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Abstract 

Micro-cracks do not necessarily affect concrete strength, but they are more likely to intensify 

permeability and exacerbate the detrimental effects of chemicals and weathering. Most bio-

treatment approaches that utilize bacteria have shown high potential to self-heal cementitious 

media by forming calcium carbonate. However, direct addition of bacteria and nutrition into a 

concrete mix have adverse effect on its properties. Additionally, the viability of bacteria needed 

for concrete self-healing decreases with time. This study proposed the use polyurea as a suitable 

polymeric carrier and shield for the bacteria. Polyurea was used to encapsulate the bacillus 

pseudofirmus bacteria and calcium lactate (nutrition) and subsequently utilized to self-heal 

artificially cracked cement paste specimens. Synthesis and encapsulation of the bacteria in the 

polyurea were performed using the in-situ polymerization method. The synthesized capsules 

have irregular shapes and rough surfaces, with 57% of the capsules ranging from 0.3 to 0.6 

mm.  FTIR results of the encapsulated polyurea capsule (EPU) showed that NCO peak 

(isocyanate group exist in polyurea) has completely disappeared, meanwhile urea bond N-H 

was observed. These observations indicate successful synthesis of the polyurea polymer 

structure and encapsulation of the bacterial spores. EDX analysis of the polyurea capsules and 

EPU showed the presence of calcium in EPU, which suggests successful encapsulation of 

calcium lactate. The observed calcium carbonate precipitation around the cracked zone of the 

cement paste specimens after 3 days proves self-healing triggered by EPU. The bacterial 

growth (from dormant to active) and calcium carbonate precipitation were confirmed via 

destructive and non-destructive testing. TGA and FTIR analysis showed precipitation of 

polymorph calcium carbonate. XRD analysis further confirmed that the crystal structure of the 

precipitated calcium carbonate is calcite. The polyurea has collectively proven to have the 

capacity to protect bacteria from harsh environment and to provide a prominent healing effect 

in cementitious materials. Polyurea equally possesses excellent and adaptable mechanical 

properties which are needed to shield (encapsulate) the bacteria used for healing. 
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1. INTRODUCTION 

1.1 Background 

Concrete is the second most consumable material in the world next to water. Concrete 

dominance in the construction industry is attributed to its high compressive strength, excellent 

durability, abundance and affordability [1]. However, cracking in concrete can occur at any 

stage of its service life for a wide range of reasons including shrinkage, chemical attacks, 

inadequate design or faulty construction. Billions of dollar are spent annually on the 

maintenance of concrete infrastructures [2]. Micro cracks do not necessarily affect concrete 

strength, but they can impair its durability and long-term permeability [3, 4]. The presence of 

cracks allows easy access for oxygen, water and detrimental chemicals responsible for concrete 

degradation, rebar corrosion and loss of structural integrity.  

Self-healing of concrete (SHC) is an effective solution to minimize the cost of rehabilitation 

and subsequently increase the service life of the structure (Figure 1). As the name implies, self-

healing provides unassisted healing of cracks in concrete, i.e. without human intervention 

(repair work). Pioneered by Dry in 1990, several approaches were proposed for self-healing in 

concrete. Over the last 25 years, self-healing of concrete has been extensively investigated. 

Self-healing techniques are classified as either autogenous or autonomous [5-7]. The former 

referred to as the ability of the cementitious material to recover (heal) naturally after the 

appearance of cracks via continuous hydration, calcium carbonate formation, and clogging of 

pathway by fine particles accumulation [4, 8-10]. However, natural healing is limited to crack 

widths of 0.1 mm to 0.3 mm [11-14]. In autonomous self-healing, a specifically designed 

healing agent is incorporated into the concrete mix to enhance the capacity of self-healing. 

Different techniques have been adopted for this purpose, such as encapsulation of adhesives 

and chemicals [15-18], expansive materials and mineral admixtures [19-21].  
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Figure 1: Performance of self-healing concrete compared to traditional concrete [22]. 

While most of the healing agents are chemical-based, bio-treatment approaches have shown 

high potential to self-heal cementitious media. In bio-healing, bacteria produces a compatible 

material (limestone) through a bio-chemical process referred to as microbiologically-induced 

calcium carbonate precipitation (MICP) [23]. Ureolytic bacteria was used for this purpose 

based on the enzymatic hydrolysis of urea. The main disadvantage of this type of bacteria is 

that two ammonium ions are produced for each carbonate ion, which is harmful for human 

health and environment and could exacerbate corrosion of rebar. Therefore, non-ureolytic 

bacteria is preferred for this purpose [24, 25]. In any event, survival of bacteria in dry and 

alkaline condition prevalent in concrete is instrumental for successful self-healing. The 

viability and survivability of live cells and spores in concrete were studied. Direct inclusion of 

bacteria cells into concrete jeopardizes their viability due to the continuous hydration of the 

cementitious material and the vulnerability to crushing under the compressive stresses [26]. 

Therefore, addition of unprotected cells and spores into the concrete mix is not feasible. As 

such, long-term protection of the bacterial cells and spores is inevitable for chemical and 

mechanical shielding. Inclusion of bacteria is performed either via encapsulation or 
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impregnation. Microcapsules have shown a potential to carry bacteria, nutrition and precursors 

[27, 28].   

1.2 Problem Statement  

Chemical-based agents used for self-healing of concrete suffer from a number of shortcomings. 

For instance, toxicity and expiry date of chemical agents and most of the chemical-based self-

healing agents are two component system which can reduce the efficiency of self-healing.  

Therefore, there is a pressing need to utilize efficient and environmental-friendly materials and 

techniques for sealing cracks in concrete. Self-healing of concrete can be alternatively achieved 

using an appropriate type of bacteria that are known to precipitate calcium carbonate 

(limestone) for crack sealing. The use of bacteria as a healing agent is harmless as it is not 

derived from crude oil or chemical compounds. However, survival of the bacteria requires 

encapsulating bacterial nutrition (e.g. calcium precursor) together with an aid for spores 

germination (e.g. yeast extract) to ensure its growth. This is a challenging task in terms of the 

selection of an adequate shielding material as well as the incorporation of the nutrition and the 

germination aid. The capsule should have adequate physical and mechanical properties to 

sustain mixing with the fresh cementitious matrix and to provide adequate bonding at a later 

stage. For releasing the healing agent, the material of the capsule should also exhibit equal 

balance between flexibility and brittleness.   

1.3 Objectives  

This research explores developing a new environmentally friendly polymeric material as a 

bacteria carrier and assess the potential of self-heling effect of bacteria in cement paste.  

Polyurea is considered for this purpose. The objectives of this research are: 

1. Synthesis and encapsulation (shielding) of bacteria and nutrition in polyurea 

microcapsules.  

2. Proof of self-healing in cement paste using the encapsulated bacteria in polyurea.  
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1.4 Organization 

This report comprises five chapters namely; Introduction, Literature Review, Experimental 

Program, Results and Discussions, and Conclusions and Recommendations. Chapter 1 includes 

a background on self-healing concrete, the problem statement, and the research objectives. 

Chapter 2 presents a literature review on the concept, materials and methods of self-healing in 

concrete with more emphasis on bio-based techniques. Chapter 3 provides details of material 

selection, equipment, sample preparation, and experimental procedure. Characterization of 

microcapsules and the proof of concept are discussed in Chapter 4. Chapter 5 summarizes the 

major findings and conclusions of the research and provides some recommendations for future 

studies. Figure 2 demonstrates the key research activities along with materials and the 

characterization tools used. The activities can be divided into two phases. In the first phase, 

synthesis and encapsulation of bacteria and precursors in polyurea capsule are conducted. The 

produced microcapsules are characterized using destructive and non-destructive techniques to 

ensure proper formation and functionality. The activities in the second phase evaluate the 

success of the bacteria encapsulation in polyurea and the ability of the microcapsules to self-

heal cement paste specimens.  



5 
 

 

Figure 2: Flowchart of the key research activities  
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2. LITERATURE REVIEW 

The International Union of Laboratories and Experts in Construction Materials, Systems and 

Structures (RILEM) defines self-healing as “any process by the material itself involving the 

recovery and hence improvement of a performance after an earlier action that had reduced the 

performance of the material” [6]. Concrete has been found to heal itself overtime by secondary 

hydration of unreacted cement particles and precipitation of calcium carbonate crystals [4, 29]. 

Self-healing process is categorized as autogenous and autonomous self-healing.  

2.1 Autogenous Self-Healing  

Autogenous self-healing refers to as the ability of a cementitious material to recover or heal its 

cracks typically upon hydration of unhydrated cement particles. Figure 3 schematically depicts 

potential autogenous self-healing mechanisms. Further details on the mechanisms are 

summarized in Table 1.  

 
Figure 3: Potential autogenous self-healing mechanisms [8]. 

Table 1: Mechanisms of autogenous self-healing 
Mechanism  Description/Type  Note  

Physical  Swelling of interior material  affected to hydration of cement 

paste 

Chemical  Hydration of unhydrated cement  triggered by water 

Chemical reaction between carbon and calcium ions triggered by water; pH and 

temperature affects the performance 

Mechanical  - Migration of fine particles which can engage in 

particle healing 

affected by water 

- Particles which are broken off from fracture 

surface, partially closing the crack  
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Many researchers have investigated the autogenous phenomenon in the last two decades [30-

33]. The concrete autogenous healing and reinforced concrete corrosion in water penetrated 

separation cracks were investigated in a study by Ramm and Biscoping [32]. They reported 

that the water pressure, the degree of water acidity and long term (2 yeas) pH value could 

influence the corrosion of reinforcement and autogenous healing of 0.1 mm width Cracks. The 

observations showed no corrosion instances concerning this crack width but it began to appear 

in respect with 0.2 mm width cracks depending on pH value. They concluded that the increase 

in corrosion was a function of crack width, the pH value and acid water penetration. Also they 

noticed that a 0.4 mm width crack in the sample and the pH 5.2 produced the highest corrosion. 

