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Microbials incorporated cement-binder system is a kind of self-healing cementitious 

material that contains micro-organisms which induce a precipitation of calcium carbonate 

in cracks. Ureolytic pure cultures have been used in the majority of research conducted 

for  microbials incorporated cement-binder system development. Biogranules made up of 

nitrate-reducing bacteria have lately become more sustainable, cheaper, and feasible. 

Since in the self-healing studies of microbial introduced cement binding systems the 

bacteria content was selected randomly, it is still unknown the most acceptable content 

of bacteria for self-healing in these systems. In this thesis study, the biogranules , which 

had 0.45 to 2.00 mm of size and have an active nitrate-reducing core surrounded by a 

protective outside layer consisting of CaCO3 and Ca3(PO4)2, were produced in the 

laboratory and, acceptable biogranules content for self-healing cement-binder systems 

was investigated. During the assessment of the acceptable content of biogranules, cement-

binder systems with various doses of biogranules were analyzed with regards to their 

workability, compressive strength, self-healing rate, and self-healing. Mortar specimens 

with 12 different doses of biogranules corresponding to the contents of bacteria ranging 

from 0.05% to 2.50% w/w cement were poured and cracks were obtained at the end of a 

28-day curing period. The cracked specimens were held in tap water over 4 weeks and 
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weekly percentages of crack closure have been monitored to investigate the acceptable 

and minimum levels of bacteria for microbial cement binding systems by using 

macroscope. The addition of bacteria into the mortar in the form of biogranules up to 

2,50% w/w cement has no adverse effect on the properties of the mortar. The acceptable 

and lowest bacteria content in microbial self-healing concrete should be 0.25% and 0.05% 

w/w cement, respectively, based on microbial self-healing rates and capacities when 

added in the form of biogranules. Cracks as wide as 800 ± 30 µm could be healed in 

acceptable doses after 3 weeks, but this healing performance decreased with an increase 

or decrease in the bacteria content. Microbial healing performed consistently better than 

autogenous healing independent of bacteria content.  

 

 

Keywords: Self-healing concrete, bacteria content, biogranule, nitrate reducing bacteria, 

self-protected culture 
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Mikrobiyal katkılı çimento-bağlayıcı sistem, çatlaklarda kalsiyum karbonat çökelmesine 

neden olan mikroorganizmaları içeren kendi kendini iyileştiren bir tür çimentolu 

malzemedir. Üreolitik saf kültürler, çimento-bağlayıcı sistem geliştirme dahil 

mikrobiyaller için yürütülen araştırmaların çoğunda kullanılmıştır. Nitrat azaltan 

bakterilerden oluşan biyogranüller son zamanlarda daha sürdürülebilir, daha ucuz ve 

uygulanabilir hale gelmiştir. Mikrobiyal katkılı çimento bağlama sistemlerinin kendi 

kendini iyileştirme çalışmalarında bakteri içeriği rastgele seçildiğinden, bu sistemlerde 

kendi kendini iyileştirme için en kabul edilebilir bakteri içeriği hala bilinmemektedir. Bu 

tez çalışmasında, laboratuvar ortamında CaCO3 ve Ca3(PO4)2'den oluşan koruyucu bir dış 

katmanla çevrili aktif nitrat azaltıcı çekirdeğe sahip 0,45 ile 2,00 mm boyutlarında 

biyogranüller üretilmiş ve kabul edilebilir biyogranül içeriğine sahip biyogranüller 

üretilmiştir ve kendini onaran çimento-bağlayıcı sistemlerde kullanılabilecek kabul 

edilebilir biyogranül miktarı incelenmiştir. Biyogranüllerin kabul edilebilir miktarının 

değerlendirilmesi sırasında, çeşitli dozlarda biyogranül içeren çimento-bağlayıcı 

sistemler, işlenebilirlik, basınç dayanımı, kendi kendini iyileştirme hızı ve kendi kendine 

iyileşme açısından analiz edilmiştir. Çimento ağırlığınca %0,05 ile %2,50 arasında 

değişen oranlarda biyogranül formunda bakteri içeren 12 farklı harç numuneleri 
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hazırlanmıştır ve 28 günlük kür süresi sonunda çatlaklar elde edilmiştir. Çatlak numuneler 

4 hafta boyunca musluk suyunda tutulmuş ve mikrobiyal çimento bağlayıcılı sistemler 

için kabul edilebilir ve minimum bakteri seviyelerini incelemek için haftalık çatlak 

kapanma yüzdeleri makroskop kullanılarak izlenmiştir. Harca biyogranül formunda 

çimento ağırlığınca %2,50’a kadar bakteri eklenmesi harcın özelliklerine olumsuz etkide 

bulunmamıştır. Mikrobiyal kendi kendini iyileştiren çimento bağlayıcı sistemde kabul 

edilebilir ve en düşük bakteri içeriği, biyogranül şeklinde eklendiğinde mikrobiyal kendi 

kendini iyileştirme oranları ve kapasitelerine göre sırasıyla, çimento ağırlığınca %0.25 ve 

%0.05 olarak belirlenmiştir. 800 ± 30 µm genişliğindeki çatlaklar, 3 hafta sonra kabul 

edilebilir dozlarda iyileştirilebilmiş, ancak bu iyileşme performansı, bakteri içeriğindeki 

artış veya azalma ile azalmıştır. Çimento bağlayıcılı sistemde, mikrobiyal iyileşme, 

bakteri içeriğinden bağımsız olarak otojen iyileşmeden tutarlı bir şekilde daha iyi 

performans göstermiştir. 

 

 

Anahtar kelimeler: Kendini onaran beton, bakteri miktarı, biyogranül, nitrat indirgeyen 

bakteri, kendini koruyan kültür  
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1. INTRODUCTION 

 

Cementitious composites, which were first used in the Ancient Roman period, have taken 

their place among the popular building materials in the construction sector since then and 

are still the most widely used building materials today. Concrete is a cementitious 

composite which is composed of a binder and filler agent [1], [2]. Among cement 

composites, the most widely used are concrete materials. Considering the global concrete 

production, annual concrete production per person is around 4.7 tons. Its low cost, good 

fire resistance and high compressive strength make concrete unrivalled in the industry 

with annual consumption of 33 billion tons per year [3]. On the other hand, the biggest 

drawbacks of concrete materials are demonstrating low strength under tensile stresses and 

the high CO2 footprint. 

 

Concrete production is responsible for 8% of global carbon dioxide (CO2) emission due 

to cement production. During cement production, clay and limestone is heated to 1500 ̊C 

to produce clinker. For heating, a significant amount of energy generated from fossil fuel 

combustion[4].  Emitted CO2 during calcination which is the decomposition of CaCO3 

into CaO and CO2, is about 60% of total emission and rest emission is generated by fossil 

fuels combustion to heat raw materials [5]. Despite economic effects of the COVID-19 

pandemic, the world annual cement production did not decrease significantly as 

surpassing 4 billion ton in 2019 [6]. EPA reported that for one ton of cement production 

900 to 1100 kg CO2 releases [5]. Cement production was responsible for 4% of the global 

CO2 emission in 2019 and emissions from cement rose by 2.1% compared to 2018 [7]. 

Increasing sensitivity to the environment made it possible to draw attention to the 

optimized concrete mixes, the term "green concrete" and recycling-based composite 

materials to reduce the CO2 emission generated during concrete production [8]–[10]. 

 

Another drawback of concrete is displaying low strength under tensile loads. The 

deformation capacity of a standard concrete under axial tensile stress corresponds to 

approximately 10% of the deformation it shows under pressure [11]. This problem has 

been solved by using steel reinforcing bars or different types of fibers (steel, 

polypropylene, glass, carbon, organic). The most used reinforcement tool until now is 

steel reinforcements. Since the main element carrying tensile loads is reinforcements, the  
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durability of the structure depends on the condition of the reinforcement. An alkaline 

environment in concrete helps to create passivation of the steel surface however it is not 

sufficient in order to maintain reinforcements in good condition during service [12]. Steel 

reinforcements are exposed to environmental conditions due to cracking which is the most 

happened problem in concrete, by increased permeability. Carbonation of concrete is 

facilitated by this exposure and the pH decreases accordingly. This situation, which also 

prevents passivation of the reinforcement, allows chloride ingress with increased 

permeability, and then corrosion and related durability problems arise in the 

reinforcement. 

 

1.1. Concrete Cracks 

Concrete shows low resistance under tensile load and it behaves non-linear. Concrete 

beams are often unable to bear the axial stress caused by even their own weight, and 

cracks are observed. For this reason, concrete can be named as a semi-brittle material 

with a tendency to crack. As aforementioned, in order to compensate for this deficiency, 

structural concretes are reinforced with steel reinforcements, and strengths that can meet 

service conditions under axial stress are obtained. Although concrete materials reinforced 

with steel reinforcements can be used for structural purposes, micro-cracks on concrete 

due to mechanical, physical, and chemical reasons cannot be prevented. Serious cracks in 

concrete are often observed when it is subjected to tensile stresses which are higher than 

its tensile strength. Tensile stress can be caused by detrimental reactions, external attacks, 

and mechanical loading. Moreover, there can be many other causes of cracks. The most 

common concrete cracks can be classified into two main types: Cracks in plastic concrete 

and cracks in hardened concrete. Reasons for plastic concrete cracks can be plastic or 

autogenous shrinkage, formwork or sub-grade movement and freezing, etc. The reasons 

for cracks in hardened concrete can be thermal changes in hydration and, autogenous or 

drying shrinkage, etc. at the early age. In aged concrete, corrosion of rebars, fatigue, 

freezing/thawing, drying shrinkage, and overload can be reasons for cracks [13].  
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1.2. Crack Related Durability Issues 

Throughout their lives, structures are subjected to chemical and physical attacks, and the 

permeability of concrete plays a significant impact in the amount of damage sustained. 

The structure becomes more responsive the more permeable the concrete is. The existence 

of cracks, in particular, enhances the permeability of concrete and aggravates steel 

reinforcement degradation. When the crack width exceeds the critical limit, it becomes a 

severe problem in terms of durability, aesthetics, and serviceability. Because the critical 

crack width is highly dependent on intrinsic and extrinsic factors, there is no exact value 

that can be used as a constraint. The allowable crack width is however regarded as 0.41 

mm in ACI 318-95 and earlier. Furthermore, definite limits are recommended for ACI 

224R-01 [14] and EN 1992-1-1 [15], which take account of various conditions of 

exposure and autogenous healing properties. The experimental values showed that the 

level of entry of chloride into cracked, uncracked concrete was only similar in comparison 

to those suggested values when its crack splitting was less than 10 μm [16]. 

 

Table 1. 1. Plausible crack widths for reinforced concrete when autogenous healing is 

taken into account. 

 

Exposure conditions 

Crack width (μm) 

ACI-224R[14] EN-1992-1-1[15] 

Service load 
Quasi-permanent 

load 

Frequent 

load 

De-icing chemicals 180 300 200 

Humidity, moist air, soil 300 400 200 

Dry air or protective 

membrane 

410 400 200 

Water retaining structures 

except non-pressure pipes 

100 300 200 

Seawater and seawater spray, 

wetting and drying 

150 300 200 
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Concrete cracks are brittle and typically form as a result of environmental factors. The 

most important mechanisms in crack development may be identified as freeze thaw, 

external chemical attack (Cl-, SO4
2-), intrinsic chemical reactions (e.g. corrosion, alkaline-

silica reactions)[14]. Repairing concrete cracks is therefore of importance in order to keep 

the structure healthy and prevent problems with durability. Thus far, either epoxy resin 

or various strategies have been applied in the development of self-healing concrete 

materials and work on new strategies continues at full speed. polyurethane foam is the 

most commonly used way of repairing the crack. Unless proper maintenance is 

performed, reinforcing begins to corrode and structural failure becomes unavoidable. 

There are considerable researchs in order to find alternative ways of solving problems of 

durability and reducing maintenance costs. One of the strategies is to develop self-healing 

concrete. 

 

There are different self-healing agent and methods utilized to enhance crack closure. In a 

study, specimens with different micro-cracking dimensions were exposed for 1, 2, or 3 

months to a 3 percent chloride concentration solution and then reloaded until residual 

tensile properties have not been measured. Measuring the retained rigidity, ultimate 

tensile strength, tensile stress capacity, and crack width was evaluated by the effect of 

cracking and self-healing within ECC under combined mechanical loading and exposure 

to chloride. The effect of exposure to chloride on the ECC matrix and interfacial 

properties of fiber / matrix were also investigated. This study shows that ECC is capable 

of self-healing crack damage in an environment of high chloride levels. In ECC, which 

has had up to 1.5 percent of tensile strain charged and submerged in 3% NaCl solution 

for 30 days or more, almost complete healing for material rigidity and self-healing 

capacity was discovered in a water environment similar to autogenous healing[17].  

