pH was conducive to microbial-induced calcium carbonate precipitation
(MICP), the carbonation process concurrently consumed free calcium ions within the
matrix. This reduction in available calcium ions limited the extent of calcium carbonate
formation, thereby slightly diminishing the overall healing efficiency in certain cases.
Consequently, although accelerated carbonation can enhance microbial activity by
creating favourable pH conditions, its implementation must be carefully balanced to
avoid excessive calcium ion depletion, which could hinder the self-healing process.

Soil Environment and Microbial Activity: The presence of organic soil with high microbial
activity was found to be a critical factor in facilitating effective microbial-induced
calcium carbonate precipitation (MICP) for crack healing. Under optimized
environmental conditions—specifically a pH range of 9-10 and the inclusion of ground
granulated blast furnace slag (GGBS)—specimens exposed to organic soil exhibited
calcium carbonate precipitation in the range of 3.1-4.2 g/m? and demonstrated the
ability to heal surface cracks up to 0.35 mm in width. Scanning electron microscopy
(SEM) analysis confirmed the formation of dense calcium carbonate deposits within the
crack interfaces of these specimens. Such deposits were absent in control samples that
were not exposed to active soil environments. In contrast, specimens placed in sterile or
low-organic soils exhibited minimal healing, underscoring the essential role of
indigenous microbial populations in sustaining MICP and promoting long-term self-
healing functionality.

These findings underscore the importance of chemical environment engineering in bio-self-
healing concrete systems. The use of GGBS and controlled water flow enhances the pH
conditions and microbial habitat needed for sustained healing. While accelerated
carbonation supports pH adjustment, it must be carefully balanced to avoid calcium ion
depletion. The role of organic soil is paramount, as it enables indigenous microbial
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populations to thrive and facilitate crack sealing through MICP. The integration of these
strategies presents a pathway toward durable, resilient, and sustainable concrete
infrastructure, particularly in underground applications.

7.3 Future work and recommendations

This research has provided valuable insights into enhancing the bio-self-healing capabilities of
concrete in soil environments, particularly for underground structures exposed to microbial-
rich organic soils. Building on the outcomes of this study, several avenues for future research
are proposed to strengthen both the scientific understanding and practical implementation of
this technology in the construction industry.

While this study focused on early-age healing efficiency, future investigations should
emphasize long-term durability testing under varied environmental conditions,
including wet-dry cycles, freeze-thaw exposure, and chemical attack (e.g. sulphates
and chlorides). Understanding how self-healing systems perform over extended periods
will be crucial to ensure structural reliability in real-world applications. Incorporating
mechanical testing such as modulus of elasticity, permeability, and flexural strength
alongside crack sealing observations will offer a more comprehensive durability profile.
The image-based pH analysis developed in this study could be further enhanced using
artificial intelligence (Al) and machine learning techniques to improve accuracy,
automate data interpretation, and predict healing performance. Al algorithms trained
on large datasets of crack images, healing progress, and RGB values can be used to
develop predictive models for calcium carbonate formation, healing rates, and nutrient
effectiveness. Such tools can support real-time monitoring and provide decision-
making assistance for engineers in both laboratory and on-site applications.

Although this research successfully demonstrated laboratory-scale bio-healing using
organic soil, the next step involves conducting field trials in varied soil types, moisture
conditions, and temperature ranges. These real-world validations will help assess how
environmental fluctuations influence bacterial activity, nutrient availability, and healing
efficiency. Field studies should also evaluate constructability, maintenance
requirements, and cost-benefit analysis of implementing bio-concrete at scale.

The promising performance of GGBS in modifying the chemical environment to support
microbial activity suggests further investigation into other supplementary cementitious
materials (SCMs) is warranted. Materials such as silica fume, Class C/F fly ash,
metakaolin, rice husk ash, and volcanic ash may offer unique benefits by affecting
porosity, calcium availability, and chemical buffering capacity. Future studies should
explore how these materials interact with soil bacteria and influence both strength and
healing performance across different environmental settings.

Controlled water flow played a critical role in enhancing carbonation and bacterial
viability in this study. Future work should focus on optimising flow rates to maximise
nutrient distribution and bacterial activation without compromising matrix integrity.
Moreover, integrating sensor-based monitoring systems with water flow setups could
enable automated healing evaluation and better control over healing environments in
service conditions.

Although accelerated carbonation helped reduce pH and support bacterial activity, it
also depleted free calcium ions needed for MICP. Further studies should focus on
balancing carbonation with calcium retention, perhaps through formulation
adjustments or external calcium supplementation. Testing alternative carbonation
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approaches—such as staged or pulsed CO, exposure—and evaluating their effects on
healing efficiency and concrete durability would be a logical next step.

Soil type and quality are critical variables influencing the success of bio-concrete.
Future research should involve quantitative soil characterisation (e.g. organic content,
microbial load, pH, and moisture) to correlate healing performance with specific soil
properties. There is also scoped to explore microbial enrichment techniques, such as
adding microbial consortia or organic amendments, to enhance healing in less fertile
soils.
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