Yang et al. [33] investigated the autogenous self-healing for engineering cementitious 

composites (ECC) made of fiber during wetting-drying cycles. Results showed adequate 

autogenous healing of ECC in different applications under common environmental conditions.         

The autogenic healing is a type of autogenous healing in case the recovery process utilizes 

materials components that could be used in concrete while not specifically designed for self-

healing. Autogenous self-healing is evidently effective in  repair cracks smaller than 300 𝜇m 

wide [34]. Accordingly, an engineering technique must be used to mitigate the crack width and 

enhance autogenous healing. Alternatively some agents can be introduced to the crack to 

enhance the autogenous healing. An effective methodology for this purpose was proposed by 

Van Tittelboom & De Belie [7], namely the modified autogenous self-healing. In this review 

it was found that supplying water to the material mixture can be made possible through addition 

of super absorbent polymers (SAP) in cement mixture. Water or moisture ingress into concrete 

crack causes further swelling of SAP and subsequently results in blocking the cracks.  

Another autogenic healing technique includes fly ash (FA) or blast furnace slag (BFS) as full 

or partial cement replacement. These materials can promote the crystal deposition inside the 

cracks during the autogenous self-healing process. Van Tittelboom et al. [35] has shown that  
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partial substitution of FA and BFS with cement enhances autogenous self-healing. Also, 

Termkhajornkit et al. [36] conducted a similar research and they concluded that FA improves 

the autogenous self-healing capability of concrete. According to the findings by Sahmaran et 

al. [37], specimens containing FA have more reactive materials and consequently higher 

autogenous self-healing performance was expected. But the samples with BFS showed more 

self-healing product compared to the sample with FA. The presence of calcium hydroxide is 

crucial for further reaction of FA or BFS during self-healing process [38]. As shown in  Figure 

4, the samples with high content of  FA and BFS did not improve the autogenous self-healing 

capacity due to the lack of calcium hydroxide for further reaction [35].   

 
Figure 4: Crack closing rate for different concrete mix design at W/B ratio of 0.4 [35]. (Mean 

and standard deviation represented by dots and error bars, respectively) (50 BFS: 50% 

replacement of BFS by cement) 

2.2 Autonomous Self-Healing 

Restoring damaged concrete using autonomous self- healing can be achieved using a number 

of agents and systems. Protection and delivery of healing agents in concrete can be achieved 

by the means of capsules or vascular systems. The following sections concisely describes the 

materials used as healing agent and protection in previous studies: 

2.2.1 Using capsules 

Microencapsulation technique was first introduced in 1950s and was applied in various 

construction materials and industries including food, pharmaceutical, textile and chemical 
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products [39]. Three techniques can be used to prepare microcapsule [39]: Polymerization, 

coacervation technique, and mechanical methods. The microcapsule diameter and thickness 

are the key design considerations. The self-healing microcapsule approach can resolve 

problems related to the interior and micro-scale cracking. The self-healing material (agent) is 

discharged in the cracked area through capillary and gravitational forces, subsequent to capsule 

(carrier/shield) rupturing due to crack propagation. The self-healing microcapsule process 

(healing agent polymerisation) are favourable because of the low shrinkage rate throughout 

polymerisation, long life expectancy and minimal viscosity [40].  

A number of studies were undertaken to apply the autonomous self-healing phenomena in 

concrete. The most widely used methods for this purpose are the bacterial spore encapsulation 

[24, 27, 40, 41] and chemical encapsulation [15-18, 42-48]. In a pioneering pilot study, White 

et al.[40] proposed a microencapsulated healing agent in capsules that was released once the 

crack rupture the capsule. The polymerization of the healing agent occurs once it is in contact 

with the embedded catalyst and subsequently the crack is closed. Their experimental results 

showed that 75% toughness recovery was achieved. 

Shape of capsules could be cylindrical or spherical. Figure 5 shows the schematic view of 

autonomous self-healing using capsule. Numerous studies [49-57] investigated the impact of 

capsule size and content on the mechanical properties of cementitious materials including the 

deflection limit, flexural strength and stiffness. The mechanical properties of concrete such as 

compressive strength recovery and ductility were examined after self-healing by Pelletier et al. 

[18]. They used microcapsule with shell material of polyurethane and healing agent was 

sodium silicate solution. The microcapsules with varying sizes from 40-800 microns mixed in 

the concrete by 2% water volume. The outcomes demonstrated that the concrete specimens 

with microcapsules could recover 26% and control sample could recover 10% of their initial 

value after 1 week. In addition, the samples containing capsule demonstrated that the corrosion 
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was dramatically decreased while the compressive strength was not affected by the presence 

of capsules. 

 

Figure 5: Schematic view of autonomous self-healing using capsule  

Jonkers and Wiktor [58] inserted biochemical agents into permeable expanded clay aggregates. 

The expanded clay aggregates were substituted partially by normal aggregates in concrete mix. 

They have shown that a 100-day water curing has healed crack widths up to 0.46mm in cement 

sample containing bacteria, as opposed to healing cracks up to merely 0.18 mm in a control 

sample. Yang et al.[59] proposed another group of self-healing microcapsules comprised of oil 

as core material and silica gel as the shell material. They synthesised microcapsules with an 

average diameter of 4.15 μm. Methylmethacrylate monomer and triethylborane were adopted 

as healing agents and oil as core material acts as catalyst. The self-healing efficiency of mortars 

specimens which contained microcapsules and microfibers were assessed utilizing 

permeability and fatigue test under uniaxial compressive cyclic loading. Results demonstrated 

that gas permeability of cement mortar samples with microcapsules were improved, which 

indicates self-healing by microcapsules. However, the fatigue test results showed that the crack 
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resistance were improved by the addition of small content (dosage) of microcapsules into 

carbon microfiber reinforced mortar. 

Numerous studies [60-64] have contemplated the impact of cylindrical or capsules᾽ content 

and size on mechanical properties of concrete such as the deflection capacity, flexural strength 

and concrete stiffness. Van Tittelboom et al. [65] used two types of tubular capsules containing 

MEYCO MP 355 1K resin (BASF The Chemical Company) as healing agents and examined 

their effectiveness. Their findings showed that both types of capsules had identical 

performance. Also, the damage recovery demonstrated the suitability of the healing agent. Van 

Tittelboom et al. [66] utilized a similar system to convey microorganisms to concrete utilizing 

glass tubular capsules, and protected the bacteria from the harsh environment of concrete by 

encapsulating them in silica gel and polyurethane. Thermogravimteric analysis (TGA) showed 

that precipitation of calcium carbonate from the bacteria immobilized by silica gel and 

polyurethane were 25% and 11% by mass, respectively. Experimental results and analysis have 

shown that crack in mortar specimens with immobilized bacteria in polyurethane had higher 

strength recovery compared to those healed by silica gel immobilized bacteria. Table 2 

summarizes common materials (agents) and capsules used for self-healing of concrete.  

 



 
 

Table 2: Summary of healing agent and material for capsule used in developing self-healing concrete (After improvement from [83])  
Approach  Healing agent  No.  components  Viscosity  

(mPas) 

Capsule material  Capsule dimension (µm) Source 

Single    >1 Diameter  Thickness Length 

Encapsulation of 

chemical agent  

Cyanoacrylate (CA) 1 - <10 Glass 800 

1500 

300 

X 

X 

X 

75 

75 

100 

[17] 

CA - 2 <10 Glass 2000-3000 100 20-80  

 

[67] 

Epoxy - 2 150 

80 

360 

Glass 2000-3000 100 20-80  

Epoxy 1 - 250-500 Glass 

 

 

Perspex 

5000 

6000 

7000 

X 

X 250 

250 

X 

X 

 

[50] 

Epoxy  - 2 X UFF 20-70 X NA  

[68] 

Acrylic resin - - X Gelatin 125-297 X NA  

Epoxy - 2 200 UF 120 4 NA [69] 

Sodium silicate 

solution 

1 - X PU  40-800 X NA [18] 

MMA with TEB at 

catalyst  

- 2 1 Silica gel 4.15 X NA [59] 

Epoxy 1 - X Gelatin 50 X NA  

[45] 

Tung oil 1 - X Gelatin 50 X NA  

Calcium hydroxide  1 - X - 50 X Na  

Polyurethane   - 2 600 Glass 2200 100 20-80 [16] 

 

PU 

- 2  Ceramics 3350  15-50  

[70] 

- 2 X Glass 3350 350 50  

Sodium silicate  1 - X PU 22-47 X NA [71] 
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Epoxy resin E-51 - 2 X Urea-

formaldehyde 

132, 180 

and 230 

NA NA [72] 

Sodium silicate 

solution 

1 - X Gelatin–acacia 

gum 

300 - 700 5-20 NA [73] 

silanol-terminated 

polydimethylsiloxa

ne (STP) 

 

dibutyltin 

dilaurate (DD) 

1 

 

 

1 

- 

 

 

- 

X 

 

 

X 

Urea-

formaldehyde 

 

Polyurethane  

220 

 

 

75 

X NA [74] 

Epoxy resin E-51  1 - X Melamine Urea-

Formaldehyde  

 

200 

1.1 – 2.4 NA [75] 

Sodium silicate     Polyurethane/urea-

formaldehyde  

    

Encapsulation of 

bacteria 

Bacteria and 

calcium lactate  

- 2 NA Expanded clay  1000-4000 NA NA [76] 

Bacteria  - 2 NA PU in glass 2200 100 20-80  

[27] Bacteria - 2 NA Silica gel in glass 3350   

Bacteria  1 - NA Melamine  5 X NA 

Bacteria  1 - NA Hydrogel  NA NA NA [77] 

- 2 NA  NA NA NA 

Bacteria  1 - NA Diatomaceous 

earth (DE) 

X NA NA [78] 

Bacteria sphaericus 

(Immobilization) 

1 - NA Biochar  X NA 5-120 [79] 

Bacteria Sposarcina 

ureae and 

Sposarcina pasteurii  

1 - NA zeolite 

clinoptilolite 

NA NA 620  [80] 

Bacteria 

(Immobilization) 

1 - NA Magnetic irox 

oxide 

nanoparticles  

NA NA X [81] 



 
 

2.2.2 Using vascular system  

Autonomous self-healing by vascular system is defined as filling healing agents in empty fibres 

or tubes that are able to connect the internal and external of the structure using vascular system. 