 

Moreover, in comparison with the superabsorbent polymers (SAPs)-free samples, mortar 

samples containing have a low overall uptake in a crack. Due to their inflating capacity, 

SAP particles reduce moisture intake in a crack. Thus, the structure is penetrated to a 

lesser extent by harmful substances dissolved in fluids. As a result, the SAP particles are 

able to retain the fluid within their structure, and the crack closes on its own[18] 

 

The microscopic analysis of the pre-loaded ECC samples has shown that self-healing, 

whatever the mixture, has been achieved up to certain limits. Nevertheless, the main 
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limitation for ultimate self-healing was linked to the allowed crack widths. F_ECC 

(mixture with Class-F fly ash) specimens were reported to be able to heal the cracks with 

30 μm of width. For S_ECC (mixture with slag) specimens this was approximately 50 

μm for C_ECC (mixture with Class-C fly ash) and just over 100 μm. The microstructural 

analysis also revealed that the major self-healing products are calcite and C–S–H gels, 

which vary depending on ECC mixtures with different supplementary cementitious 

materials (SCM) types [19]. 

 

Mignon et al. study revealed that a variety of (superabsorbent) polymers (SAP), formed 

of acrylic acid and methylene bizacrylamide as cross-linker, have been produced and 

classified in previous research. On the basis of these findings, two SAPs of greatest 

quality were selected for further characterisation and were associated with the possible 

self-sealing and self-healing of concrete cracks. Bending and compression tests in morter 

demonstrate that more SAP leads to a greater reduction in strength (up to 52 percent loss 

of compression strength). On the other hand, the addition of greater SAP amounts in 

comparison with reference examples without SAP leads to a better self-sealing effect[20] 

In another study, four methods of self-healing were utilized independently as well as in 

combination. These included: (1) using the University of Cambridge-developed 

microcapsules containing mineral healing agents in conjunction with industry; (2) 

bacterial healing dependent on the knowledge of Bath University; (3) the use of a crack-

closing shape memory polymers (SMP) system; and (4) the supply of a mineral healing 

agent through the vascular system [21].  

 

Joseph et al. study showed that the final five pairs of tests used a supply system with 

capillary tubes accessible to the surrounding air. These tests explored the impacts of the 

adhesive healing reaction within the mortar beams and its effect on this self-healing 

reaction, reinforced level and load rate. The first and second loading cycle were 

demonstrated with both main and secondary healing responses [22].
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2. LITERATURE REVIEW 

 

2.1. Self-healing of Concrete 

In terms of increasing sustainability, it is important that reinforced concrete structures are 

more durable and have a longer life. In recent years, researchers have focused on the 

development of concrete materials that can repair their own cracks in order to prevent the 

problems caused by cracks in reinforced concrete structures at the source and to obtain 

more durable structures. Various strategies have been applied in the development of self-

healing concrete materials and work on new strategies continues at full speed. Increasing 

the autogenous healing efficiency with various fiber materials [17], [19], increasing the 

autogenous healing capacity by using superabsorbent polymers [18], [20], repairing 

cracks with the help of vascular systems formed in concrete or polymers integrated in 

capsules [22], and repairing cracks biogenically with the help of microorganisms 

integrated into concrete with different methods can be listed among the strategies studied 

[23]–[26]. Among these developed concretes, the results obtained with microbial self-

healing bio-concrete are very promising. Self-healing for cracks can be investigated by 

seperating into two groups: Autogeneous healing and autonomous healing. 

 

2.1.1. Autogenous Healing of the Cracks 

Concrete is not a best solution for steel because cracking is inevitable. Concerning the 

protection of steel reinforcement against chemical attacks, however, concrete does have 

inherent mechanisms which to some degree close the cracks. The process is called 

"autogeneous healing," and the researchers are making considerable efforts to understand 

the behaviour. The autogenous healing of a concrete crack is caused by hydration of 

unhydrated concrete particles, the cracking of the impurity transported through or the 

sedimentation of fractured parts, the swelling of the crush walls with the formation of 

calcium silica hydrogen (C-S-H) and, the formation of CaCO3 mineral products through 

the carbonation of portlandite [27]. 
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Figure 2. 1.Factors that prompt the autogeneous healing of concrete cracks [27]. 

 

Studies exploring the autogenous healing of concrete revealed that the healing capacity 

of concrete varies between crack widths of 10 μm and 300 μm [26], [28], [29]. The 

performance of the reported range is varying and difficult to predict. Nevertheless, 

significant water tightness recovery and partial resistance recovery have been mentioned. 

The water permeability decrease of cracked concrete was observed by Edvardsen [30] as 

a consequence of autogenous crack healing, with 80 to 99%. After autogenous healing, 

Kenneth and Floyd [31]revealed recovery of 25% of tensile strength. These outcomes led 

to the idea of improving autogenous healing or replacing it with a more stable and 

consistent phenomenon. Researchers have therefore developed strategies for improving, 

controlling and predicting the healing of concrete cracks. These contributions can be seen 

as the practical application of autonomous healing functions. 

 

2.1.2. Autonomous Self-Healing Strategies 

The utilization of fracture-induced additives and auto-healing stimulation can be strategic 

for stable, easy to control and consistent self-healing performance. The strategy based on 

capsules and vasculars is considered as additives that result from fracture (Figure 2.2).  
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Figure 2. 2. Approaches to designed self-healing cementitious materials. a) Empty canals, 

filled with a fracture of healing agents, cause damage and leak the healing 

substance in vascular-based self-healing. b) Healing agent is unveiled from 

broken capsules by destruction during capsule based self-healing. c) The 

healing agent has innate self-healing features due to damage or external 

stimulation in its intrinsic method [32]. 

 

Polymer-based healing agents are launched into to the concrete either inner capsules 

during casting or through vascular systems that after crack has occurred in this method. 

Regarding autonomous healing of a 400 μm crack width, 48 to 62% strength regain could 

be accomplished by integrating polyurethane comprising glass tubes in mortar [33]. When 

epoxy-resin microcapsules have been incorporated into the mortar, bending strength 

recoveries have been increased up to 1.3 times compared with the reference sample. 

Compared with autogeneously healed reference sample, the same analysis showed 1.8 

times more compressive strength recovery [34]. No optimized system was still 

accomplished, thus self-healing concrete is being developed through capsule-based 

healing systems. In comparison to capsule systems, vascular systems have been found to 

be useful by allowing on-site healing agents where necessary. This strategy was thought 
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to extend the limits of the healing crack width, but it was observed that the healing agent 

begins to leak from the crack if the crack is too large [28]. With vascular systems, the 

width of the healable crack is 0.3 mm [35]. 

 

Another way of developing self-healing concrete has been to induce and enhance 

autogenous healing. For the improvement of self-healing, researchers used shape memory 

alloys, polymers, natural fibers, bacteria and fibers. It was mainly to limit crack width to 

measures where autogenous healing is the most efficient method that use fibers or shape 

memory alloys. Li et al.[11] have presented fiber aided engineered cement composites 

(ECC). The ECC cracks at several points, resulting in many small-scale micro cracks 

instead of a single larger crack, allowing the crack width to be maintained to 50 μm. The 

permeability of the cementitious materials was also limited to a certain level throughout 

healing using this method. It is possible to obtain reproducible and consistent autogenous 

healing performances [36]. Furthermore, while ECC was used, cracks in the environment 

could be healed without using a particular water treatment [37]. Introducing shape 

memory alloys, that stimulate crack closure throughout structure unloading, was also a 

strategy used to enhance crack healing [38], [39]. 

 

The supply of water inside the crack also is method of stimulation for self-healing. Natural 

or synthetic 3D cross-liable homopolymers or co - polymers with large ability to absorb 

liquids are superabsorbent polymers. In cementitious materials with a small water/binder 

ratio, SAPs were incorporated as an inner curing agent to minimize self-dryer shrinkage 

throughout hardening [40]. In addition, to mitigate the autogenous shrinkage, SAPs can 

be incorporated into concrete materials to enhance the freeze-thaw resistance [41] and 

induce self-determination and self-healing [42]. The self-sealing of cracks occurs 

immediately after finishing the propagation of cracks and the entry of liquid substances 

due to the swelling-off effects of the SAPs [18], [43], [44]. It is also able to modify the 

SAPs as particles, but to be synthesized in situ, that after presence of a crack [45]. 

 

In addition to autogenously created CaCO3, Jonkers described a method of immobilized 

bacterial spores into concrete and hence microbial CaCO3 precipitation (MICP) taken 

place when crack was formed [46]. CaCO3's further formation enhanced concrete's ability 

to self-heal [25]. 
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2.2. Microbial Self-healing of Concrete 

Microorganisms' known to develop calcium carbonate extracellularly via biological 

processes is referred to as MICP. Nadson [47], [48] showed the first comprehensive 

proofs of the activity of CaCO3 precipitation with bacteria. Chemical precipitation of 

substances begins with aqueous solutions while their ions are saturated, and the 

substances cannot be further dissolved. Consequently, an increase of CO3
2- throughout 

the presence of Ca2+ results in precipitation of CaCO3. The bacteria play a significant role 

in MICP during the first transition. The majority of bacteria were found to affect 

precipitation of CaCO3 if circumstances permit. Specific bacterial activity leads to the 

formation of CO2 in aqueous environments and is partly CO3
2- pursued by CaCO3 

precipitate, with Ca2+ being present. Bacteria, nevertheless, have an impact not only from 

the production of CO2.  

 

The existence of Ca2+ ion, dissolved inorganic carbon (DIC), alkalinity, and nucleation 

zones are indicated as the four major driving factors for MICP by Hammes and Verstraete 

[49]. In three of the above criteria, bacteria actively participate. Including CO2, some 

biological processes result to alkalinity production, that changes the carbonate 

equilibrium further to CO3
2-. Furthermore, bacteria could function as nucleation sites 

during in the precipitation method through focusing Ca2+ ions around the oppositely 

charged membrane. The main metabolic activities that can stimulate CaCO3 precipitation 

in the presence of Ca2+ are aerobic or anaerobic respiration, sulfate reduction, aerobic or 

anaerobic oxidation of organic nitrogen compounds, urea hydrolysis, and photosynthesis.  

In order to obtain an improvement or provide an alternative, MICP has been evaluated in 

various areas. MICP use has been described for sandstone formation, soil consolidation 

and, cementitious surface treatments, and generated waste disposal of Ca2+ products [50]–

[57]. In addition, the use of MICP constitutes an efficient method for self-healing 

concrete. The ureolysis pathway is perhaps the most notable route in the application-

based MICP research, however, the development of microbial self-healing concrete was 

studied with aerobic metabolism and ureolysis. 
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2.2.1. MICP Principles 

Biomineralization leads to the development of minerals by microorganisms as a result of 

the reaction of their metabolic pathways with their surroundings. Mineral production has 

been described by various species of bacteria such as silicate associated bacteria, urea 

degrading bacteria, sulfate reducing bacteria (SRB), and unicellular cyanobacteria [58]. 

Bacteria incorporated cementitious material (bioconcrete) can self-repair microcracks 

formed on it by evaluating the environmental conditions arising from the crack formation 

of the bacteria contained in it, multiplying in the crack and precipitating calcium 

carbonate (CaCO3)  in the crack during their metabolic activities. Owing to its large 

integration with cement-based compositions, calcium carbonate is among the most 

suitable concrete fillers. Calcium oxide hydration generates calcium hydroxide, capable 

of reacting to carbon dioxide. These interactions lead to calcium carbonate producing as 

shown by the Eqs. 1 and 2 [59]. Calcium carbonate is among the most simple and effective 

filler particles for plugs of voids, porosity and concrete cracks because it is abundant in 

nature and compatible with cemented compositions [60]. The precipitation of calcium 

carbonate needs adequate calcium and carbonate ions to surpass the solubility coefficient 

(Kso) by the ion activity product (IAP). The saturation status while the comparing of the 

IAP with the Kso (Ω) could be described, i.e., when Ω > 1 is excessive and it is probable 

that the system is oversaturated [61]. 

 

                       Ca2+ + CO3
2-                 CaCO3                                                     (1) 

          Ω = α(Ca2+)α(CO3
2-) / Kso with Kso calcite, 25

o =4.8 x 10-9           (2) 

 

In the concept of bacteria incorparated cementitious system, crack formation provides the 

necessary environmental conditions for the bacteria in the form of endospores (also used 

as spores) to wake up and become active. The carbonate ion concentration is linked to the 

DIC and pH levels of the aquatic environment concerned. The DIC level also varies based 

on a few environmental factors, including thermal conditions and CO2 partial pressure 

[62]. Calcium carbonate (CaCO3) precipitation can take place by two distinct processes, 

as with other biomineralization mechanisms: biologically monitored or triggered [63]. 

The microbe facilitates the process, namely nuclear and mineral particle development, to 

a significant level during biologically monitored mineralisation. Separate from the rest of 

natural circumstances, the microbe composes mineral deposits in a type distinctive 
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towards that species. The bacterial output of calcium carbonate is commonly, but 

nevertheless, considered to be "induced;" the form of mineral generated depends heavily 

on natural circumstances [64]. Bacterial species, and also abiotic factors (such as 

constituents of ambient and salt content), thought to lead to calcium carbonate deposition 

in a lot of formats in a variety of environments [65]. The first of the environmental 

conditions formed by crack formation is the release of food that can be consumed by 

bacteria in the environment [66]. The nutrients used in the content of bioconcrete dissolve 

in the water entering the crack following crack formation and become usable by bacteria 

[67]. Another environmental condition that occurs with the formation of cracks is the 

decrease in the pH of the environment. After the crack formation, the water entering the 

crack dissolves not only the nutrients in the concrete, but also the Ca(OH)2 molecules that 

provide the alkaline structure of the concrete. The removal of OH- ions from the concrete 

as a result of dissolution causes the pH of the environment to decrease to values between 

9.5 and 10.5 [68]. These new pH conditions are suitable for bacteria to consume nutrients 

and perform their metabolic activities [68]. 

 

With the increase in the dissolved nutrient concentration and the decrease in the pH of 

the environment, the inactive endospores (bacteria in the form of spores) in bioconcrete 

consume the nutrients necessary to restart their vital activities in anabolic reactions and 

form active bacterial cells. The newly formed active bacterial cells, on the other hand, 

consume the dissolved food in the environment with both catabolic (to produce the 

necessary energy for their metabolism) and anabolic (to create active new cells by 

growing and multiplying) reactions and carry out microbial activity within the concrete 

crack. As a result of the catabolic reactions that take place at this stage, CO2 is released. 

The released CO2 provides the formation of CaCO3, which provides the closure of the 

crack. Different metabolic activities that have been extensively studied in the literature 

and the CaCO3 precipitation reactions that occur as a result of these metabolic activities 

are shown in Table 2.1. 

 

Table 2. 1.Microbial CaCO3 precipitation metabolisms and reactions commonly reported 

in the literature. 

Metabolic 

pathway 

Reactions that cause CaCO3 precipitation as a 

result of microbial activity 

Type of 

Reaction 

Ca(C3H5O3)2 + 6O2 → Ca2+ + 4CO2 + 2HCO3
– + 4H2O Biochemical 
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Aerobic 

oxidation of 

organic 

carbon 

4CO2 + 2HCO3
– + 6Ca(OH)2 → 6CaCO3 + 6H2O + 

2OH–  
Chemical 

Urea 

hydrolysis 

CO(NH2)2 + 2H2O → 2NH4
++CO3

2– Biochemical 

CO3
2–+ Ca2+→ CaCO3 Chemical 

Anoxic 

oxidation of 

organic 

carbon 

(NO3¯ 

reduction) 

5Ca(HCOO)2 + 4NO3
– → 2N2 + 6HCO3

–+ 4CaCO3 + 

2H2O + Ca2+ 
Biochemical 

6Ca(OH)2 + 6HCO3
– ↔ 6CaCO3 + 6H2O + 6OH– Chemical 

 

2.3. MICP Processes Studied for Microbial Self-Healing Concrete 

Calcium carbonate mineral production in MICP is a result of interaction between multiple 

biological waste products, namely (HCO3−) and, calcium ions in the micro – environment 

[69], [70]. There are different types of microorganism which are studied for self-healing 

mechanism throughout MICP. Table 2.1 demonstrates some of these studies and their 

outcomes. 

 

Table 2. 2. MICP performance by different bacteria and mechanisms. 

Bacterial strain Pathway Study 
Crack healing 

outcomes 

Bacillus 

alkalinitrilicus 

 

 

Bacillus cohnii 

 

Aerobic 

oxidation of 

organic carbon 

[25], [71] 

Crack-healing of up to 

0.46 mm wide cracks in 

bioconcrete was 

obtained. 

 

The crack sealing 

performance of the 

lightweight mortar that  

introduced bacteria is 

enhanced. 

 

Sporosarcina pasteurii 

 

 

Ureolytic 

[46], [72], 

[73] 

No compatibility problem 

was observed. 
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Bacillus lentus 

 

 

 

Bacillus sphaericus 

process  

Capillary water 

absorption of the treated 

limestone was 

considerably reduced by 

strain. 

 

Biodegradation led to a 

decline in water 

permeability due to crack 

sealing. 

 

Diaphorobacter 

nitroreducens, 

Bacillus sphaericus 

Anoxic 

oxidation of 

organic carbon [66] 

Calcite precipitation 

developed adequate crack 

closing up to 0.5 mm 

crack width. 

 

Bacillus subtilis Non-ureolytic [74] 

Within 28 days, cracks 

width up to 1.2 mm were 

fully healed. 

 

Bacillus sp. CT5 

Unidentified 

urease 

producing 

[75] 

Bacteria added to the 

cement mix postponed 

setting time. 

Synechococcus 

PCC8806 
Photosynthesis [76] 

The bacteria produced 

200 μm-270 μm calcium 

carbonate coating upon 

on concrete surface. 

 

Bacillus mucilaginous 
Carbonic 

anhydrase 
[77] 

Healing was observed in 

cracks up to 0.5 mm. 

 

Different bacteria have already been screened as well as a few useful strain for microbial 
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self-healing concrete improvement has been outlined. Sporosarcina pasteurii has been 

MICP's most extensively investigated bacterial in latest years, followed by Bacillus 

subtilis, Bacillus sphaericus, Bacillus mucilaginous, and Bacillus megaterium species. 

Additional bacteria, including such cyanobacteria, sulfate and nitrate reducing bacteria 

have been also evaluated for the possible MICP. In addition, researchers have been tried 

to isolate bacteria from different environments to get new bacterial strains capable of 

causing MICP.  

 

Microbial concrete and mortar have been produced using a wide range of bacteria. 

Because of distinctions in enzymatic mechanism, size, and reaction progression to trigger 

CaCO3 precipitates, the type of bacteria had a significant impact on the performance of 

the concluding MICP products. Mostly, microbial cements or mortars show a resilience 

and durability that is same or greater than normal concretes and mortar. More self healing 

potential has been achieved with bacterial concrete or mortar, which can heal 0.5 mm–

1.0 mm large cracks [77]. Because of the alkaline environment of the cementitious 

materials, it is preferable to protect the microorganisms in a carrier by encapsulation or 

immobilization before using them to the cementitious materials to enhance bacterial spore 

intensity and service life[78], [79]. Studies have previously suggested various types of 

bacterial protective methods and equipment. Diatomaceous earth (DE) was used to 

immobilize bacteria spores, however the smaller grain sizes of DE reduce bacteria loading 

efficiency [80].  In the bacterial protection and healing of cracks with widths of up to 0.46 

mm, Jonkers and Wiktor (36] utilised light weight aggregate (LWA) [81]. In addition, 

polyurethane and silica gel were used to immobilize bacteria and nutrients and 

experiments indicated a greater strength recovery (60%) for cracked mortar samples 

cured by polyurethane immobilised bacteria than for silica gel immobilised bacteria, 

which demonstrated a strength recovery of just 5%. [82]. Another study investigated the 

effectiveness of expanded perlite (EP) as a novel bacteria protection for evaluating crack-

healing in concrete through immobilization of Bacillus cohnii. The results of the 

experiments revealed that samples introduced with EP-immobilized bacteria 

demonstrated effective crack-healing by up to 0.79 mm healed crack width in 28-days 

[83]. Additionally, in another study, a patented polymer-condensation 

microencapsulation process was used to encapsulate bacterial spores. The results revealed 

that healing rate was greater in the samples with bio-microcapsules (48-80%) than in 

samples without bacteria (18-50%) [84]. The other study examined at self-healing using 
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hydrogel-encapsulated bacterial spores (bio-hydrogels). For those cracks less than 0,3 

mm, the healing rates for samples with bio-hydrogels were between 70% and 100% [85]. 

 

The first tests to develop self-repairing bioconcrete by microbial means based on biogenic 

CaCO3 precipitation were carried out using Bacillus alkalinitrilicus bacteria, which 

aerobically oxidizes calcium lactate [25], [46]. In this study, it was stated that Bacillus 

alkalinitrilicus and calcium lactate were placed in the pores on the expanded clay using 

vacuum impregnation and loaded expanded clay particles contained 6.0% by weight of 

calcium lactate and 1.7 × 105 bacterial spores/g particles on it. The resulting expanded 

clay particles were added to the mortar mix as a microbial repair agent (76% by weight 

of cement) to replace 24% of the fine aggregates, and mortar samples containing 5.0 × 

1010 bacterial spores/m3 of mortar were obtained. In the results obtained from the tests 

performed on these samples, it was reported that the 0.46 mm wide cracks formed on the 

mortar samples healed spontaneously when the mortar samples were cured in water for 

100 days [25]. In another study using aerobic heterotrophic bacteria, Bacillus halmapalus 

bacteria, which are active at lower temperatures (8°C) and high salinity (30 g/L NaCl), 

were immobilized in calcium alginate grains to obtain biomortar samples. When the 

samples obtained were tested for 400 µm and 600 µm cracks, it was reported that 400 µm 

and 600 µm cracks in bacterial samples were closed after 56 days of seawater curing. As 

a result of the closure of the cracks, it was reported that the water permeability of 400 µm 

and 600 µm cracks decreased by 95% and 93%, respectively [86]. In another study, it was 

reported that the flow values of the mortar samples with similar content were 30% higher 

and the porosity almost 3 times higher than the reference sample. In the compressive 

strength tests performed with these samples on the 3rd, 7th and 28th days, the strength 

values obtained with the bacterial samples were 68%, 30% and 35% higher than the 

reference sample since some of the fine aggregates were replaced by expanded clay 

containing bacteria reported to be low [71]. However, in the same study, when the 

bacterial samples were compared with the control samples in which the fine aggregates 

were replaced with bacteria-free expanded clay, it was stated that there was a 60% 

decrease in the compressive strength values only on the 3rd day, and the compressive 

strength values on the 7th and 28th days were similar. It has been reported that the effect 

of aerobic bacteria placed in expanded clay on the early age strength is negative, but there 

is no negative effect on the strengths obtained on the 7th and 28th days. In self-healing 

tests with cracked mortar samples of the same content, it was stated that a 350 µm crack 
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self-closed within 28 days in samples with bacteria cured both in completely submerged 

conditions and in wet/dry cycles. It was reported that samples with bacteria regained their 

waterproofness by 69% and 91% at 28 and 56 days, respectively [71]. Studies for large-

scale testing of isolated aerobic heterotrophs are ongoing and no results have yet been 

published [87].  

 

The only disadvantage of aerobic heterotrophs in the development of self-healing 

concrete by microbial means is that metabolic reactions do not contribute to the alkalinity 

required for calcium carbonate precipitation and the precipitation reaction is completely 

dependent on the alkalinity in the concrete (Table 2.1). Since Ca(OH)2 in concrete is 

consumed during crack repair, crack repair may indirectly accelerate the carbonation of 

concrete. 

 

After the first tests with aerobic heterotrophs, urolytic bacteria that perform urea 

hydrolysis metabolic pathway and urea hydrolysis, which provide more CaCO3 

precipitation in a shorter time compared to aerobic oxidation of organic carbon and do 

not need external alkalinity for this process (Table 2.1), have been started to be tested 

[23], [26], [80]. In the first study using only urolytic bacteria, they obtained a self-healing 

biomortar of 150-170 µm cracks by using the immobilized effects of Bacillus sphaericus 

in diatomaceous earth [80]. After that, when the same bacterial species were immobilized 

in microcapsules, a significant increase in the crack healing performance of the developed 

biomortars was observed. It has been reported that biomortar samples containing 3.0% 

and 5.0% by weight of cement microcapsules with bacteria can repair 400 µm wide cracks 

within 56 days [26]. In another study, Bacillus sphaericus spores were individually 

immobilized with zeolite, metakaolin and air entrainer containing 0.1 g spore/g material, 

and the setting and compression strengths of microbial self-healing biomortars obtained 

using these materials were tested [88]. The setting start times of the bio-mortars 

containing 5.0% bacterial zeolite, 5.0% bacterial metakaolin and 1.0% bacterial air 

entrainer by weight of cement were determined as 210 minutes, 300 minutes and 270 

minutes, respectively, and setting end times were 520 minutes, respectively , was 

determined as 540 minutes and 450 minutes [88]. Among these mixtures, it was reported 

that the compressive strengths of the mortar mixtures containing bacterial metakaolin and 

bacterial air entrainer were 30% lower than the reference sample at the 7th and 28th days. 

It was stated that the mortar containing zeolite with bacteria had approximately 10% 



 18 

lower compressive strength compared to the reference sample on the 7th and 28th days 

[88]. In another study, Bacillus sphaericus spores were added directly (without 

immobilization) at the rate of 0.5% and 1.0% by cement weight, and it was reported that 

the compressive strength of the obtained biomortar sample was 60% lower than that of 

the reference mortar sample [89]. When the unimmobilized bacterial spore dose was 

increased to 3.0% and 5.0% by weight of cement, it was stated that no measurable 

compressive strength could be obtained even after 56 days [89]. On the other hand, 

although the 2nd day compressive strength of the biomortars prepared using 0.5% and 

1.0% by weight of cement, Bacillus sphaericus spores immobilized with diatomaceous 

earth, are 38% and 50% less, respectively, compared to the reference mortar sample; it 

has been reported that the compressive strength at the end of 56 days is only 10% lower 

than the reference sample [89]. It was stated that the biomortar sample prepared by using 

3.0% cement weight and Bacillus sphaericus spores immobilized with diatomaceous 

earth showed 55% lower compressive strength compared to the reference sample at the 

end of 56 days. Another widely studied urolytic bacteria species for the urea hydrolysis 

metabolic pathway is Bacillus pasteurii. In a recent study, it was reported that mortar 

samples containing 1.4 × 1013 bacterial spores/m3 of mortar were able to spontaneously 

repair cracks up to 300 µm wide in 28 days [90].  