In this system, the healing agent can be transported to the damage zone by single or multi-

channel system as shown in Figure 6. Accordingly, upon occurrence of crack, the healing agent 

is discharged and goes to the damaged zone and creates bonds with the primary structural 

material 

 

Figure 6: Self-healing based on vascular system: (A) single channel; (B) multiple channels. 

Healing agent discharged from the tank through vascular to the damaged zone due to 

capillary and gravitational forces 

Different researchers [82-85] have considered utilizing various healing agents for quite a long 

time. Sangadji and Schlangen [83] employed an alternate procedure, which endeavoured to 

mimic the bone healing procedure. Their exploratory method included a porous system for 

simulating the 'spongious bone' by placing porous concrete within the concrete. They inserted 

the healing agents manually at the damaged area of cylindrical and beam samples after crack 

creation. The self-healing results evidently recovered the strength of concrete. 

Sun et al. [46] investigated the effectiveness of self-healing of hollow glass fibers filled with 

healing agent on the small cracks of a concrete bridge. The impact of glass reservoirs in terms 

of length of and diameter on the self-healing was examined by Joseph et al. [17]. Also, they 

investigated the effect of loading rate and reinforcement level on the coverage of self-healing. 

They concluded that self-healing occurred during the first and second load cycles. Dry [15] 
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compared the success/efficiency of self-healing using manual resin injection in the cracks 

versus that of the inclusion of the adhesive material (healing agent) in the concrete mix. The 

results suggest that the manual resin injection method has a number of advantages, such as 

controlling the area of injection. Kuang et al.[86] explored the recycle of static loads on 

concrete beams using shape memory alloy (SMA) wire that acted as reinforcement and fragile 

fibres with adhesive content. Findings indicated that this method enhanced self-recovery 

potential of concrete beams. 

2.3 Biotechnology for Self-Healing 

Biotechnology plays a vital role in construction as it does in other industries, such as materials 

production or petroleum engineering. Biotechnology developed modern materials such as bio 

mortar or concrete or bacterial concrete to improve longevity. Self-healing of concrete using 

bacteria refers to using bio-compound agents to expand the life expectancy or durability via 

healing the cracks in the concrete. Bacteria is perceived as an external repair material whereby 

the microorganisms are added to the concrete mix. Self-healing efficiency is typically evaluated 

through the improvement in strength and permeability. Materials made of chemical synthesis 

like epoxies are utilized for repairing concrete cracks, yet such repair entails various 

drawbacks.  They differ thermal expansion coefficients relevant to the concrete and pose some 

level of risk to the environment and human wellbeing. As an alternative, self-healing of 

concrete based on precipitation of calcium carbonate is considered as an environmentally 

friendly approach. Self-healing of concrete by bacteria is viewed as a favourable answer for 

concrete cracks to substantially decrease the high repair expenses.  

MICP involves insertion of bacteria and precursors in concrete to produce minerals (calcium 

carbonate) to heal the cracks. It occures mainly due to metabolic conversion of the organic 

source, such as calcium lactate to produce calcium carbonate. Unlike ureloytic metabolic 

conversion, this process does not produce hight amount of ammonia, which is hazardous and 
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equally exacerbates corrosion of steels rebars [87]. Equation (1) shows bacterial metabolic  

conversion of the calcium lactate [87] : 

CaC6H10O10 + 6O2 CaCO3 + 5CO2 + 5H2O                                       (1) 

On the other hand, calcium carbonate precipitation increases when the produced carbon dioxide 

(CO2) reacts with the cement hydration products, portlandite (Ca(OH)2) as follows:  

5CO2 + Ca(OH)2  5CaCO3 + 5H2O                                                                                          (2) 

2.3.1 Bio-mineralization of bacteria 

MICP as a bio-mineralisation mechanism occurs either through mineralization controlled 

biologically (MCB) or mineralization induced biologically (MIB) [88]. Calcium carbonate 

production can result from a natural or synthetic procedure through microbial metabolism. 

MICP is a biochemical mechanism, having four major factors to accomplish the procedure by 

the microorganisms; (a) calcium concentration to develop calcium carbonate, (b) concentration 

of the dissolved carbon for precipitation of calcite, (c) the pH level and the accessibility to 

nucleation points (site), and (d) the microorganism's capacity for nucleation. The precipitation 

of CaCO3 relies upon the solubility constant (Ks) and the product of ion activity (kiap). In the 

event that kiap > Ks the system is faced with oversaturation and there is potential for the 

precipitation [89]. Natural precipitation of calcium carbonate occurs as a result of a number of 

processes:  

1. Chemical precipitation as a result of evaporation from saturated solution under the 

effect of temperature increase and/or decrease of the pressure.  

2. External and internal skeleton Production by the eukaryotes.  

3. Pressure derivation of CO2 under the autotrophic processes᾽ effect.  

4. Fungi involvement. 

5. Bacterial involvement.  
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2.3.2 Biology basis 

Over the last two decades, the development of biological mortar exploited the knowledge bio-

concepts aiming at sealing small cracks in concrete and cavities on stone surfaces. Biological 

mortar is composed of three core components bacteria, nutrients and limestone powder [90]. 

Obtaining adequate mortar, the three core components of biological mortar dosage were 

optimised, counteracting surface tension in the presence of micro cracks and towards rupturing. 

In order to assess different parameters of biological mortar during the in vitro experiments, the 

finest percentage was obtained using 25% of bacterial paste (containing 109 cells mL-1), 25% 

of nutritional medium, and 50% of limestone powder with 40-60 𝜇m stone particles. The mortar 

was applied to the Amiens Cathedral sculptures and the church portal of Argenton-Château, 

France, and verified in small scale. After two years of treatment, the findings indicated a 

satisfying appearance in the mended areas [56].   

2.3.3 Self-healing using bacteria 

Biochemical agents are used to make concrete, along with incorporation of microorganisms 

and agents into concrete mixture to extend the longevity or the durability of concrete structures 

through sealing the cracks. The consequences of direct supply of these materials to the mix are 

yet unknown with confidence. This includes the mechanical properties of the concrete, 

durability. 

The remediation of concrete using B. pasteurii, nutrients and sand as the filling material was 

investigated by Ramachandran et al. in 2001 [91]. The compressive strength and stiffness 

values of the biologically-treated samples were significantly higher than those with no 

microbiological preparation. Furthermore, a range of filling materials was used to seal cracks 

and to examine their impacts on the efficiency of fixing cracks (Day et al.) [92]. Concrete 

beams treated using bacterial and polyurethane had higher stiffness than those involving a 

mixture sand, lime, FA, and silica as filling materials. The ability of B. sphaericus with ceramic 

as a filling material to seal concrete cracks was studied by De Belie and De Muynck [93]. B. 
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sphaericus was protected from the high pH in concrete through immobilization of the 

bacterium in a silica solution provided with additional salt levels. Samples rectified by bacteria 

with ceramic were the same as those remedied by epoxy injection, both of which decreased 

water permeability. 

Application of microbiological processes significantly promoted the compressive strength [27, 

91, 94, 95]. Besides, microbiological treatment resulted in improved surface of concrete 

because of decreased water absorption rate [54, 96]. The ability of bacteria, its nutrients, and 

precursor on surface finish as a biocompatible approach was examined to fix concrete cracks 

rather than traditional methods (Richardson et al.) [97, 98]. They observed S. pasteurii to be 

capable and consequently MICP to enhance the integrity of completion to concrete, in the 

absence of chemical based sealants. Their results also showed that S. pasteurii could seal 

micro-cracks to a depth of approximately 20 mm. 

Ramakrishnan were first to investigate bacteria-based self-healing concrete to increase the 

compressive strength of cube mortar samples. Ramakrishnan et al. [91] casted mortar samples 

with dimensions 50.8×50.8×50.8 mm, containing 660g of sand, 240g of cement, and 16.4 ml 

of B. pasteurii suspended in phosphate buffer [91]. After 24 h, all samples were demoulded 

and remedied in a medium of urea-CaCl2 for 7 and 28 day. A significant increase was observed 

in compressive strength, especially in the 28-day samples, confirmed by Achal et al. as well 

[99] The impact of incorporating Shewanella on the compressive strength of mortar samples 

was explored by Ghosh et al. [100]. Their experiment aimed at curing the samples in air rather 

than a medium containing nutrients. For all samples, the water-cement ratio and the 

concentration of bacterial cells were 0.4 and 105 cell mL-1, respectively. Following 28 day, 

they detected an elevated compressive strength of 25% in comparison with control samples. 
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Both bacteria and nutrients are embedded into the concrete matrix through microcapsules, 

vascular network, and/or combined microcapsules and vascular methods in order to yield self-

healing concrete. Jonker and Schlangen (2007) first applied of self-healing concrete as an 

autonomous healing method [101]. They realized the bacterial strains Bacillus pseudofirmus 

DSM 8715 and Bacillus cohnii DSM 6307 to be the most favourable likely capable of 

prolonged survival in the concrete. Initially, the bacteria as spores were directly incorporated 

into the concrete mix, because bacterial spores are able to resist extreme chemical and 

mechanical stresses; then calcium lactate was inserted as a nutrient for bacteria. According to 

the results of ESEM scan, immense amounts of CaCO3 precipitates were present in the samples 

of the 7th day.  