 

The application of axenic cultures was favored in the first microbial self-healing 

investigations because these studies primarily consider evidence of healing ideas through 

the study of different metabolic pathways. The observed type of microbial self-healing 

cementitious materials, on the other hand, can cost up to 2400 EUR/m3 [91]. The aseptic 

manufacturing process of axenic cultures and effective carriers (such as the 

abovementioned microencapsulation etc.) for the introduction of bacteria into concrete 

account for the high prices [91]. Non-axenic biogranules can be introduced as a promising 

generation bacterial healing agent as a cost-effective option to axenic cultures. 

 

A non-axenic urolytic culture was developed for use in self-healing cementitious 

composites developed using urolytic bacteria [29]. This mixed culture, named "Cyclic 

Enriched Urolytic Powder" (CERUP), which is obtained by culturing different urolytic 

bacteria together, eliminates the need for extra protective material, and when used at a 

rate of 1.0% and 2.0% by cement weight, 2-day, 7-day; it has been reported that there is 

no negative effect on the 28-day and 52-day compressive strength values [29]. It has been 
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stated that biomortars obtained by using 2.0% CERUP by weight of cement can 

spontaneously repair crack widths up to 400 µm within 28 days. However, there is no 

information about the effects of using different doses of CERUP on strength, setting and 

self-healing capacity.  

 

In a recent study, the 3.5 m3 ceiling slab of one of the control points of the wastewater 

collection line was made with concrete prepared using 1.0% CERUP by weight of cement. 

Concrete with dimensions of 100 mm × 100 mm × 400 mm poured using the same mixture 

was cracked in the laboratory and its self-healing performance was monitored for 6 weeks 

[92]. It has been reported that the best performance is obtained in wet/dry cycles, and that 

bioconcrete can self-heal cracks up to 400 µm when cured with wet/dry cycles for 6 

weeks, and can heal cracks up to 200 µm in 6 weeks when curing submerged in water. It 

was especially emphasized that the self-healing performance could not be examined since 

there is no crack in the concrete in the application area yet. Another recent study 

introduced the use of anaerobic granular sludge as another alternative bioconcrete for the 

mitigation of sewer corrosion. The corrosion rates of 1% and 2% (of the cement weight) 

bioconcrete were approximately 17.2% and 42.8% lower than that of the control concrete 

[93]. 

 

2.3.1. Cementitious Composites that Self-heal via Nitrate Reduction 

In both of the above-mentioned metabolisms (aerobic oxidation, urea hydrolysis) bacteria 

are directly or indirectly dependent on dissolved oxygen, and because the by-products 

(NH4
+ and NH3) formed as a result of urea hydrolysis are harmful to the binders in 

concrete and living organisms in aquatic environments [94], an alternative metabolic 

route necessity has emerged. In this context, it has been stated that nitrate-reducing 

bacteria (which can oxidize organic carbon to CO2 under anoxic conditions by using 

nitrate instead of oxygen) can be a more environmentally friendly and more efficient 

alternative for biomineralization in environments such as cracks where oxygen is limited 

[66], [95]. Since the nitrate reduction metabolic pathway also produces alkalinity, it 

requires less concrete alkalinity compared to aerobic oxidation of organic carbon (Table 

2.1). The operability of the nitrate reduction (denitrification) metabolic pathway was 

demonstrated using nitrate-reducing axenic bacteria, Diaphorobacter nitroreducens and 

Pseudomonas aeruginosa [95]. In this study, in which expanded clay and granular 
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activated carbon were used to protect the bacteria in the mortar, each bacterial species 

was loaded on the protective porous carriers at an average rate of 0.1 g/g using vacuum 

impregnation method. Mortar samples containing bacteria at the rate of 0.5% by weight 

of cement were prepared by using granular activated carbon with bacteria and expanded 

clay particles with bacteria. It has been reported that the obtained mortar samples can self-

heal cracks up to 370±20 µm wide in 28 days and self-repair cracks up to 480±16 µm 

wide in 56 days [95]. It has been stated that up to 85% of waterproofing can be recovered 

in healed cracks. In addition, since the activity of bacteria is independent of dissolved 

oxygen, it has been reported that, unlike other metabolic pathways, bacteria are active in 

the depths of the cracks and heal in the form of layers [95]. Since the protective porous 

carriers used in the study were used in addition to fine aggregates, it was stated that there 

was no loss of strength. In another study, the compressive strengths of the mortar samples 

containing Diaphorobacter nitroreducens, which were loaded separately on diatomic 

soil, expanded clay and granular activated carbon at a rate of 0.1 g/g, were compared with 

the reference mortar sample and the mortar sample containing bacterial diatomaceous 

earth was compared at the 7th and 28th grades. It has been reported that the compressive 

strengths obtained per day are the same as the reference sample, and the compressive 

strengths of the mortar samples containing expanded clay with bacteria and granular 

activated carbon with bacteria are 15% and 20% better, respectively, than the reference 

mortar sample, regardless of the day [88].  

 

Non-axenic cultures could be used in cementitious materials in the form of granular 

bacterial cultures [66]. The methodical placing of bacterial cultures in a compact form is 

one of the major benefits of granulated bacterial cultures [96]. Denitrifiers, polyphosphate 

collecting bacteria, nitrifiers, and aerobic heterotrophs can live side by side in granules 

[96]. Furthermore, for the preservation of the core bacteria, layered structure and the 

compact shape of granular biomass are beneficial [97]. Researches have shown that, 

where necessary, granular bacteria can be dried and stored in order to reactivate later [98]. 

Ersan et al. [66] developed non-axenic nitrate-reducing biogranules for use in self-healing 

cementitious composites developed using nitrate-reducing bacteria. The biogranules 

obtained by the production of different nitrate-reducing bacteria in the biogranulation 

reactor are called “Activated Compact Denitrfying Core” (ACDC). The bacterial content 

of ACDC granules was stated as 0.7g/g, and it was reported that these granules eliminate 

the need for extra protective material and do not have a negative effect on the 7 and 28 
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day compression strength when used at a rate of 0.70% by cement weight [88]. In 

addition, at the same dose, it was stated that the setting start time was 180 minutes and 

the set end time was 310 minutes [88]. The use of Activated Compact Denitrifying Core 

(ACDC) biogranules in accordance with certain concrete admixtures enhanced the self-

healing ability of the mortar samples. In addition to being effective for early age cracks, 

microbial self-healing using a culture of ACDC closes cracks occurring in aged samples. 

Microbial induced CaCO3 minerals have similar mechanical properties to the 

autogenously formed CaCO3 minerals when compared through micro indentation [66]. 

Additionaly, biomortar samples containing 0.70% ACDC granules by weight of cement 

can self-repair cracks up to approximately 0.50 mm wide within 28 days, the 

waterproofing of healed 400 µm cracks is 83% better than autogenous healing, and the 

cracks can be repaired by itself.  It has been reported that the calcium carbonate layer that 

closes can reach up to 1 cm thick in places [66], [99]. However, there is no information 

on how these biogranules affect the setting time, mechanical properties and self-healing 

performance when used in different doses in the studies conducted so far. 

 

Some bacterial species that have been tested for bioconcrete development and their 

metabolisms are given in Table 2.2. At the last point, it has been reported that mixed 

cultures such as non-axenic CERUP, ACDC are more practical in terms of use in large 

scales and more suitable in terms of production costs compared to axenic cultures [29], 

[100]. Considering the adverse effects of the different metabolic pathways investigated 

for the development of self-healing concrete by microbial means on the concrete matrix 

and aquatic environments (Table 2.1), it can be said that nitrate-reducing biogranules, the 

by-product of which is inert nitrogen gas, are slightly more advantageous than the other 

microorganisms and microbial cultures examined. 

 

2.4. Up to Date Research Needs for MICP 

Priority has been given to the functionality of different metabolic pathways and the 

proving of the concept of “bioconcrete that self-repairs by microbial means” in the studies 

carried out to date. Variables for the mix design of self-healing bioconcrete by microbial 

means are mostly ignored. In the studies, almost all of which were carried out at 

laboratory scale, mortar mixtures were used to represent concrete samples, and analyzes 

were carried out to determine whether the designed system was functioning by putting 
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both nutrients and bacteria in the mortar more than necessary. One of the materials used 

in the production of self-repairing bioconcrete by microbial means, at least as important 

as bacteria, is the nutrients added to the mixture and consumed by the bacteria during 

their proliferation and energy production activities after crack formation. At the last point, 

calcium formate and calcium nitrate are used as nutrients in self-healing cementitious 

composites obtained by using biogranules (ACDC) by microbial means [66], [99], [101]. 

As seen in Equation 3, these chemical additives directly affect the precipitated CaCO3 

amount. In a recent study on the optimization of nutrient content, in cementitious 

composites that repair itself microbially through nitrate reduction, considering the 

workability, mechanical properties and the amount of nutrients available to bacteria in 

case of cracks, the optimum amount of nutrients to be used in the mixture is 5% calcium 

formate and 2% by weight of cement. determined as calcium nitrate [67]. 

 

5Ca(HCOO)2 + 2Ca(NO3)2 + 3Ca(OH)2 → 2N2 + 10CaCO3 + 8H2O    (3) 

 

In addition to nutrient optimization studies, the optimization of bacteria amount is also of 

great importance. When the studies in the literature are examined, it has been reported 

that different bacterial species and concentrations have different effects on strength and 

setting [71], [88], [89], [102]–[104]. In addition, the minimum amount of bacteria 

required in the environment in terms of CaCO3 precipitation and the effect of increasing 

bacteria amount on CaCO3 precipitation efficiency have been stated in previous studies 

[49], [105], [106]. It is thought that the amount of precipitated CaCO3 and the 

precipitation efficiency will also directly affect the healing of concrete cracks. However, 

there has not been a comprehensive study on the optimization of the bacterial amount and 

the minimum amount of bacteria required to obtain self-repairing bioconcrete by 

microbial means. 

 

2.5. The Aim and Scope of the Thesis 

Bacteria used in the content constitute a large part of the cost of self-healing bioconcrete 

[91]. Despite its great importance, unfortunately, the amount of bacteria used in self-

healing cementitious composites, which have been developed up to now and have 

achieved positive results, has not been determined by considering any reference. The 

minimum amount of bacteria that bioconcrete should contain for self-repair has not been 
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specified, and no study has been conducted on the changes in healing capacity and speed 

depending on the amount of bacteria.  

 

Conducting a study covering these requirements is of great importance in terms of 

clarifying the mixture composition of self-healing bioconcrete according to certain 

parameters and minimizing unnecessary costs.  From the point of view of Turkey, the 

number of studies on self-healing cementitious composites by microbial means is 

negligible. Bioconcrete technology that repairs itself by microbial means has been heard 

recently and started to be researched with limited knowledge. The researches mostly 

repeat the existing literature and make limited contribution to the development of 

technology both in the world and in Turkey.  

 

Considering all abovementioned requirements, the scope of this thesis has been created 

on concrete and cementitious composites that are self-healing with biogenic nitrate 

reduction, which is described as an environmentally friendly process at the last point of 

the literature.  In this context, bacteria were tested in the form of nitrate-reducing 

biogranules. In this completed thesis study, the effect of the amount of bacteria used in 

the microbial self-healing cementitious composites on the setting time, compressive 

strength and self-healing capacity of the mortar was investigated. In addition, the 

minimum amount of bacteria in the form of biogranules required to obtain a self-healing 

mortar mixture by microbial means was determined. By determining the required 

minimum amount of biogranules, the new cost of microbial self-healing bioconcrete was 

determined and compared with the costs reported in previous studies. It is thought that 

the information obtained will contribute to repairing wider cracks in bioconcrete that 

heals itself by microbial means, providing surface closures as well as volumetric 

improvements and reducing the cost of technology. 
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3. MATERIALS AND METHODOLOGY 

The production of nitrate reducing biogranules, preparation of bacterial and non-bacterial 

mortar samples, tests and analyses on fresh and hardened mortar samples are explained 

in detail in this section. 

 

3.1. Production of Biogranules Containing Nitrate-Reducing Bacteria 

The vaccine sludge required for the production of biogranules was taken from the 

advanced biological waste water treatment plant of Kayseri Sugar Factory. The amount 

of water has been reduced as much as possible by settling the collected vaccine sludge. 

The amounts of suspended solids (TSS) and volatile suspended solids (VSS) of the 

resulting dense sludge, are given in Table  3.1. 

 

Table 3. 1. VSS and TSS content of concentrated grafting sludge. 

Parameter1 Amount 

TSS (mg/L) 24360 

VSS (mg/L) 21924 

pH 7.7 

1VSS: Volatile suspended solids; TSS: Total suspended solids 

 

3 bottles of 1 L each were filled with concentrated vaccine sludge, and a total of 3 L graft 

sludge was pasteurized to purify it from possible vegetative pathogens. In the 

pasteurization process, glass bottles filled with mud were heated up to 80 ºC in a water 

bath and kept at this temperature for 30 minutes, then cooled in an ice-filled container. 