Spores are the encapsulated form of bacteria and their nutrients to be shielded against forces 

while being mixed with by clay particles or by suitable sand for mending cracks. Crack healing 

improvement was demonstrated previously using this approach [76, 102, 103]. A report by 

Wiktor and Jonkers [58] indicate that this technique can heal a maximum crack width of 0.46 

mm, with a limited viability of the spores. Jonkers [76] observed the viability of encapsulated 

spores for a minimum of six months. Seifan et al. [81] immobilized bacteria on iron oxide 

nanoparticles and the results have proven that the concrete supplemented by magnetic 

immobilized cells had higher resistance to water penetration comparing to normal concrete (the 

initial and secondary water absorption rates in bio-concrete were 26% and 22% lower than the 

control specimens). Wang et al. [27] also researched the feasibility of protecting bacteria 

through concrete mixing and casting through the ability of silica gel and/or polyurethane. Their 

findings have proven that CaCO3 precipitation by bacteria immobilized in silica gel was higher 

than bacteria immobilized in polyurethane.  Accordingly, the deficiencies of immobilisation 

by bacterial encapsulation in silica gel, hydrogel, expanded clay, metakaolin, zeolite and 

granular activated carbon were highlighted by Ersan et al. [104]. Zhang et al. [105] introduced 
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expanded perlite as a novel carrier for bacteria and compared his results which expanded clay. 

The expanded perlite has proven to be able to carry higher concentration of bacteria comparing 

to expanded clay [105]. Consequently, a better healing capacity was shown by expanded perlite 

(maximum healed crack width by expanded perlite and expanded clay reported as 0.45 mm and 

0.79 mm, respectively). 

There are reports on the survivability of bacteria implanted in silica gel under severe conditions 

where the bacteria were immobilized using hydrogel [77, 106]. The hydrogel-treated bacteria 

were observed to be capable of filling crack widths up to 0.5 mm by CaCO3 precipitation, 

resulting from the excess water of the swollen hydrogel. In a moistened environment such as 

underground or water-containing structures, the method of bacterial spores shows promising 

efficiency. 

2.3.4 Challenges 

A number of challenges has been encountered/associated with the use bacteria-based self-

healing techniques in  concrete [107]. The challenges are mostly associated with the ability of 

bacteria to germinate, survive, and grow in the extreme unfavourable conditions present in 

concrete [24, 108-112]. There are reports on the survivability of live bacterial cells and their 

spores in concrete. The spores of bacillus cohnii were directly embedded into cement paste by 

Jonkers et al.[24] to determine the viability period of the spores in a high alkaline environment 

showing that bacteria spores were able to survive up to four months (Figure 7). The researchers, 

however, suggested that live bacterial cells had a limited viability in a similar condition to 

spores due to the cement hydration process and early strength stresses, crushing the micro-

sized cells. The non-alkaliphile live cells of Rlodecoccus ruber was directly added to a 

magnesium phosphate cement (MPC) by Soltmann et al., indicating no effect of pH on viability 

with the cement hydration being the main factor [109]. They further detected that R.ruber 

survived for 19 days, even at a near-neutral pH of the cement. Also, bacillus megatarium 
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ATCC 14581 was mixed with Portland cement (PC) paste and PC paste (with varying levels 

of fly ash) by Achal et al. [110]. They reported that the count of surviving cells rose with 

increasing levels of fly ash in the paste. The cell viability of cyanobacteria Synechococcus 

PCC8806 in the cement solution was studied by Zhu et al. [363] and it was confirmed that 

Synechococcus PCC8806 was viable lacking any protection at a pH level of 11.7. Evidence of 

some research attempts [315,364] signifies that Synechococcus PCC8806 survived in a variety 

of unfavourable milieus including concrete, desert settings, and oligotrophic lakes. Yet, 

research is needed to determine its survival for extended periods. 

 

Figure 7: Viability of bacterial spores (B. cohnii) in cement paste with curing time  [24] 

2.4 Summary of Self-Healing Attempts 

In the last two decades a few methodologies have been developed to enhance concrete 

longevity through utilizing self-healing procedures. Establishing a standard methodology for 

assessment of the effectiveness of self-healing has been a key objectives of studies in this 

domain [113]. Permeability test, stress tests and scanning electron microscopy (SEM) have 

been employed for this purpose. These tests are performed to evaluate recovery of the 
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mechanical properties, fixing (healing) cracks and to examine the chemical compounds 

separately (Figure 8). 

 
Figure 8: Tests and techniques used for evaluation of self-healing efficiency as found the 

compiled literature [18]. 

The foregoing discussion provides an overview of various approaches that allow quantitative 

assessment of various self-healing approaches, bacterial encapsulation and fixing the crack, 
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chemical encapsulation, chemical substance in glass tubing, and mineral admixture. A 

summary of different approaches is shown in Table 3.  

Table 3: Summary of the common self-healing approaches for cementitious material  
Approach Advantages Disadvantages 

Intrinsic self-

healing  

- Environmentally friendly 

- Lower costs  

- Broad distribution of healing agent  

- Gaining tightness and strength after healing 

- Limited healing scale  

- High alkalinity and developing chloride atmosphere 

- Inadequate data for proper evaluation 

Chemical 

encapsulation  

 

- Prolonged service life 

- Simultaneously healing more than one defective 

point 

- Uniform distribution  

- Adequate concentration of healing agent  

- Regain mechanical strength after healing 

- Unknown chemical bond of capsules and crack 

boundary 

- Low reliability due to insufficient evaluation data  

- More capsules cause less stiffness of cross section  

- Inadequate data on healing behaviour in various 

climates 

 

Mineral 

admixtures  

- High efficiency of healing 

- Consistency between cement and the healing agent 

- Suitable for underground applications 

-Required treatment to prevent unwanted expansion  

- No guarantee to achieve good healing  

- Inadequate data for proper evaluation 

- Inadequate data on healing behaviour in various 

climates 

-Uniformity of distribution in the concrete mixture 

Chemical in 

glass/fiber 

vascular 

tubing  

- Discharge healing agent when necessary  

- Acceptable strength and tightness gain  

- Capability of conveying different healing agents  

- Healing mechanism is not affected by the external 

environmental 

- Troublesome procedure of placing glass fibre  

- Higher number of glass fibres cause lower mechanical 

properties of concrete 

- Inadequate data for appropriate assessment  

- One time use 

- Possibility of breaking glass during mixing  

Bacteria - External Cracks can be remediated through filling 

the Cracks by Bacteria, nutrients and appropriate 

sand resulting in strength enhancements with a 

higher stiffness 

- By using similar Bacteria and procedure for crack 

healing lead to the development of biological binders 

and surface treatment to the stones 

- If used as remediation (external Self-healing) or as 

bio-concrete, they will promote the compressive 

strength and durability of concrete 

- Lessening the corrosion of strengthened concrete 

resulting from retrieval of the tightness 

- The bacterial precipitate corresponds to the 

original material 

- Although the initial cost of biological concrete 

(remediation and/or amendment using bio-concrete and 

use of bacteria in external self-healing) is almost twice 

that of traditional Concrete [13], a decrease in the 

maintenance cost lowers the preliminary cost 

-  The compressive strength undergoes a decrease 

following insertion of bacteria in capsules mixed with 

the concrete caused by a loads of capsules within the 

concrete 

- Both different nutrients and atmospheres are required 

for various bacteria 

-  Forewarning on the cost: the Bacteria need to be 

shielded against the Concrete’s high pH impacts 

- The bacterial concrete mix design lacks any 

identification standard/code 

2.5 A New Class of Material for Protection of Bacteria 

Different materials have been used to carry healing agents in a capsule or via a vascular system. 

The used material must have a number of qualities to sustain the mixing phase as well as for 

long-term service. There should be no interaction between the encapsulation material and 
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healing agent.  The porosity of the encapsulation material should be kept very low in order to 

contain the healing agent. Alternatively, coating the porous capsule or vascular can be 

considered. However, the coating material should not react with the healing agent or the 

concrete. The main purpose of embedding capsule or tubes in cementitious material is to 

provide the quality of continuous self-healing of the concrete elements. Therefore, the 

encapsulation material should degrade prior to crack occurrence. Some materials lose their 

normal formation due to the presence of water and become flexible. Since water is one of the 

main constituents of concrete, the capsule or tube should endure aqueous environment.  

Synthesis of microcapsules should be completed in a short time to prevent bacteria activation. 

Therefore, curing reaction of the selected polymer should be high. There are several materials 

that can be used for this purpose such as: epoxy, polyurethane, alginate and polyurea. For 

increasing curing reaction of epoxy and polyurethane, catalysts and accelerators with high 

concentration are applied, although the curing time is still high (5-10 mins). However, curing 

time of alginate is very fast, but its size and shell thickness are modest (high brittleness). 

Polyurea can be synthesized in a moist condition and even at low temperature (-60 to +200 oC) 

[114]. Comparatively, the curing system of polyurethane is negatively affected by humidity 

and the temperature must be more than 15 °C.  

In this research, polyurea polymer is proposed to protect and carry bacterial spores and 

nutrition. Generally, polymers based on urea as a connecting chemical have attracted growing 

attention due to their intrinsic ability to provide multiple donor-acceptor bonds. These bonds 

cause novel arrangement of oxygen, nitrogen and hydrogen atoms in urea [115]. Polyurea 

systems are obtained based on nature or internsity chemical reaction between polyisocayantes 

(aromatic or aliphatic) and amino-terminated resin (aromatic or aliphatic), which creates urea 

groups strongly connected to the polymer chains through stable hydrogen bond having 

hydrogen bonds strongly interacting ( with the polymer chains [116-120]. Polyurea can tolerate 
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high pH and it has excellent thermal properties; moreover, it has a higher melting point 

compared to hybrids, polyurethanes and other polymers [121-123]. Due to bidentate of 

polyurea, the urea linkage is more resistance to hydrolysis [124]. Significant abrasion and 

chemical resistances of polyurea as well as vast service temperatures (-60 to 200 °C ) are among 

the outstanding properties of polyurea [114, 125]. In addition, polyurea like polyurethane 

systems are suitable in biomedical applications due to their excellent physical properties and 

their biocompatibility [126]. Polyurea has many advantages over other materials used to protect 

bacteria, such as fast curing, water and temperature insensitivity, high thermal stability and 

superb chemical resistance [69]. 
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3. RESEARCH METHODOLOGY 

In this chapter materials and methods used throughout the research will be discussed. The first 

section introduces the materials used to prepare the bacteria and the polyurea capsules. In the 

following section, methods and techniques adopted bacterial spores preparation, synthesis and 

encapsulation, proof of encapsulation and preparation of cement paste samples are explained 

in detail. Lastly, the instruments and tools used for material characterization along with their 

configurations and limitations are introduced. 