Since the microorganisms that could not form spores in the graft sludge died at the end 

of pasteurization, a lower concentration of nutrients was given in the first days of 

operation in order for the system to get used to the new operating conditions and for the 

growth of resistant microorganisms remaining in the sludge. 

 

However, in the thesis, dried forms of biogranules, which were previously prepared by 

precipitation and various processes, were used. Biogranules are produced by feeding from 

their dried form. Afterwards, the dry biogranules were placed in a sequential batch reactor 

(SBR) (Figure 3.1) with an inner diameter of 124 mm and an effective height of 60 cm, 
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and the reactor was operated with a 50% volume change. Feeding and discharging of the 

nutrients used were carried out in the same period, and a 50% volume change was realized 

in this period. Fresh food was fed by a peristaltic pump from the bottom of the reactor, 

while the consumed nutrient solution was collected from the top of the reactor. The 

reactor was operated for a total of 240 days. 

 

Figure 3. 1. Biogranule production reactor with a total effective operating volume of 7.24 

L and operated at a 50% volume change rate. 

 

The operating method and parameters applied in the SBR for the granulation of bacteria 

are compatible with the biogranule production applied in the previous studies of the thesis 

co-advisor [66], [97]. In order to ensure the selection of biogranules that can be integrated 

into the concrete, the pH of the nutrient solution was kept at 10 during the operation. 

 

Since the biogranules produced in the reactor will be used in the mortar samples that do 

not contain vitamins and micronutrients, the reactor was fed with a minimal nutrient 

solution (nutrient free of vitamins and micronutrients). The nutrient mixture used after 

the total COD and TN concentrations were fixed is given in Table 3.2 [107]. 
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Table 3. 2. The content of the nutrient solution used in the production of biogranules. 

Nutrients Concentration 

(mg/L) 

NaHCOO 3239 

NaNO3 331 

Ca(NO3)2 267 

MgSO4.7H2O 89 

KH2PO4 13 

 

3.1.1. Monitored Parameters for Biogranulation 

The granulation process of the bacteria was continuously monitored by sludge volume 

indices (SVI) of 30 minutes and 5 minutes. The SVI30 / SVI5 ratio used in biogranulation 

studies in the literature was used to determine the percentage of granules in the reactor 

[108]. In addition, in order to understand whether the operated reactor content is granular 

or not, the 50 ml / g limit SVI30 value specified in previous studies was also followed 

[109] 

 

In the literature, sizes up to 200 µm are classified as flock, and pellets larger than 200 µm 

are classified as granules [110]. Therefore, the percentage of granules in the reactor was 

evaluated by performing sieve analysis into the 750 mL mixture taken when the reactor 

was fully mixed. Steel screens of 0.210 mm, 0.450 mm, 0.850 mm, 1.00 mm and 2.00 

mm were used in the sieve analysis. Granule percentage was calculated using the formula 

in Equation 4. 

                      𝐺𝑟𝑎𝑛𝑢𝑙𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑚𝑑>0,210𝑚𝑚

𝑚𝑇
 × 100                                  (4) 

 

md> 0,210mm: Dry weight of bacterial balls larger than 0,210 mm, 

mT: the dry weight of the total bacterial culture in the sieved solution. 

 

3.1.2. Quality Control of Produced Biogranules 

The presence of the desired denitrification bacteria in the center of the biogranules was 

monitored by kinetic measurements (sampling every 15 minutes) performed during the 

aerobic period during the SBR operation over total nitrogen removal and COD removal. 
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Nitrate and COD removal in the anoxic period was performed to determine the presence 

of nitrate reducing bacteria, and the kinetic monitoring of the nitrate removal and total 

nitrogen amount in the aerobic period was performed to determine whether the nitrate 

reducing bacteria were at the center of the biogranules. 

 

By performing Fourier transform infrared (FTIR) analysis on the biogranules, it was 

determined whether the desired CaCO3 and Ca3(PO4)2 minerals were present in the outer 

part of the granules. In addition, the granules were imaged under the scanning electron 

microscope (SEM) combined with energy dispersive X-ray spectroscopy (EDS) and the 

distribution of the minerals in the biogranules within the granule was determined by 

element mapping. 

 

The 1- and 24-hour water absorption amounts of the produced biogranules were tested. 1 

g of dried biogranule was taken and kept in tap water for 1 hour (Figure 3.2-c). 

Afterwards, the filtration device was operated and all the water was passed through the 

filter (Figure 3.2-b). The water absorption amount was calculated using the weight of the 

water absorbed granules remaining on the filter. The same procedure was repeated, 

keeping 1 g of dry granules under water for 24 hours (Figure 3.2-a). 

 

 

Figure 3. 2. Vacuum filtration test setup to determine water absorption of dry biogranules; 

(a) dry biogranules soaked in water for 1 h and 24 h; (b) vacuum filtration 

setup; (c) filtration of non-absorbed water; (d) surface saturated dry 

biogranules. 
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3.2. Methodology 

This section of the thesis explains in detail the mixture development, preparation and 

experiments used in the study. 

 

Biogranule samples taken from the reactor were generally analyzed following sampling. 

In cases where the analyzes could not be performed immediately, the biogranule samples 

were stored in the refrigerator at +4°C. SVI measurements in the reactor were carried out 

in accordance with the protocol given in standard methods [111]. TSS and VSS analyzes 

on biogranule samples taken from the reactor were also performed using a 105 °C drying 

oven and 650 °C muffle furnace according to the procedure described in standard methods 

[111]. 

 

The dried biogranules were pulverized with the help of a pestle and a portion of the 

obtained powder was taken (< 5mg) and the FTIR spectrum was obtained. The FTIR 

spectra presented in the thesis were obtained from 32 scanning results in the range of 

4000–500 cm-1, with a resolution of 4 cm-1. 

 

Some of the samples taken randomly from the dried biogranules were divided into two 

parts and some were viewed as a whole under scanning electron microscopy (SEM) 

combined with energy dispersive X-ray spectroscopy (EDS). Biogranules were coated 

with carbon before imaging. Micrographs of the coated biogranules were obtained using 

a secondary electron detector under 15 kV voltage. In addition, Ca, P and O elements 

were mapped in biogranules and bisected biogranules with the help of EDS, and the 

distribution of minerals and bacteria in biogranules was determined. 

 

3.2.1. Preparation of Mortar Samples and Determination of Their Self-healing 

Capacities 

Since the results obtained from mortar samples can be used to represent the results 

obtained from concrete, it is more advantageous to use mortar samples in laboratory-scale 

tests of new technologies. For this reason, the mortar samples would be used to represent 

the concrete samples. Therefore, the tests in this thesis study were made on the mortar 

and the mortar samples were prepared in accordance with the EN 196-1 standard with a 
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sand: cement: water ratio of 3.0: 1.0: 0.5. DIN EN 196-1 sand (1350 g), CEM I 42,5R 

cement (450 g) and tap water (225 g) were used as basic mortar components. Reference 

samples were prepared with this mixture. Apart from the reference sample, nutrient-only 

abiotic control samples (referred to throughout the text as "control sample") were 

prepared and in addition to the basic mortar components, 5.00% calcium formate (22.50 

g) and 2.00% calcium nitrate (9.00 g) was used. 

 

The main differences of biomortar mixes from normal mortar mixes are the bacteria in its 

content, bacteria carriers, if any, and nutrients required for the activity of bacteria. In this 

study, the amount of nutrients used in biomass was fixed as 5.00% calcium formate and 

2.00% calcium nitrate by weight of cement. These values were determined on the basis 

of the optimization study [67] conducted by co-advisor’s previous studies by evaluating 

the amount of nutrients available for bacteria after crack formation in cement composites 

with different nutrient content, which are self-repairing by microbial means. 

 

While preparing the samples of bio-mortar, in addition to the basic mortar components 

and nutrients, different doses of bacteria (varying between 0.25% and 3.00% by weight 

of cement) were added in the form of biogranules produced in the biogranule reactor and 

passed quality control tests, and the increase in the amount of biogranules. The effects on 

3-, 7-, 28- and 56-days compressive strength were investigated. Thus, while developing 

cementitious composites that repair themselves by microbial means, the maximum 

amount of bacteria in the form of biogranules that can be used without negatively 

affecting fresh and hardened mortar behavior was determined in the mixture. When 

determining the effect of the bacteria dose, the behavior of the abiotic control sample that 

did not contain bacteria but only contained nutrients rather than the reference sample was 

taken into account. Starting from the maximum amount of bacteria determined according 

to these criteria (2.50% by weight of cement), the amount of bacteria in the form of 

biogranules is reduced in steps of 0.25% by weight of cement, and all mixtures between 

2.50% and 0.25% have self-repair capacity and self-repair speed. It has been evaluated in 

terms. Finally, the minimum amount of bacteria required to obtain a cementitious 

composite that repairs itself by microbial means was determined by comparing the self-

healing capacity of the mortars prepared using the doses of 0.05% and 0.10% by weight 

of the cement compared to the control and reference sample. While examining the mortar 
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properties and self-healing capacities, the prepared mortar mixtures and their contents are 

given in Table 3.3. 

 

The particle sizes of the biogranules used in the content of bio-mortar samples vary 

between 0.45 and 2.00 mm. The particle size distribution of the biogranules was kept the 

same in all the biomass samples tested in this study. Accordingly, 50% by weight of the 

total amount of biogranules used in each bio-mortar mixture is from biogranules with a 

size of 1.00-2.00 mm, 35% by weight is from 0.85-1.00 mm in size and 15% by weight 

is 0.45. It consists of –0.85 mm sized biogranules. The amount of biogranules of different 

sizes added to different bio-mortar mixtures is given in Table 3.3. 

 

While determining the minimum bacteria dose, values below 0.05% by weight of cement 

could not be tested within the scope of this study. Because, with the particle size 

distribution tested within the scope of this thesis, biogranules with dimensions between 

0.45-2.00 mm (0.45-0.85 mm by 15%, 0.85-1.00 mm at 35%, 1.00–2.00 mm by 50%). It 

is not possible to obtain a homogeneous mixture when is added in doses less than 0.05% 

by weight of cement. Since this situation will significantly reduce the possibility of 

possible cracks to coincide with biogranules, it was predicted that healthy results could 

not be obtained and lower doses were not tested. 

 

Table 3. 3. The mortar mixes and their contents prepared in different test sets. 

Research question 
Mortar 

mixtures1 

Biogranule2 amount (g) 
CF3 

(g) 

CN 

(g) 
0.45 – 

0.85 mm 

0.85 – 1.00 

mm 

1.00 – 

2.00 mm 

Maximum amount 

of bacteria that can 

be used 

Reference - - - - - 

Control - - - 22.50 9.00 

Bio-0.25% 0.24 0.56 0.81 22.50 9.00 

Bio-0.50% 0.48 1.12 1.61 22.50 9.00 

Bio-0.75% 0.72 1.69 2.41 22.50 9.00 

Bio-1.00% 0.97 2.25 3.21 22.50 9.00 

Bio-1.50% 1.45 3.37 4.82 22.50 9.00 

Bio-2.00% 1.93 4.50 6.43 22.50 9.00 

Bio-2.50% 2.41 5.62 8.04 22.50 9.00 

Bio-3.00% 2.89 6.75 9.64 22.50 9.00 
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The effect of 

bacteria dose on 

self-healing 

capacity 

Reference - - - - - 

Control - - - 22.50 9.00 

Bio-0.25% 0.24 0.56 0.81 22.50 9.00 

Bio-0.50% 0.48 1.12 1.61 22.50 9.00 

Bio-0.75% 0.72 1.69 2.41 22.50 9.00 

Bio-1.00% 0.97 2.25 3.21 22.50 9.00 

Bio-1.25% 1.21 2.81 4.02 22.50 9.00 

Bio-1.50% 1.45 3.37 4.82 22.50 9.00 

Bio-1.75% 1.70 3.94 5.61 22.50 9.00 

Bio-2.00% 1.93 4.50 6.43 22.50 9.00 

Bio-2.25% 2.17 5.06 7.23 22.50 9.00 

Bio-2.50% 2.41 5.62 8.04 22.50 9.00 

Minimum amount 

of bacteria required 

for microbial 

healing 

Bio-0.05% 0.05 0.11 0.16 22.50 9.00 

Bio-0.10% 0.10 0.23 0.32 22.50 9.00 

1 Sand: cement: water quantities 1350 g: 450 g: 225 g are kept constant in all mixtures, and the 

percentages given in bio-mortars show the amount of bacteria by weight of cement. 

2 Biogranules contain 70% bacteria and 30% mineral by weight. 

3 CF: Calcium formate. CN: Calcium nitrate. 

 

3.2.2. Tests on Fresh Mortar Samples 

Setting experiments were performed according to ASTMC807 standard using automatic 

vicat equipment (Matest E0440N Vicatronic, Italy). The results obtained were evaluated 

considering the minimum setting starting time of 60 ± 12 minutes and the minimum 

setting termination time of 90 ± 20 minutes given in ASTM C191-04 and NBN EN 1008 

standards. The 12-minute and 20-minute standard deviations given in the limit values are 

the standard deviation values given for the tests carried out by a single operator in the 

ASTM C191-04 standard. 