3.1 Materials  

3.1.1 Bacterial strain, growth and mineral substrate  

Alkaliphilic Bacillus pseudofirmus DSM 8715 was used as a healing agent. The material, a 

product of the German Collection of Microorganisms and Cell Cultures (DSMZ), was stored 

in 50% (v/v) glycerol at ‒80 °C.  A standard culture technique was employed for expansion, 

cryopreservation and sporulation (a process to produce bacterial spores) of the bacteria [24, 

25]. The bacteria was cultured in Luria-Bertani (LB) purchased from 1st BASE, which contains 

Tryptone 10g/L, sodium chloride 10g/L and Yeast extract 5g/L [127]. Extra pure reagent grade 

of calcium lactate (from Nacalai Tesque, Inc.) was chosen as a suitable organic calcium source 

for metabolic conversion of the bacteria to precipitate limestone [24]. The selected strain 

enables metabolizing calcium lactate and producing limestone and carbon dioxide by cellular 

respiration. The chemical reaction can be expressed as follows: 

𝐶𝑎(𝐶4𝐻6𝑂4) + 4𝑂2 → 𝐶𝑎𝐶𝑂3 + 3𝐶𝑂2 + 3𝐻2𝑂                                                                   (3)   

3.1.2 Polyurea microcapsules  

Synthesis of microcapsules should be quickly completed (within 10 to 20 minutes) to prevent 

activation of the bacteria and dissolving of calcium lactate and yeast extract. Therefore, curing 

reaction time of the selected polymer used in microcapsule should be fast. A number of 

materials can be considered for this purpose including epoxy, polyurethane, alginate and 

polyurea. Catalysts and accelerators with high concentrations are applied to increase the 

intensity of the curing reaction of epoxy and polyurethane. The curing time, however, is still 
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long (around 5-10 min). The curing time of alginate is very fast, but it exhibits an unsuitable 

brittle behavior due to the size and small shell. Hence, alginate microcapsules cannot survive 

and may rupture during the preparation of the cementitious mix. 

The very short curing time of polyurea (approximately 8 sec) enables it to be a suitable bacteria 

carrier. Fabrication of the microcapsules and encapsulation can be accordingly completed 

quickly. Furthermore, several key properties of the polyurea are tuneable. For instance, the 

brittleness (or flexibility) levels of polyurea microcapsules can be synthesized just by changing 

the molar ratio between the hard and soft segments. The preparation of the polyurea 

microcapsules is not affected by the temperature and moisture variations. Polyurea can be 

synthesized in a moist condition and even at low temperatures (-60 to +200 °C [114]). The 

thermal stability and size of capsules are adjustable in the polyurea system. Several materials 

were used in synthesis of the polyurea capsules. The following briefly describes their key roles 

(Table 4). 

 Acetone is used as solvent to disperse the mixture of chemical before polymerization to 

prepare capsules  

 Diphenylmethane diisocyanate (MDI) prepolymer (NCO 15.5%) is used as isocyanate 

source for polyurea reaction. This type of isocyanate was selected because it provides 

suitable mechanical properties for polyurea matrix and also it has high reactivity during 

curing reaction.  

 Jeffeamine D230 is used as amine for polyrea reaction. The appropriate chain length of this 

chemical enables adjustable flexibility and brittleness of the synthesized polyurea. If the 

molar ratio of Jeffamine D230 is increased on formulation, the prepared polyurea capsules 

will be more brittle.  

 Span 85 is used as surfactant. Dissolving different materials to synthesise the capsules 

requires using a suitable surfactant. Span 85 is used to increase the solubility of MDI in 
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water. Surfactants generally have two tails: one polar and another non-polar. Therefore, if 

an insoluble chemical mixed with water, the non-polar tail of the surfactant enhances its 

water solubility [128]. 

Table 4: Chemicals for synthesizing polyurea capsules 

Name  Function  Chemical structure  Company  

Acetone   Solvent  

 

Systerm 

Jeffamine D230 Resin  

 

Huntsman 

Methylene diphenyl 

diisocyanate (MDI) 

-NCO% 15.5 

Curing agent  

 

Huntsman 

Span 85 Emulsifier  

 

Sigma Alrich 

3.2 Procedures  

3.2.1 Bacterial growth and spore sporulation  

Bacterial spores can survive without nutrition and they can sustain harsh environments 

including dryness, high temperature and extreme freezing. For this purpose, B. pseudofirmus 

was cultured in Luria Betrani (LB) broth supplemented with 4.2 g of NaHCO3 and 5.3 g of 

Na2CO3. Growth media was adjusted to a pH value of 9.0 using 5 M NaOH and autoclaved 

prior to inoculation of B. pseudofirmus to eliminate contamination. Bacillus pseudofirmus 

spore (8715 DSMZ) was reconstituted in accordance to the vendor’s instructions. The spores 

were suspended in 1 ml sterile LB and incubated at room temperature for 30 minutes. The 

suspension was then transferred to a 50 ml falcon tube containing 10 ml sterile growth media 

and incubated for 48 hours at 37 °C with shaking at 150 rpm. Approximately 10 µl of the 

original suspension was transferred to an LB agar plate (pH 9.0) and spread to obtain single 

colonies for use as a working stock [24, 25]. Glycerol stocks were preserved using the bacterial 



29 
 

cultures harvested at 48 hours post inoculation. Stocks were created by mixing 750 ml of the 

saturated bacteria culture with 350 ml of cryopreservation media comprised of sterile LB (as 

detailed above) and 50% v/v glycerol. Stocks were accordingly stored at -80 °C. 

Bacteria cultures used for experiments were grown in 25 g/L of LB. The pH value of the 

cultures was adjusted to 9.0 using 5 M NaOH and sterilized by autoclaving for 20 min at 121 

°C prior to inoculation. Flasks of growth media were then aerobically incubated at 37 °C in an 

incubator shaker at 150 rpm for 72 hours (Figure 9a and b). Sporulation of bacteria was 

achieved by incubating late log/early stationary phase bacterial cultures for an additional 24 

hours (i.e. elapsed 72 hours post inoculation) and stored at 4 °C. Spores were checked for 

mobility using standard light microscopy and harvested by centrifugation at 7000 g for 5 min 

at room temperature. Finally, the cultures were washed by repeated centrifugation for 5 min at 

7000 g (Figure 9 c and d). Spore pellets retrieved post centrifugation were lyophilized using a 

freeze-dryer for 24 hours at ‒40 °C (Figure 10a) [25]. The produced dehydrated spores were 

powdered using a ball mill for 2 min at 300 rpm as shown in Figure 10b.  

 
Figure 9: Preparation of Bacillus pseudofirmus spores: (a) incubation of media; (b) cloudy 

media which indicates bacterial growth after 72 hours; (c) centrifugation of culture media to 

obtain spore pellet and (d) centrifugation and washing spore pellets. 
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Figure 10: Bacteria spores: (a) dried using freeze-dryer machine; (b) crushed using ball mill. 

3.2.2 Synthesis and microencapsulation  

In this study, molar ratio of 1.2 M MDI (NCO 15.5%) to 1 M Jeffamine D230 was used (chain 

extender). based on the manufacturer (vendor) fact sheet and the calculations shown below, the 

equivalent weight (E.W.) of MDI (NCO 15.5%) and Jeffamine D230 were 271.097 and 120, 

respectively. 

E.W of MDI (NCO 15.5%) = 
N+C+O

15.5%
= 

14.0067+12.0107+15.9994  

15.5%
= 271.076  

 

E.W of Jeffamine D230 = 120  

 

 
271.076

120
 = 2.26 →Using ratio of 1.2:1,  2.712 g MDI react with 1 g Jeffamine D230 

The hardness of the shell for capsules depends on the isocynate index of system, which 

consequently can be used to adjust the brittleness of the capsules to a desired level. In order to 

have more flexible and brittle capsules, isocyante index of 1.2:1 was used. The produced 

capsules exhibit flexibility that allows survival during mixing, yet processes adequate 

brittleness to allow rupture during crack formation. Bacteria and nutrition were encapsulated 

in polyurea microcapsules using the in situ polymerization technique. In situ polymerization is 

an interfacial polymerization. In this technique, just one single monomer, either water or oil 

soluble, is employed. The reaction occurs at the interface of the organic and water phases at 

elevated temperatures and with the aid of a catalyst [129]. 
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In this approach, 8.7 g Jeffamine D230 was mixed with 3.75 g span 85 in 150 ml acetone in a 

beaker using a mechanical mixer for 15 min at 400 rpm in room temperature prior to the 

addition of polymerization reactor. The solution was subsequently transferred to the reactor. 

The temperature in the reactor was adjusted at a relatively high temperature of 52 °C to 

accelerate the curing reaction. The bacterial spore powder (2.29 g), calcium lactate (20 g) and 

LB (5 g) were mixed with distilled water (15 g) in a beaker for 30 seconds using a spatula. 

MDI (23.6 g) was added by syringe to the paste and mixed for another 30 seconds. The paste 

was poured into syringe and injected slowly into the reactor and mixed for 2 hours at 400 rpm 

and 52 °C. The mixing speed was reduced to 200 rpm and 200 ml hot distilled water (52 °C) 

was added before mixing was continued for another 2 hours. Microcapsules (EPU) were 

washed by hot water during the filtration process using a vacuum pump and a Buchner funnel. 

Finally, they were dried in oven for 3 hours at 70 °C (Figure 11). Figure 12 schematically 

depicts the process of synthesis and encapsulation of bacteria in polyurea capsules using in situ 

polymerization method.  

 
Figure 11: Filtration and oven drying of microcapsules (EPU) 
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Figure 12: schematic illustration of synthesizing and encapsulation of bacteria in polyurea 

capsule. 

3.2.3 Material preparation to investigate encapsulation  

It is instrumental to ensure successful encapsulation of the core material and spores (Figure 

13a) ability to germinate and consume the available calcium source to initiate calcium 

carbonate precipitation. For this purpose, 10 g of microcapsules were ball-milled in a container 

rotating at 300 rpm for 2 min (Figure 13 b and c). Then, 4 g of powdered microcapsules 

comprised of bacterial spore, polyurea capsules, calcium lactate and LB are introduced into 

two separated Erlenmeyer flasks filled with LB (M1) and distilled water (M2) as growth media 

(Figure 13d). The flasks were aerobically incubated at 37 °C and stirred at 150 rpm for 8 day 

[130]. The optical density (OD 600 nm) was measured at elapsed times of 0 h, 24 h and 48 h 

to confirm germination of the bacteria. A standard microscopic technique was used to observe 

bacterial growth after 24 h and 48 h of incubation. At the end of the eighth day, the solutions 

in each Erlenmeyer flasks were washed with water and ethanol by repeated centrifugation at 

7000 rpm for 3 min to eliminate the growth media residue and cellular debris. The obtained 

solid material was oven dried for 5 hours at 70 °C. The washing and centrifuging solid particle 
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with water is meant to remove any calcium lactate (soluble in water) and keep the calcium 

carbonate (insoluble in water). The removal of calcium lactate allows further testing to confirm 

the presence of the calcium only in the calcium carbonate form. 

 
Figure 13: Material preparation for investigation of encapsulation and calcium carbonate 

precipitation: (a) synthesized microcapsules; (b) ball bearings for crushing microcapsules; (c) 

powder of crushed microcapsules; (d) pouring crushed microcapsules in flasks of water and 

LB. 

3.2.4 Preparation of cement paste specimens  

Cement paste specimens were prepared using ordinary portland cement (ASTM C150 Type I 

42.5, Tasek Corporation Berhad) and w/c of 0.4 to provide adequate paste flow to mix capsules. 

The microcapsules were well mixed and poured at the middle of prism during casting the 

cement paste into 25 × 25× 100 mm steel molds. A 2 mm-thick aluminum plate was inserted 

into the cast specimen to create a notch. The samples were unmolded carefully 1 day after 
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casting and immersed in water for curing at room temperature for 7 days before the creation of 

the artificial crack (Figure 14). 

 
Figure 14: Casting of cement paste specimens with the artificial notch. 

At the end of 7 days curing, specimens were artificially cracked using universal testing 

machine. A loading rate of 0.05 mm/min was applied until a visible crack is created on the 

bottom surface of the specimens (Figure 15). Then, the cracked sample was immersed in water 

again for 3 days. The aqueous environment triggers the encapsulated spores for germination. 

The image of cracked area in samples were subsequently recorded before and after healing for 

comparison. Dino Lite (AM4113/AD4113) microscope was used for this purpose.  
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Figure 15: Crack creation using three point bending method 

3.3 Characterization Tools 

3.3.1 Chemical  

X-ray powder diffraction (XRD) – The mineralogy and crystallinity of the precipitates and 

microcapsules were determined by using XRD diffractometer (XRD, D8 Discover Bruker) 

with CuKα1 radiation (λ=1.54060 Å) in the 2θ range between 10° and 90° and a step size of of 

0.02°/s. Bragg- Brentano beam method was used at 40 kV and 40 mA to detect the presence of 

crystalline phases in samples.  

Energy-dispersive spectroscopy (EDX) – Energy-Dispersive X-Ray (Oxford Horiba Inca 

XMax50) analysis was used to identify and confirm the presence of calcium in microcapsules 

(calcium lactate), nature of the produced calcium carbonate and elemental analysis of 

microcapsules (by point). The equipment was attached to the FE-SEM to allow for elemental 

information of the sample. 

Fourier transform infrared spectroscopy (FTIR) – Fourier transform infrared spectroscopy 

(FTIR) was used to analyse the functional groups in polyurea microcapsules, calcium carbonate 

in crushed microcapsules and cement paste samples. The attenuated total reflectance (ATR) 

method was applied in generating the FTIR of the samples. The obtained spectrum was 

developed using an average of 64 scans from 500 cm-1 to 4000 cm-1 at a resolution of 4 cm-1. 
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Raman Spectroscopy – Raman spectroscopy is a spectroscopic technique applied to identify 

molecules and study chemical bonding of polyurea microcapsules. The samples were analyzed 

using IR 785 nm at range between 670-730 cm-1 and 150-180 cm-1.  

3.3.2 Thermal tests 

Thermogravimetric analysis (TGA) – The measured weight loss curve in TGA indicates the 

changes in sample composition associated with elevating the temperature and subsequently 

evaluates its thermal stability. Also, a derivative weight loss (DTA) curve can show the point 

(temperature) at which the weight loss is most apparent. A thermogravimetric analyser (TGA, 

Q50) was used to study the thermal decomposition behaviour of the microcapsules, the 

detection of the calcium lactate and calcium carbonate at temperature ranging from 30 °C to 

800 °C with a heating rate of 20 °C /min using nitrogen flow of 40 ml/min. 

Differential scanning calorimetry (DSC) – In this study, DSC was used to measure the glass 

transition temperature (Tg) of polymeric capsules. Microcapsule samples were analyzed using 

single and double scan method at temperature ranging from -50 °C to +150 °C with a heating 

rate of 10 °C/min under nitrogen flow of 40 ml/min.  

3.3.3 Microstructural  

Field emission scanning electron microscope (FE-SEM) – The morphology of microcapsules, 

bacterial precipitated calcium carbonate and cement paste were analysed by the micrograph 

images obtained using FE-SEM (FESEM, SU8010 Hitachi) operating under 10 Kv voltage. 

The microcapsules and cement paste samples were coated with platinum for 40 seconds with a 

sputter current at 30 mA using a coater (Quarum Q150R S) prior to the analysis. 

  

4. RESULTS AND DISCUSSION 

The microscopy technique was used to detect and confirm the growth of bacteria. The produced 

bacterial spore powder (healing agent) together with the nutrition were used as a core material 
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for encapsulation in polyurea microcapsules. OD600, light microscopy, TGA, FT-IR, XRD, 

FE-SEM and EDX were used to prove successful encapsulation of the core material in the 

synthesized microcapsules. The synthesized microcapsules were characterized by FT-IR, 

Raman, XRD, AFM, DSC, FE-SEM and EDX. Finally, the microcapsules were added to the 

cement paste mix and triggered to prove self-healing. Dino lite microscope, TGA, XRD, FE-

SEM and EDX techniques were used for this purpose. The following describes the process of 

bacterial spores preparation, synthesis and encapsulation of bacterial spores in polyurea and 

proof of self-healing of concrete using the designed capsules.  

4.1 Bacteria Viability and Growth 

Viability and quantification of bacterial growth was done by serial dilution and plating on 

supplemented LB agar. Viability experiments were conducted in triplicates to establish 

statistical confidence. One hundred (100) µl of the bacterial culture was sequentially 

transferred into 900 µl of LB medium for a total of 9 dilutions. Cells plated after the 6th dilution 

were countable. The plates obtained from spreading the 7th dilution were chosen for 

quantification (Table 5 and Figure 16).  

 

Figure 16: Single colonies obtained from serial dilution of bacteria in LB medium: (a) Typical 

dilution results showing lawn (uncountable) growth diluted to manageable counts (Photo 

courtesy of Kansas State University department of physics); (b) colonies observed on the plate 

obtained from our 7th dilution. 

Table 5: Viability of B. pseudofirmus during culture and sporulation 

Phase Incubationa  Avg ABS 

(600nm)b-  c  

Avg colonies 

(x107)b -   

CFU/m

l (x109) 

Efficiency 

(%) 

Initial viability 48 hours 1.997 – 1.952 172.67 – 21.64 1.73 N/A 
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Sporulation 96 hours 2.087 – 2.077 253.67 – 30.13 2.54 N/A 

Post sporulation 

(Initial) 

5 day 1.504 – 1.450 

 

158.00 – 19.82 

 

1.58 91 

Post sporulation 

(powder) 

15 day 1.522 – 1.539 157.67 – 14.52 1.58 91 

a Post inoculation 
b Triplicate trials were attempted 
c  standard deviation 

4.2 Synthesis and Microencapsulation of Bacteria and Nutrition  

In this section, the process of synthesizing the polyurea microcapsules are discussed. The 

bacteria and calcium lactate (core material) were encapsulated in polyurea using in situ 

polymerization technique (EPU). The oven-dried microcapsules (shown in Figure 17) were 

characterized using various destructive and non-destructive techniques, as will be discussed.  

 
Figure 17: Synthesized polyurea microcapsules using bacteria, calcium lactate and LB as core 

material 

4.2.1 Chemical characterization  

FT-IR Spectroscopy – FT-IR spectroscopy was performed on EPU microcapsules and the 

materials used in the encapsulation of bacterial spores (Error! Reference source not found.). 

The spectrum for MDI (NCO 15.5%) indicates two absorption bands at wave numbers of 2970 

cm-1 and 2868 cm-1, signifying the aliphatic C‒H stretching vibrations of methyl and methylene 

groups, respectively [131]. The sharp and strong absorption peak at 2255 cm-1 is attributed to 

the presence of the isocyanate groups (N=C=O). The spectrum of MDI also signified sharp 

peaks at 1522, 1608 and 1727 cm-1, which are indicative of C=C stretching of the aromatic ring 

[132]. Also, the peaks at 2868 and 2966 cm-1 in Jeffamine D230, at 2852 and 2950 cm-1 in span 
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85 and at 2980 cm-1 in calcium lactate are assigned to C-H stretch (alkane). The peaks at 1100 

cm-1 in MDI and jeffamine, 1119 cm-1 in calcium lactate and 1094 cm-1 in EPU are attributed 

to C-O stretching. There is a broad and strong peak in the FT-IR spectrum of the calcium lactate 

at 3150 cm-1 that can be associated with the hydroxyl groups [133]. FT-IR spectrum of 

synthesized polyurea shows that the NCO peak at 2255 cm-1 has completely disappeared, 

meanwhile urea bond N-H stretching peaks at 3324 and 1541 cm-1 were observed These 

observations indicate successful synthesis of the polyurea polymer structure [134].  