 

Flow table tests on fresh mortar samples were made according to the NBN EN 1015-3 

standard. In the NBN EN 1015-3 standard, it is stated that the flow value of the tested 

sample must differ by at least 10% from the flow value of the reference sample in order 

for the flow properties of a mortar mixture to be different from the reference mortar 
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mixture. While evaluating the results of the flow tests performed in this thesis in terms of 

consistency and workability, the deviation limit of 10% specified in the NBN EN 1015-

3 standard was taken into account, and comparisons of bio-mortar were made according 

to both reference and control samples. 

 

3.2.3. Tests on Cured Mortar Samples 

Compressive strength tests were carried out on the 3rd, 7th, 28th and 56th days to examine 

the effect of changing bacteria dose on the strength and strength development of the 

hardened mortar samples. Compressive strength tests were carried out according to 

ASTM C109 standard, using 50 mm × 50 mm × 50 mm cube samples. 50 mm × 50 mm 

× 50 mm mortar samples were kept at room temperature in airtight sealed plastic bags for 

24 hours in order to prevent the evaporation of the water contained. Then, the samples 

taken out of the molds were named and placed in airtight plastic locked bags and kept 

until the test day. On the test day, samples were taken out of locked bags and tested with 

a loading speed of 2 kN / s using a compressive strength test equipment (UTC-5700, 

Turkey) with a loading capacity of 300 kN. The tests were carried out on days 3, 7, 28 

and 56. The strength values obtained in the bio-mortar samples were compared with the 

reference and control samples. At least three samples were used for each test, and mean 

values and standard deviations are presented. 

 

3.2.4. Preparation of Bioconcrete Mixtures 

In addition to the mortar samples, considering the recommendations made in the 

development report, bio-concrete samples containing two different doses of bacteria were 

prepared to examine their mechanical properties. Based on ACI 211 principles for one 

cubic meter of concrete mix, the designed concrete content is 966 kg / m3 coarse 

aggregate, 870 kg / m3 fine aggregate, 394 kg / m3 CEM I 42.5R cement and 236.4 kg / 

m3 tap water. in the form. The water / cement ratio was determined as 0.6, taking into 

account the amount of water added in terms of workability while preparing the reference 

mixture. In the mixture, aggregates with dmax = 16 were used as coarse aggregates, and 

aggregates varying in size between 4 mm and 12 mm were used as fine aggregates. It is 

aimed to obtain C25 / 30 properties in the reference mixture. The granulometry curve for 

the maximum aggregate size is given in Figure 3.3. 



 33 

 

 

Figure 3. 3. Fine and coarse aggregate granulometry compared to the ideal granulometry 

curve. 

 

The concrete mixture is prepared to be poured into 100 mm × 100 mm × 100 mm molds 

that are suitable in TS-EN-12390-1. 10 L of concrete was poured for each different 

mixture. The base concrete mixture was used as the reference sample and in addition to 

these, 5.00% calcium formate (19.70 kg / m3) and 2.00% calcium nitrate (7.88 kg / m3) 

were used in the control sample. In order to determine the upper and lower limit in 

bioconcrete mixtures, in addition to the control sample mixture, 0.25% bacteria (1.4 kg / 

m3 biogranule) and 2.50% bacteria (14.1 kg / m3 biogranule) are added by the weight of 

the cement and content of bioconcrete sample was prepared. Prepared concrete samples 

and their contents are given in Table 3.4. After the samples were poured into 100 mm × 

100 mm × 100 mm molds, they were placed on the vibration table and placed at a 

frequency of 50 Hz (3000 rpm), then the molds were covered with a nylon for 24 hours 

at room temperature (Figure 3.4-a). After it was removed from the molds, it was taken 

into the water tank and cured until the test day (Figure 3.4-b). 

 

In order to understand the workability of the samples in fresh concrete, the slump test was 

carried out in accordance with the EN 12350-2 standard. The workability of bioconcrete 

is compared with reference and control samples, taking into account the minimum 50 ± 

25 mm and maximum 80 ± 25 mm sag values defined as the limit values for the reference 

sample in the EN 12350-2 standard. The compressive strengths of the hardened 
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bioconcrete samples at 28 and 56 days were compared to the reference and control 

concrete samples. 

 

Table 3. 4. Tested bio concrete mixtures and their contents. 

Concrete 

mixtures 

Biogranule 

amount1 

(kg/m3) 

CF2 

(kg/m3) 

CN2 

(kg/m3) 

Coarse 

aggregate 

(kg/m3) 

Fine 

aggregate 

(kg/m3) 

CEM 

 42,5 R 

(kg/m3) 

Water 

(kg/m3) 

Reference - - - 966.0 870.0 3940 236.4 

Control - 19.7 7.9 966.0 870.0 394.0 236.4 

Bio-0.25% 1.4 19.7 7.9 966.0 870.0 394.0 236.4 

Bio-2.50% 14.1 19.7 7.9 966.0 870.0 394.0 236.4 
1 Bacteria:Biogranule ratio 0.7 g/g. 
2 CF: Calcium formate. CN: Calcium nitrate. 

 

 

 

Figure 3. 4. Preparation of bio concrete mixtures in (a) 100 mm × 100 mm × 100 mm 

molds and (b) curing in the water tank until the test day. 

 

3.2.5. Determination of Self-healing Capacity in Biomortars 

The contents of the bio-mortar samples prepared for the self-healing capacity tests are 

given in Table 3.1. The mortar mixes prepared in accordance with the EN 196-1 standard 

were poured into 30 mm × 30 mm × 340 mm steel molds, with a ~ 500 mm long and 6 

mm diameter ribbed steel reinforcement in the middle. 

 

Molded mortar samples were separated from their molds after being kept in airtight sealed 

bags for 24 hours at room temperature (Figure 3.5-b). The steel reinforced mortar samples 

separated from the molds were named and placed in airtight plastic locked bags to prevent 

the evaporation of the water contained and kept at room temperature for 28 days (Figure 

3.5-c). In this process, it was confirmed that curing was performed without evaporation 
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by monitoring whether there was evaporation with water in a container placed in sealed 

bags. 

 

Figure 3. 5. Steel molds used in microbial self-healing bio-mortar tests (a) while preparing 

mortar samples; (b) samples of reinforced mortar removed from molds; (c) 

samples of reinforced bio-mortars stored in airtight sealed bags; (d) forming 

cracks in samples of reinforced bio-mortars; (e) curing of cracked samples of 

bio-mortars in water. 

 

In order to perform self-healing tests, mortar samples were subjected to uniaxial tensile 

test at a speed of 0.01 mm/s on day 28, and many cracks of different sizes were obtained 

on the sample (Figure 3.5-d). Uniaxial drawing was performed by placing 80 mm ribbed 

steels outside on both sides of the mortar sample between the jaws of the pulling 

equipment (Figure 3.5-d). The cracks were viewed and analyzed under the microscope, 

and the crack widths at t0 were determined for each individual sample. The cracked 

samples were then cured in individual containers, completely immersed in tap water for 
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four weeks (Figure 3.5-e). The samples were taken out of tap water every week and left 

to dry for a while, and then the crack healing percentage was calculated using the formula 

given in Equation 5 by taking the images of the cracks via macroscope (Leica Z16 APO). 

At least 60 points were measured for each crack width and the healing performances of 

these 60 points were analyzed and average values and standard deviations were presented. 

 

                         Crack healing % = [1- (wt / w initial)] × 100                                (5) 

 

wt = crack width measured at any time t (days) 

winitial = crack width before any improvement, at time t0 

 

In order to compare autogenous and microbial healing, the crack healing performances of 

the reference (sample containing only basic mortar components) and control (sample 

containing nutrients in addition to the basic mortar components) were examined in the 

same way with the biogranulated samples. 

 

Samples with a crack healing efficiency of 90% and above within the scope of this 

completed thesis are defined as self-healing samples. Apart from that, in self-healing 

samples, the widest crack gap, which heals 90% and above and at the same time, in cracks 

narrower than itself, has an acceptable high percentage of closure, was determined as the 

self-healing capacity of the sample. The lowest bacterial dose as the minimum amount of 

bacteria required for biomortar has been determined among the tested bio-mortar samples 

which has a higher capacity than the autogenous healing capacity of reference and control 

samples in the same time, or repairs the specified autogenous-healing crack width in a 

shorter time compared to the reference and control samples, a cement composite that 

repairs itself by microbial means. 

 

3.2.6. Statistical Analysis 

At least three samples were used in all tests. The means and standard deviation values of 

the obtained results are presented. Results obtained with biobased samples were 

compared with reference sample and control sample using one-way ANOVA analysis and 

Holm-Sidak method, one-way ANOVA analysis among themselves and Fisher's LSD 

5%. 
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4. RESULTS AND DISCUSSIONS 

 

4.1. Biogranulation Process and Properties of Produced Biogranules 

In the first stage of the thesis, biogranules containing active compact denitrification core 

were produced and quality tests of the produced granules were made. In the quality test, 

the dry size distribution of the granules was examined, the activity of the denitrifying 

center was measured, the water absorption amounts were tested and the tests for the 

compositions of the biogranules were carried out. In addition, the granules produced were 

viewed under microscope and scanning electron microscope, and the bacterial and 

mineral distribution in the granules was followed as a quality control parameter by 

element mapping. The variation of the parameters followed during the reactor operation 

is given in Figure 4.1.  

 

Figure 4. 1. Parameters monitored at different times in the feed solution and the reactor 

(a) pH; (b) the amount of COD removed per N; (c) change of COD; (d) change 

of total nitrogen. 

 

Pasteurization of vaccine sludge taken from Kayseri Sugar Factory's advanced biological 

wastewater treatment plant ensured the elimination of microorganisms that could not 
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form spore from the initial microbial community. Therefore, the produced biogranules 

have no pathogenic feature. Since the pasteurization process reduces the amount of 

bacteria in the graft sludge, a lower concentration of nutrients was given in the first days 

of operation in order for the system to get used to the new operating conditions and for 

the growth of resistant microorganisms remaining in the sludge. The amount of food was 

increased with the increase in the amount of bacteria in the reactor. Initially, the nutrient 

solution was fed with a COD:TN ratio of 10.0, this ratio was gradually reduced to 7.5 

during granulation and the granulation rate of bacteria reached equilibrium (Figure 4.1). 

The pH of the nutrient solution was kept around 10 while the biogranulation reactor was 

operated in equilibrium.  

 

4.1.1. Biogranulation Process 

The granulation process of the bacteria was continuously followed by 30 minutes and 5 

minutes of sludge volume indices (SVI). The fact that the SVI is below 50 ml / g is the 

most important indicator of a granular system [109]. In addition, the SVI30 / SVI5 ratio 

gives approximately the granule percentage of the sludge in the reactor[97] In the light of 

this information, it is seen that the amount of granules in the reactor started to dominate 

from the 69th day (Figure 4.2-b). With the increase in the dominance of the granules, a 

stable situation was obtained in nitrogen and carbon consumption. Only after the days 

when the granules were collected from the reactor, increases were observed in the amount 

of nitrogen in the effluent and the amount of carbon in the anoxic period effluent (Figure 

4.1-c,d, Figure 4.2-a). This situation was caused by the deterioration of the 

nutrient/microorganism ratio in the reactor, and it returned to its normal trend with the 

proliferation of granules (Figure 4.1-c,d, Figure 4.2-a). The decrease in the amount of 

bacteria in the reactor below 3000 mg/L adversely affects the stability of the biogranule 

reactor in terms of granulation and microbial activity [97]. For this reason, while 

collecting the granules produced in the biogranule reactor, care was taken not to decrease 

the volatile suspended solids (VSS) value below 3000 mg/L. (Figure 4.2-a). The days 

when the produced granules were collected in a way that would have a minimum impact 

on the reactor performance are indicated in Figure 9a, and total suspended solids (TSS) 

and volatile suspended solids (VSS) changes within the reactor during the production 

period are also presented. In addition to the SVI30 and SVI5 measurements, wet size 

distribution analysis was performed on a 750 mL sample taken from the reactor on the 
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130th day of operation, while the reactor was operating in equilibrium. In the literature, 

sizes up to 200 µm are classified as flock, and pellets larger than 200 µm are classified as 

granules[110] According to the results of the dimensional analysis, 89.5% of the reactor 

content consists of biogranules (Figure 4.2-c). The SVI30/SVI5 ratio, which corresponds 

to the same day, was measured as 85% (Figure 4.2-b). The similarity of the results of both 

analyzes once again demonstrated the usability of the SVI30/SVI5 ratio for monitoring the 

biogranule production reactor. 

 

Figure 4. 2. Granulation parameters monitored during the acclimation (I), granulation (II) 

and production of biogranules (III) process. (a) suspended solid content 

(n=3); (b) SVI and bacteria/biogranule ratio; (c) average biogranule size 

distribution in reactor (n=5). 

 

4.1.2. Activity and Quality Control of Biogranules Produced 

During the quality control of the produced biogranules, the dry size distribution of the 

biogranules taken from the reactor was examined, the activity of the denitrified core was 

measured, the water absorption amount was determined and analyzes were made to 

determine the chemical composition of the layers in the biogranules. 

 

Carbon oxidation through nitrate reduction is a process that takes place under anoxic 

conditions in the absence of dissolved oxygen. As can be seen in Figure 4.1-d, after the 



 40 

completion of granulation in the bioreactor, a decrease in the amount of total nitrogen 

was observed in the aerobic period. Since nitrate is the only source of nitrogen fed to the 

reactor, the total nitrogen removed during the aerobic period also means nitrate reduction 

under aerobic conditions. Since the dissolved oxygen in the reactor cannot reach the 

center of the biogranules during the aerobic period, an anoxic zone is formed in the center 

of the biogranules and denitrification bacteria perform the carbon oxidation by using the 

nitrate reduction metabolic pathway [66]. Therefore, the total nitrogen removal in the 

aerobic period observed in Figure 4.1-d is also the most basic indicator that the 

biogranules have a compact denitrifying center. In addition to these observations, the 

denitrification activity of the granules during one cycle was measured by kinetic analysis, 

in which one cycle of the reactor was followed with 15-minute samplings. As seen in 

Figure 4.3-b, the NO3
– and HCOO– ions (in COD mg/L) fed to the reactor were rapidly 

consumed during the anoxic period. In addition, NO3
– reduction and a decrease in the 

total nitrogen content were observed in the first 45 minutes of the aerobic period, where 

the dissolved oxygen level ranged from 1.0 mg/L to 5.4 mg/L (Figure 4.3-b,d). This shows 

that there is an anoxic environment in the center of the granules and that the biogranules 

can oxidize the carbon source (HCOO– ) using NO3
– even in the presence of oxygen in 

the environment. 

 

Three collections of granules were made from the reactor. After each granule collection, 

the granules were dried at 60 C for 48 hours, and then the dry size distribution was 

determined by sieve analysis. Figure 4.4 shows the dry size distribution of the granules 

obtained from the reactor. Among the obtained dry granules, those smaller than 0.45 mm 

and larger than 2.00 mm were added back to the granule reactor, and dry granules between 

0.45 and 2.00 mm were separated for use in the tests of the mortar samples. The amount 

of granules re-added to the reactor corresponds to approximately 34% of the total amount 

of granules produced (Figure 4.4). In the first stage, the biggest part, approximately 30%, 

of the granules produced during the operation were biogranules between 1.00 and 2.00 

mm (Figure 4.4). This ratio corresponds to approximately half of the granule amount 

(0.45-2.00 mm) that passed the size tests to be used in bio-mortar tests. 



 41 

 

Figure 4. 3. Kinetic examination of the new cycle following a healthy cycle under stable 

conditions with 15-minute samples (a) change of COD and TN in the reactor 

under abiotic conditions; (b) COD and TN exchange within the biogranule 

reactor; (c) the amount of COD consumed per weight N in the biogranule 

reactor during the anoxic period; (d) pH and DO change in the biogranule 

reactor. Abiotic change has been achieved by theoretical approach. 

 

Figure 4. 4. Size distribution of biogranules obtained from the biogranule reactor after 

drying. The mean of the sums at different times is given, with error bars 

showing the standard deviation (n=10). 
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1 hour and 24 hour water absorption amounts of biogranules produced and separated for 

use in experiments by sieve analysis with a size between 0.45 and 2.00 mm were tested. 

Accordingly, it was determined that biogranules absorb 16 ± 8% of their weight at the 

end of 1 hour and 20 ± 8% of their weight at the end of 24 hours (Figure 4.5). According 

to the results, it can be said that the amount of water absorbed by biogranules in 1 hour 

does not show a statistically significant difference from the amount of water they absorb 

in 24 hours, and the biogranules take the water they will take from the environment within 

1 hour from the moment they come into contact with water. 

 

According to the ASTM C191-04 standard, it is known that the set start of the mortar 

samples should be 60 ± 12 minutes at the earliest. In this case, in this thesis, it can be said 

that a quantity between 0.06 g and 3.80 g of water used in the mixture can be absorbed 

by the biogranules, and this amount does not significantly change the water: cement ratio. 

 

 

Figure 4. 5. 1 hour and 24 hour water absorption amounts of biogranules with a size 

between 0.45 - 2.00 mm used in bio-mortars. Error bars indicate standard 

deviation (n = 3). 

 

During the production of biogranules, a nutrient solution and reactor operation was 

applied to form CaCO3 and Ca3(PO4)2 precipitates on the outer part of the granules. It has 

been reported in our previous studies that these minerals protect the biogranules against 

the pressure created by the narrowing pore widths with the hydration of the mortar and 

increase the survival rate of spores [66] The VSS/TSS ratio of the granules obtained in 

this thesis was measured as 70±1% (Figure 4.2-b). Therefore, 30% of the granules consist 

of inorganic substances. The chemical composition of the obtained biogranules was 
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determined by Fourier transform infrared (FTIR) analysis. The FTIR spectra of the 

biogranules obtained at different collection times are given in Figures 4.5-4.7. 

Accordingly, the presence of water and amine groups (3271 – 3600 cm-1 OH ve NH 

peaks), proteins providing rigidity (1646 cm-1 amide peak found in secondary proteins) 

and polysaccharides (2000-2300 cm-1 carbonyl peaks, 1033 cm-1 carbohydrate peak), 

calcite from inorganic minerals (1408 cm-1, 871 cm-1, 713 cm-1 carbonate peaks), 

aragonite (699 cm-1 carbonate peaks)  and calcium phosphate (586 cm-1 phosphate peak)  

were determined in the granule. The absence of a significant difference in the peaks 

obtained in FTIR analyzes with biogranules collected at different times indicates that the 

chemical composition of the biogranules that are produced continuously and collected at 

different times are similar and the continuity of the production reactor is ensured. 

Biogranules obtained as a result of FTIR analyzes performed at different times were 

confirmed to contain CaCO3 and Ca3(PO4)2 as planned (Figure 4.6-4.8). 

 

 

Figure 4. 6. FTIR spectrum of granules from the first harvest. 
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Figure 4. 7. FTIR spectrum of granules from the second harvest. 

 

Figure 4. 8. FTIR spectrum of granules from the third harvest. 

 

It is important that biogranules contain CaCO3 and Ca3(PO4)2, as well as in which layer 

of biogranules these minerals are formed in terms of biogranule quality. Biogranules were 

first visualized under a light microscope in order to understand where the deposits were 

formed. In addition, random samples taken from the produced biogranules were imaged 

under the scanning electron microscope (SEM) combined with energy dispersive X-ray 

spectroscopy (EDS) and the distribution of the minerals in the biogranules in the granules 

was determined by element mapping. 
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In Figure 4.9, the images of the wet and dry states of the biogranules obtained under the 

light microscope are presented. As seen in Figure 4.8-a,c, the middle part of the granules 

has a structure that is more compact and less permeable to light, while the outer part is 

less sparse and consists of a structure in which precipitate crystals can be selected. It can 

be said that the biogranules obtained mostly have an oval shape in both wet and dry form 

(Figure 4.9-c, d). It is seen that the outer part of the biogranules obtained is whiter and 

the inner part is darker (Figure 4.9-e). When the view of a dry granule divided into two is 

examined under the microscope, it is seen that its center is darker and its outermost layer 

is whitish (Figure 4.9-f). In the biogranules and granular sludge literature, it is stated that 

biogranules produced under oxygen-free conditions are black [112], while biogranules 

produced in an oxygenated environment are cream colour [97]. Therefore, the biogranules 

obtained are mostly dark in colour and the center is black, indicating that the granules 

consist of bacteria that grow under both aerobic and anaerobic conditions rather than 

aerobic bacteria, as expected from the reactor operating conditions in the thesis, and that 

the compact denitrification center is obtained in the center, which is active under anoxic 

conditions. It can be said that the outermost white layer consists of CaCO3 and Ca3(PO4)2 

minerals. 

 

 

Figure 4. 9. Images of the wet state (a-d) of the biogranules produced in the biogranule 

reactor under the light microscope; e) the image of a dried one; f) the image 

of one divided in two. 
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Images and element maps obtained under the scanning electron microscope (SEM) 

combined with energy dispersive X-ray spectroscopy (EDS) verify the information 

obtained under the light microscope. Figure 4.10 shows the weight of P element in the 

inner layers of the granules divided into two, and the dominance of Ca and O elements 

with P in places in the outer layer. P is an element abundantly found in the structure of 

bacterial cells and in the protein layer of spores. There are also abundant in denitrification 

bacteria that store polyphosphate. On the other hand, Ca and O indicate CaCO3 minerals 

that are densely found in the outer layer. 

,  

Figure 4. 10. The distribution of Ca, P, O elements in the produced biogranules as an 

indicator that the minerals are in the outer layer and the bacteria in the inner 

layer, (a) sample number one (b) sample number two. 

 

In addition, bacterial spores in the contents of the dried and divided biogranules were also 

visualized under a scanning microscope (Figure 4.11-a, b). The dominance of P and O 

elements stands out in the section where the spores are located (Figure 4.11-c, d). This 

indicates that the bacteria in the granules are likely to be denitrifying bacteria that 

accumulate polyphosphate. The fact that no vegetative bacteria were found in the 

micrographs obtained indicates that the produced biogranules consist of spore-forming 

bacteria that can survive for a long time in the concrete and do not contain vegetative 

pathogenic bacteria. 
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Figure 4. 11.From the inner layer of biogranules; (a) image of part of the section 

containing spores; (b) the view of the spores; (c) the section where the spores 

are located and the distribution of Ca, P and O elements in that section; (d) 

only Ca, P and O map of the section where the spores are located. 

 

When the results are evaluated in detail, it can be said that the biogranules produced 

within the scope of the thesis are biogranules that trigger CaCO3 precipitation, oxidize 

the carbon source through nitrate reduction in both oxygen and non-oxygen 

environments, and contain calcium salts in the outer layer that can protect the biogranules 

against the harsh environmental conditions formed in cement composites. In previous 

studies, it has been shown that the produced biogranules do not show activity in 

environments such as fresh mortar mixture where pH values reach 13-14, the spores do 

not revive during the mortar mixture, and the bacteria added into the mortar in the form 

of biogranules can even heal the cracks formed after 6 months [66], [68]. Although 6 

months is a short period for cement composites, considering that the life cycle of a 

bacterium is 7 days on average, the stability of spores in a nutrient-free, waterless and 

alkaline environment over a period of 6 months indicates that it can remain stable in 

cement composites for longer periods until cracks form.  Thus, it has been reported in the 

literature that spores survive up to 200 years under very extreme conditions [113]. 

Therefore, it was decided that these biogranules can be used as microbial additives in the 

experiments to be carried out with bio-mortar samples within the scope of the thesis, 

considering the activity and quality tests of the biogranules produced within the scope of 
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the thesis, without the need for a study about how long the produced biogranules can 

survive in cement composites. The produced biogranules were stored in plastic storage 

containers at room temperature to be used in mortar samples (Figure 4.12). 

 

 

Figure 4. 12. The views of the granules used in the mortar sample (a) dried biogranules, 

(b) biogranules collected from the reactor and placed on oily paper to be dried, 

(c) non-dried mineral coated biogranules in the range of 1.00 - 2.00 mm, (d) 

size distribution biogranules ready to be added to the mortar mix, adjusted 

and placed in plastic tubes. 

 

The use of minimum nutrient medium lacking in micronutrients, trace elements and 

vitamins successfully resulted in biogranules in approximately two months. The reactor 

size distribution indicated that 90% of the microbial culture consisted of biogranules 

which is parallel with Beun’ study [110] (Figure 4.2-c). A second indicator of granular 

biomass abundance was described as the SVI30/SVI5 ratio [108]. When these two values 

for the same day in this study, Day 104, were compared, it was discovered that both the 

particle size distribution test (89%) and the SVI30/SVI5 ratio (85%) can be used 

interchangeably to evaluate the granular biomass inside the biogranule reactor. One of 

the most significant advantages of biogranules is their ease of separation from the liquor 

due to their superior settling properties. The SVI30 value has been reported to be an 

important indicator of granular sludge reactors, and the bacterial culture should be as 

compact as 50 ml/g [108]. During the entire granulating process and the granule 

production, as SVI30 was continuously monitored in this study, the settling properties 
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were significantly altered immediately following each harvesting of granules. The 

reduction was primarily attributed to the collection of larger granules. Nevertheless, a 

relatively short 2-week healing may be achieved, indicating that abundant biogranules 

that reduce nitrate in granular biomass can be harvested every 2 weeks. Dry biogranules 

smaller than 0.45 mm, corresponding to 34% of harvested biogranules, have been 

returned to the bioreactor after harvest. As a result, the bioreactor's net useful biogranule 

production yield was calculated to be 0.03 g biogranule.g-1 HCOO⁻ and 0.70 g 

biogranule.g-1 NOx-N. The bioreactor's gross biomass yields were 0.05 g biogranule.g-1 

HCOO⁻  and 1.07 g biogranule.g-1 NOx-N. Inside the reactor, the average granule size 

was 0.950±20 mm (Figure 4.2-c). The yields and abundant size of granules within the 

reactor were comparable with those reported earlier for the 4 hours cycle time-8 hydraulic 

retention granular sludge reactor [114], [115]. It is promising to further examine the cost-

effective production of healing agents in higher proportions if such yields are achieved 

under minimal nutrients conditions. A paper assessed that the high intensity aerobic 

granular sludge reactor has a 5-fold greater yield of biomass, but that the abundance of 

granular size varies from 0.12 mm to 0.35 mm [116].  It is known that the compactness 

of biogranules is important for stability and easy separation between liquid media and 

that granules are primarily associated with the biomass growth rate, which leads to either 

abundant flocculant granular sludge or large fluffy granules in hight of biomass [114], 

[117]–[119]. As a result, if someone takes into consideration obtaining smaller size 

biogranules, the rate of biogranule production can be increased in accordance with 

sectoral demand. Achieving big biogranules (> 2 mm) comparable to those observed in 

several other granulation studies is not suggested for concrete application since they are 

fluffy, weaker against shear stress, and easily disintegrate due to nutrient limitation at the 

core [119]–[123]. 