 

Figure 18: FT-IR spectra of the encapsulated bacteria, calcium lactate and LB in polyurea 

microcapsules. 

Raman – Chemical bonding and molecules identification were analysed using the Raman 

spectroscopy technique (Figure 19). The strong bond at 410 cm-1 is related to the polyurea 

structure. It confirms the presence of the urea linkages in both pure state and encapsulated 

calcium lactate in polyurea capsules [135]. There is an active bond at a wave number of about 

790 cm-1 observed only for calcium lactate in the polyurea capsules. This bond distinguishes 
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the calcium lactate. Another bond is observed at wavenumber of 711 cm-1 which is related to 

calcium lactate. Both peaks confirm the successful encapsulation of the calcium lactate in the 

polyurea capsules [136].  

 

Figure 19: Raman spectra of EPU and pure polyurea capsule with Raman shifts (a) 0 to 1000 

cm-1; and (b) 670 cm-1 to 730 cm-1. 

XRD – The semi-crystalline structure of the polyurea is observed as peak intensities in the 

region 10°<2θ<30° of the XRD signature (Figure 20). With the several peaks observed in this 

region, it is interfered that the synthesized polyurea is not amorphous, but rather semi-

crystalline. The chemical structure of the polyurea is based on C-H, C-O and C-N bonds [137, 

138]. As such, the peaks are not too sharp but rather wide. Crystalline domains with strong 

hydrogen bonds are formed by the urea motifs, while the amorphous domains was formed by 

carbon chains. Therefore, increase of carbon chain length together with increase amorphous 

domains lead to decrease the crystallinity [139]. Unlike XRD pattern for PU capsules, a peak 

was found at 2θ of 42 for synthesized polyurea. Since calcium lactate was loaded in the 

synthesized polyurea micorcapsules, it can be concluded that the peaks are indicative of 

calcium lactate [140, 141].  



41 
 

 

Figure 20: XRD patterns of EPU and polyurea capsule 

4.2.2 Thermal analysis   

TGA – Thermogravimetric analysis was carried out to study the thermal stability and loading 

of the calcium lactate in the synthesized microcapsule. TGA/DTA of samples are shown in 

Figure 21. The respective details of TGA are presented in Table 6. The thermal stability of the 

calcium lactate is much lower than that of the polyurea, as suggested by the lower values of 

T%5, T%50, Tchar and Tmax of the calcium lactate. For instance, 5% of PU microcapsules, EPU 

and calcium lactate were degraded at the temperature of 284.5 °C, 272.7 °C and 76.1 °C, 

respectively. The difference between PU microcapsules and EPU is the presence of calcium 

lactate in EPU. Since calcium lactate has lower thermal stability comparing to PU 

microcapsules, thus EPU with encapsulated calcium lactate is expected to have lower thermal 

stability. 

Table 6: Thermal stability characterization of synthesized microcapsules and calcium lactate 

Sample ID T5% a(oC) T50%(oC) Tchar (oC) Wt loss (%) Tmax (oC) 

PU microcapsules 284.5 374.7 791.26 95.72 401.88 

EPU 272.7 355.4 791.29 97.15 407.16 

Calcium lactate 76.1 426 791.12 79.9 100.55 
a: T5% represents that 5% of sample degraded at that temperature   
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Figure 21: Thermal analysis of: (a) EPU, microencapsulated bacteria and calcium lactate in 

polyurea capsule; (b) polyurea microcapsules. 

Differential scanning calorimetry (DSC) – Glass transition of the encapsulated bacteria and 

the calcium lactate in the polyurea capsules (EPU) and the pure polyurea capsule (PU) were 

determined using DSC (Figure 22). The Tg of the pure polyurea is -12 °C, indicating high 

flexibility at room temperature. It is observed that Tg of the capsules without the calcium lactate 

is significantly lower than that of the capsules with calcium lactate (5 °C). This difference is 

expected. The presence of the calcium lactate in the capsules significantly increases Tg of the 

capsules due to the former’s high Tg.  
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Figure 22: Thermograms of EPU and pure polyurea capsules using second heating rate 

4.2.3 Microstructural analysis   

FE-SEM was used to study the morphology and size distribution of the synthesized 

microcapsules. Figure 23 shows the synthesized microencapsulated bacteria and the nutrition 

in polyurea capsules. FE-SEM was used to measure the sizes of 270 synthesized capsules. The 

capsule sizes vary from 0.2 mm to 1.3 mm, with approximately 57% of the capsules ranging 

from 0.3 to 0.6 mm. 

 

Figure 23: Size distribution of synthesized microencapsulated bacteria and calcium lactate in 

polyurea capsules (frequency is expressed as a percentage of particles falling within each size 

range). 
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Synthesized microcapsules have irregular shapes with rough surfaces, which allow good 

bonding with the cementitious matrix. The shape and surface of the polyurea capsule (without 

the core material) are very similar to EPU. This proves that encapsulation of bacteria and 

nutrition in polyurea capsules did not affect the morphology of the microcapsules. Figure 24 

depicts the morphology of the capsules at different magnification. Polyurea capsule has 

irregular shape with non-uniform surface which is similar to synthesized capsules in EPU. The 

microimages show that the surface of microcapsules has many protrusions and holes, which 

may have occurred due to the release of CO2 during the reaction of isocyanate with water (as 

expressed in Equation 4). 

𝑅 − 𝑁𝐶𝑂 + 𝐻2𝑂 → 𝑅 − 𝑁𝐻2 + 𝐶𝑂2                       (4) 

 

Figure 24: Synthesized microcapsules have irregular shapes with many protrusions and holes 

due to release of CO2: (a) EPU; (b) pure polyurea capsule. 

EDX analysis was performed to confirm the presence of the calcium lactate in the capsules. 

The microimage in Figure 25a shows the elements of the virgin polyurea capsules (carbon, 
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nitrogen and oxygen). Figure 25b shows the polyurea capsule with the calcium lactate. The 

detected calcium confirms loading (presence) of the calcium lactate in our capsules. In addition, 

the amount of oxygen in EDX of capsules with the calcium lactate is higher than that in the 

pure polyurea (22.7% to 17.6%). This is attributed to the presence of higher oxygen content (6 

atoms) in the chemical structure of the calcium lactate. Therefore, adding calcium lactate has 

significantly increased the oxygen content. 

 

Figure 25: EDX analysis which confirms the presence of calcium lactate: (a) EPU; (b) pure 

polyurea. 

4.3 Proof of Successful Bacterial Germination 

Spectrophotometry is routinely used to estimate germination of bacteria by measuring the 

optical density (OD) of sample at a wavelength of 600 nm – designated as OD600. For this 

purpose, 1.0 ml volume of each samples was poured in cuvette using a pipette (Figure 26). 

OD600 of B. pseudofirmus samples were measured at 0, 24 and 48 hours of incubation. A 

summary of the measurements are shown in Table 7. Pure distilled water and/or LB broth were 

used as a reference for each of the OD600 measurements. The noticeable increases in the 
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measured OD600 demonstrate that the crushed capsules contained spores and their capability of 

germination can be warranted. The OD600 LB broth inoculated with B. pseudofirmus capsules 

increased from a reference value of 0.223 nm at 0 hour to 2.508 nm after 48 hours of incubation. 

However, the OD600 measurement of the liquid from the flask containing water did not show 

any changes. The germination of B. psedofirmus as a reference image is shown in Figure 27a. 

Figure 27b and Figure 27 c-d are showing the germination of bacteria after 24 h incubation in 

M1 (LB) and M2 (water), respectively. The concentration of bacteria was greater in M1 

compared to M2, since there is a large amount of the nutrition available for bacterial growth in 

LB broth.  

 

 Figure 26: Preparation of samples for optical density measurement.  

Table 7: OD600 measurement results after 0, 24 and 48 h of incubation 

Solution  Time 

(h) 

Blank, OD 600 

(nm) 

Capsule 1, OD 600 

(nm) 

Capsule 2, OD 600 

(nm) 

Distilled water 0 0.046 0.166 0.123 

 24 - 0.125 0.122 

 48 0.045 0.087 0.084 

LB broth  0 0.061 0.223 0.202 

 24 - 2.06 2.078 

 48 0.055 2.508 2.491 
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Figure 27: Images from fluorescence microscope: (a) Bacillus Psedofirmus DSMZ 8715 

spores; (b) bacterial spores germinated in M1 (LB) after 24 h; (c); (d) bacteria spores 

germinated in M2 (water) after 24 h 

4.4 Proof of Successful Calcium Carbonate Precipitation  

TGA – Thermogravimetric analysis was performed for EPU, calcium lactate, calcium 

carbonate, crushed capsules (as described in chapter 3) incubated in M1(LB) and M2(water) to 

confirm the precipitation of the calcium carbonate (Figure 28). Table 8 shows the results for 

weight loss of EPU, calcium lactate, calcium carbonate, and crushed capsules incubated in 

water and LB. After breakage of capsules (crushed capsules), bacterial spores become activated 

upon contact with water and oxygen. The activated bacteria accordingly metabolizes the 

calcium lactate to produce calcium carbonate.  

Table 8: TGA weight loss for synthesized microcapsules and calcium lactate 

Sample ID T5%  

(oC) 

T50% 

(oC) 

Tchar  

(oC) 

Wt loss 

 (%) 

Tmax 

(oC) 

Batch 1  272.7 355.4 503.6 96 407.1 

Calcium lactate 76.1 426 791.1 79.9 100.5 

Calcium carbonate 643.8 791.3a  791.3 44.5 713.7 

Crushed EPU in water 273.4 359 595.0 96 399.1 

Crushed EPU in LB                               272.1 371.1 791.2 94.6 400.4 
a: 44.5% of calcium carbonate was degraded at the temperature of 791.3 oC 
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TGA results confirm the precipitation of the calcium carbonate by the encapsulated bacteria 

and calcium lactate. The weight loss (%) of caclium carbonate at around 800 °C is 44.53%, 

while the weight loss of EPU is 96%. The weight loss of the crushed capsules placed in LB 

decreased to 94.68%. It can be inferred  that the thermal stabillity of the samples was improved 

due to the precipitation of the calcium carbonate. This  results also confirms the precipitation 

of calcium carbonate. For the crushed capsules  of EPU in water, the weight loss does not 

change over 8 day of incubation [130]. This could be due to the fact that the bacteria in water 

needs more time to grow than it does in LB medium, as the latter acceleratees germination and 

calcium carbonate precipitation of the bacteria. Therefore, sufficient incubation time of crushed 

EPU in water will result in precipitation of the calcium carbonate.  

 

Figure 28: TGA graphs of pure polyurea capsule, crushed capsules incubated in water, LB and 

calcium carbonate 

FT-IR – Fourier-Transform Infrared (FT-IR) spectra were obtained for the dried solid particles 

after 8 day of incubation in M1 (LB) and M2 (water). The FT-IR spectra shows precipitation 

of the polymorph calcium carbonate (calcite and vaterite) in both M1 and M2. The results 

compare well to the values reported in the literature [102, 142, 143]. The characteristic 

carbonate v2 band of calcite and vaterite is identified at a wave number of 872 cm-1, while the 
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carbonate v4 band of aragonite is spotted at wave number of 713 cm-1 (Figure 29). The 

precipitation of calcium carbonate proves successful encapsulation of the bacterial spores and 

their nutrition in polyurea microcapsules. 

 

Figure 29: FT-IR spectra of the dried particles after 8 day incubation in water and LB  

XRD – For further confirmation of the precipitation of the calcium carbonate crystal, XRD 

analyses were performed on the powder obtained from the crushed capsules after 8 day of 

incubation in water and LB. These particles were dried prior to performing the analysis. XRD 

diffraction spectra in Figure 30 shows precipitation of calcium carbonate. The peaks obtained 

at 2θ values of 29.3o (in water) and 29.4o (in LB) signify calcite as reported in the literature. 

The intensity of the peak at the 2θ value of 29.3° was higher in LB. As previously indicated, 

LB acts as an accelerator for bacteria germination; therefore, it increases the precipitation rate 

of the calcium carbonate. For this reason, the bacteria in LB produced more calcium carbonate 

after 8 day than that placed in water. These result collectively confirm the precipitation of 

calcium carbonate using bacteria and show good agreement with the results obtained from 

previous studies [80, 105, 144]. 
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Figure 30: XRD spectra of dried particles obtained from incubation of crushed capsules in LB 

and water 

EDX - EDX analysis was used to detect the calcium belonging to the calcium carbonate in 

dried particles obtained from crushed capsules in M1 (LB). EDX was conducted using the point 

technique in representative spots of the microimage (Figure 31). All samples were washed with 

water, centrifuged, and dried before analysis, in order to eliminate possible  calcium lactate 

residues [143, 145]. The results confirms the detection of calcium element at peak 3.69 

representing calcium carbonate.  

 

Figure 31: EDX analysis of dried solids by point analysis confirms precipitation of calcium 

carbonate 
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4.5 Proof of Crack Healing  

The cement paste specimens including healing capsules were artificially cracked using 3-point 

bending loading after 7 day of curing (Figure 32). The cracked samples were kept in water 

again. Upon creation of the crack, the embedded capsules rupture and the water activates the 

spores for germination. Precipitation of the white color particles (healing) was observed in the 

designated crack area after 3 day (Figure 33). The healed cracks were later analyzed using 

Dino-lite microscopy, FE-SEM and EDX to confirm precipitation of the calcium carbonate. 

 

Figure 32: Crack creation using three-point bending/flexural test (after 7 day curing) 

 

Figure 33: Crack healing of cement paste specimen as a result of the microbial precipitation of 

the calcium carbonate 

4.5.1 Crack healing tracking  

Dino-lite microscope was used to observe the progress of healing in the designated crack 

section of the specimen before the microstructural analyzing. Figure 34 shows an image of a 
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crack in the specimen healed by calcium carbonate. A closer image with a magnification factor 

of 230X demonstrates the buildup of the healing product in the cracked area (Figure 34 b). This 

section of the specimen was used for FE-SEM, EDX and XRD to analyze and confirm the 

precipitation of calcium carbonate.  

 

Figure 34: Dino Lite microscopy image of the crack filled with precipitation of calcium 

carbonate at magnification factors of: (a) 50X; (b) 230X.  

4.5.2 Microstructural analysis of precipitated calcium carbonate 

FE-SEM and EDX – The precipitated material was analzyed using microstructural techniques 

to confirm the presence of the calcium carbonate. The morpholoyg of the precipitated crystals 

were investigated at different magnification levels. The results from the literature suggest that 

the morphology and size of the crystals depend on many facotrs, such as the type of bacteria 

and their nutrition source [146]. As shown in Figure 35, the cyrstals have an amorphous 

structure and an irregular shape. Some of the crystals are formed by accumulation of platy 

crystals. The nature of the crystals were analzyed using point analysis for different areas at  

preselected magnifications. As depicted in Figure 36, EDX analsysis results show a high peak 

for Ca element at 3.69 in all spectra. This proves that the crystals are calcium carbonte. The Ca 

element is not related to cement, because the morphology of cured cement is ettringite and 

needle-shaped as shown in Figure 37.  Hence, it can be concluded that the white preciptiated 

particles are solely related to the precipitated calcium carbonate.  
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Figure 35: precipitated white particles which was analyzed by FE-SEM and EDX at 

magnification of: (a) 30X; (b) 500X. 

 

Figure 36: EDX analysis of precipitated crystals confirm presence of Ca element in all spectra 

(results are in weight % - only Spectrum 1 is shown). 
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Figure 37: Ettringite crystals of cement paste: (a) control sample; (b) from literature [147]. 

Thermogravimetric analysis – TGA was conducted on the healed and the parent cement paste 

samples. Decomposition of CaCO3 to CaO and CO2 has occurred at a temperature range of 

600-700o C [148].  As shown in Figure 38-a, decomposition of CaCO3 caused a weight loss in 

the healed cement paste, while the pure cement paste did not exhibit any weight loss within the 

same temperature range. It can be inferred that the healing products are calcium carbonate 

precipitated by bacteria through a metabolic conversion of the organic compound. The results 

confirm that healing product is CaCO3. 
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Figure 38: TGA graphs of the cement paste: (a) healed; (b) pure. 
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5. CONCLUSIONS 

Bacterial based self-healing for cementitious materials is preferred over other approaches due 

to a number of advantages, such as environmental acceptability, non-toxicity, compatibility of 

produced calcium carbonate with the cement matrix, and longevity of bacterial spores. In this 

study, polyurea polymer was proposed as a new class of material for encapsulation of bacteria. 

As compared to the current self-healing carriers, polyurea polymer provides a fairly short 

curing time, longevity, adjustable brittleness and water insensibility. Bacillus psedofirmus can 

successfully act as a healing agent. The spore sporulation of the bacteria was achieved using a 

standard method.  Protection of the bacteria and nutrition is necessary to improve the healing 

efficiency. Therefore, in-situ polymerization method was employed for synthesis and 

encapsulation of the healing agent in polyurea capsules. The synthesized capsules were 

characterized using destructive and non-destructive testing methods. The results confirmed the 

presence of polyurea bonding, and most importantly the healing agent and nutrition were 

encapsulated. The presence of encapsulation has also shown no effect on the microcapsule 

structure. 

This study has proven successful encapsulation of the bacterial spores and nutrition in polyurea 

through a series of destructive and non-destructive testing. It was concluded that upon 

rupturing, the capsuled bacterial spores are able to germinate from the dormant to active mode 

and consume the available nutrition to precipitate calcium carbonate needed for crack healing. 

The synthesized capsules were mixed with cement to confirm the occurrence of self-healing in 

an artificially cracked cement paste specimen. The precipitation of calcium carbonate was 

observed after 3 day. Morphology and chemical characterization of the materials from the 

healed crack confirmed the presence of calcium carbonate.  

In summary, the study has shown that polyurea is a suitable shield with a high potential to 

protect bacteria and nutrition from the harsh environments in the cementitious matrix. This 
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capacity was observed during mixing with the cement paste and equally in the hardened form. 

Such conclusion positions polyurea as an excellent carrier that enables adequate bacterial 

viability and protection for self-healing in cementitious media.    

6. CONSIDERATION FOR FUTURE STUDY 

Optimization of the size and content of the polyurea capsules in a cement paste is not in the 

scope of the study. However, their incorporation in a cementitious matrix is expected to 

adversely affect its mechanical properties. As a pilot attempt to assess this effect, capsule 

contents of 1% and 3% (estimated as a percentage of the dry weight of cement) were 

considered. The capsules were mixed for 1 minute until homogenous dispersion was observed.  

Flexural strength test was applied to prismatic samples using the rectangular molds described 

in the experimental program.  The compressive strength was also evaluated on 25mm cubes at 

a displacement rate of 0.5 mm/min. Three replicates of the flexural and compressive strengths 

of the specimens were measured after 7 and 28 day of curing (Table 9). The results indicate 

that the 28-day compressive strength of cement paste with 1% and 3% capsule content has been 

reduced by 3.5% and 15.6%, respectively, as compared to the control specimen. Similarly, the 

flexural strength of control sample was higher than those casted with self-healing capsules. In 

view of this. it is instrumental from the practical perspective to further investigate to what 

extent the inclusion of the polyurea capsules would penalize the strength versus the recovery 

that self-healing can bring. To this end, the optimum capsule content needed for feasible self-

healing efficiency is recommended for future studies. 

Table 9: Summarized Compressive and Flexural Strength Results for Samples 

 

 

Sample Avg. flex. strength-σ (MPa) Avg. comp. strength-σ (MPa) 

7 day 28 day 7 day 28 day 

Control 8.30 (0.85) 9.50 (0.85) 45.51 (4.44) 58.88 (1.32) 

1% Polyurea 6.20 (0.48) 6.68 (0.36) 46.97 (7.01) 56.83 (9.03) 

3% Polyurea 6.17 (0.37) 7.11 (0.17) 33.35 (0.84) 49.71 (4.45) 

σ standard deviation 
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