 

In this thesis, kinetic analysis shows that the sizes of the biogranule are sufficiently small 

to allow nutrient access to the core, but large enough to avoid the diffusion of oxygen in 

the core. Oxygen diffusion was described as 0.2 mm to 0.4 mm in the microbial flocs 

[124]. The distribution of the particle size demonstrated that 68% of the biogranules were 

greater than 0.45 mm and that the average granule sizes were 0.950±0.20 mm. Kinetic 

testing further confirmed that the core of biogranules is reduced by compact nitrate as 

NOx-N, while DO levels ranged from 1 mg/L to 6 mg/L. Even for the aerobic granular 

consortium, similar findings were reported earlier and the process was called 
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simultaneous nitrification and denitrification [118], [125]. The visual observations were 

used as another predictor for a denitrifying core. It is recognized that biogranules grown 

under anaerobic conditions seem to be dark, even black [112], whereas biogranules grown 

under aerobic conditions are lighter in color [97]. The color pattern indicates an entirely 

anoxic zone at the core, that allowed for the advancement of a denitrifying core 

community. It is therefore reasonable to assume that the biogranules can be obtained with 

a compact denitrifying core. 

 

The kinetic analyses revealed that NOx-N reduction occurred even in the absence of 

HCOO⁻, despite the fact that the average [COD]:[N] consumption ratio was found to be 

5.3 during the anoxic period (Figure 4.3-c). The observed behavior has been related with 

the feast/famine operation of the biogranular production reactor, that obliged some 

nutrients to be used by micro-organisms (HCOO− in this case) as internal polymers 

(polyhydroxyalkanoates-PHA) for further usage in famine conditions, to be stored within 

a microbial cell during the feast [125]. In several research findings PHA [38,39] were 

found to be the carbonyl peaks observed in 1730-1740 cm-1 in FTIR analyzes, and similar 

peaks for the dry biogranules were also noted in this thesis [126], [127]. Either glycogen 

or polyphosphates that accumulate organisms may be preceded by this metabolism. While 

the microbial species within the biogranules produced were not further experimentally 

identified, it can said that there were significant amounts of P and O in the core 

biogranules, due to the elemental mapping of the cross section of a biogranule. From these 

data, we suspect the polyphosphate accumulated by nitrate-reducing bacteria could be a 

percentage of the microorganisms in the core. Furthermore, in our earlier findings, it has 

been revealed the possibility for dry biogranules to resuscitate, grow and decrease nitrate 

without external PO4-P [68], that could also indicate that certain polyphosphates are 

present in the core of the produced biogranules most probably because of the presence of 

phosphate accumulating nitrate reduction. In earlier studies investigating aerobic 

denitrification, similar observations like reduced denitrification rate of bacteria and 

restricted denitrification in the aerobic period were also identified [118], [125]. 
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4.2. Characteristics of Fresh Biomass Samples and Maximum Usable Bacterial 

Dosage 

Setting and flow tests were applied on fresh mortar samples. Based on the limit values in 

ASTM C191-04 and NBN EN 1008 standards, acceptable minimum values for setting 

start and end are determined as 60 minutes and 90 minutes, respectively. In the ASTM 

C191-04a standard, the standard deviation values for the setting starts between 49 and 

202 minutes and the setting end between 185 and 312 minutes in the setting tests of 

hydraulic cements performed in a single laboratory with a single operator are stated as 12 

and 20 minutes, respectively. Since there is no deviation determined in the standards 

regarding the setting values of cement mortars under the same conditions, the statistical 

significance of the differences (p = 0.05) was interpreted by using the same deviation 

values within the scope of this thesis. Setting test results are given in Figure 4.13. 

 

 

Figure 4. 13. Setting start and end setting times of mortar samples with different content 

tested. (-) minimum acceptable setting start-up time. 

 

It has been found that the setting starts and set ending times of the control mixture and 

the bio-mortar mixture are completely different from the reference mixture. Setting start 

of the control mixture takes place within 55 ± 12 minutes, and ending of setting takes 
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place within 172 ± 20 minutes (Figure 4.13). Since the control mixture has only nutrient 

content and does not contain bacteria, this change in setting times is entirely due to 5.00% 

calcium formate and 2.00% calcium nitrate by weight of cement added to the mortar 

mixture. These results are consistent with the set starting (65 ± 12 minutes) and setting 

ending (146 ± 20 minutes) times observed by thesis co-advisor in previous study for the 

same mixture [67]. 

 

The main purpose of the fresh mortar tests conducted within the scope of this completed 

thesis is to determine the maximum amount of biogranules that can be used in the mortar 

content in order to obtain cementitious composites with microbial properties similar or 

better than the control sample, within the limits specified in ASTM C191-04 and NBN 

EN 1008 standards. Therefore, the fresh mortar properties of the samples containing 

bacteria in the form of biogranules in different doses were primarily compared with the 

control sample. In contradictory cases obtained in different fresh mortar experiments, 

comparisons with the reference sample were made and evaluations were made. 

 

It was determined that bacteria in the form of biogranules added to the control mixture up 

to 2.50% by weight of cement did not cause a significant change in setting start and set 

ending times compared to the control sample (Figure 4.13). When this dose was increased 

to 3.00%, it was observed that there was a significant decrease in the starting time of 

setting. The setting start time of the Bio-3.00% mixture was measured as 34 ± 12 minutes, 

well below the acceptable 60 minutes limit (Figure 4.13). Regardless of the bacterial 

dosage, the expiration time of the bio-mortar mixes was similar to that of the control 

sample (Figure 4.13). In the previous studies of the thesis co-advisor, it has been shown 

that the bacteria in the form of biogranules added at a dose of 0.50% by weight of cement 

do not affect the setting time of the biomortars [88]. The findings obtained in this thesis 

show that it is possible to add 2.50% of bacteria by weight of the cement in the form of 

biogranules to the mortar without causing a significant change in the setting time of the 

mortar. 

 

The set start and end set times obtained in the control sample are considerably lower than 

the cement composites used in the field. However, since these durations are within the 

acceptable range specified in ASTM C191-04 and NBN EN 1008 standards, no changes 

were required within the scope of the thesis. In previous studies, the amount of nutrients 
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required to be used in the content of self-healing concrete has been optimized based on 

the amount of nutrients that can be used by bacteria in case of cracks [67]. In the study, 

calcium formate and calcium nitrate content were tested in 12 different compositions 

ranging from 0.63% (CF) and 0.25% (CN) by weight of cement to 7.50% (CF) and 3.00% 

(CN). Although it is determined that it is disadvantageous compared to other mixtures in 

terms of setting start and end times, it has been determined that the most advantageous 

mixture in terms of the amount of nutrients that can be used by bacteria after cracking is 

the mixture containing 5.00% calcium formate and 2.00% calcium nitrate by weight of 

cement. For example, the setting start time of the mixture containing 2.50% calcium 

formate and 1.25% calcium nitrate by weight of cement was reported as 108 minutes and 

setting completion time as 173 minutes [67] However, at this dose, the amount of 

nutrients in the environment in the first 4 weeks after crack formation decreases by half 

compared to the optimized mixture [67] Therefore, it is possible to observe decreases in 

the speed of self-repair and self-healing capacity while extending the setting time by 

reducing the amount of nutrients in the control mortar mixture. Considering this situation, 

changing the amount of nutrients in the control sample was excluded from the scope of 

this thesis in order not to experience any nutritional problems in the experiments 

regarding the determination of the self-healing capacity. In the light of the results of the 

completed study, it seems possible to make modifications in the setting time with a 

nutrient amount optimization by keeping the bacterial dose constant. 

 

Additionally, microbial self-healing concretes definitely need water to repair themselves. 

Therefore, it is planned to be used mostly in structures such as bridges, underwater 

structures and tunnels. It is thought that cement composites produced in this thesis, which 

have a short setting start time and which repair themselves with microbial means, will be 

used in the field, since these types of structures can be used, such as pre-fabricated 

concrete structural elements, where short setting times are not a problem. 

 

Another option regarding setting times is the use of set retardants and super plasticizers. 

Since the effects of set retardant materials and plasticizer additives on biogranules and on 

the self-healing capacity of bio-mortar are not known, this option has been chosen only 

for use in conditions of poor setting and workability that would hinder the progress of the 

study. In the literature, when 0.50% by weight of cement was used in the form of bacteria 

in the form of biogranules, it was possible to obtain cement composite that repairs itself 
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by microbial means [66]. Within the scope of this thesis study, it was determined that 

bacteria up to 2.50% by weight of cement can be added to fresh mortar samples. On the 

other hand, set retarding materials and plasticizer additives pose a greater risk to the 

progress and success of the study, as they may have a negative impact on the activity of 

biogranules due to the aforementioned obscurity. In order not to take such a risk, this 

option has not been evaluated within the scope of this thesis. 

 

With the earlier findings, a mortar mixture similar to Bio-0,50% was investigated, this 

thesis study also revealed reasonable results [88]. The research reveals no big difference 

in the setting time for the mortar mixture as a benefit of that culture as compared to axenic 

cultures, with the addition of 0.50% bacteria w/w cement together with 3.00% calcium 

nitrate (CN) and 2.00% calcium formate (CF). The total setting times documented in this 

research were however much shorter than the results obtained earlier. The larger nutrient 

content of the recently developed mix was ascribed to such a decline in setting times 

based on optimal nutrient content [67]. The initial (65±12 min) and final (146±20 min) 

setting times reported were around the same as those reported by that study which tested 

5.00% CF and 2.00% CN for fresh mortar properties abiotically. Such resemblances 

revealed that nutrients, namely calcium and calcium formates, are the cause of the 

distinction between the plain mortars and all other test mortar mixtures. The nutrients 

used are commercial products concrete admixtures, which were used to increase the 

resistance to freezing-thawing and to speed the setting [128], [129]. Since a combination 

of the two set accelerators in this thesis has been used, a considerable reduction has 

become in the initial setting time. While decreasing the mix's CF and CN contents can 

increase the initial and final setting times to 110 min and 170 min, it is necessary to admit 

that such a nutrient content decline leads to a significant reduction in microbial crack 

healing nutrient availability [67]. 

 

Findings from fresh mortar properties helped to assess the ability of the biogranules to 

protect themselves and the interplay between the spores and the cement matrix. Earlier 

research examining the direct incorporation of bacteria/spore into mortar mixtures have 

shown that a set delay occurs because the bacteria simply have a contact with the organic 

matter and the cement matrix [88], [130]. When bacteria died in the concrete's highly 

alkaline environment, the organic content of bacteria was left into the fresh mortar 

mixture and causes set retardation. According to Jonkers et al. [131], spores can be 
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completely or partially lost during the mixing, hardening, and subsequent shrinkage of 

pores. The protein coating of the spores is unveiled upon loss, causing foaming and 

interfering with the rate of hydration process, significantly delaying the initial setting. 

Furthermore, in a research done by the thesis co-advisor, it was discovered that when an 

unprotected denitrifying microbial culture, Diaphorobacter nitroreducens, was 

introduced to mortar at a dose of 0.50% w/w cement, both initial and final setting times 

risen by about 40 minutes [88]. The outcome of the research, showed that integration of 

biogranules (with EPS and mineral layer) prevented a possible interaction between the 

cement matrix and the organic material, and hence no retardation on set was recorded, 

even at high dose bacteria (e.g. Bio-3.00%). 

 

Flow table tests were carried out in accordance with the NBN EN 1015-3 standard. The 

maximum acceptable deviation between the tested samples and the reference sample was 

determined to be 10%. Workability and consistency evaluations were made according to 

the results obtained from the flow table test. Flow table results are presented in Table 4.1. 

First of all, the flow values of the different mixtures were compared with the flow value 

of the plain mortar mixture (reference). Accordingly, it was observed that even the flow 

of the Bio-3.00% mixture, which has the lowest flow, remained within the 10% deviation 

limit. Then, the flow values of the bio-mortar samples were compared with the flow 

values of the control mixture. According to this comparison, since the flow value of the 

Bio-3.00% mixture corresponds to 89% of the control flow, the Bio-2.50% mixture has 

been determined as an acceptable upper limit. However, problems were experienced 

during the settlement of both Bio-3.00% and Bio-2.50% mixtures (Figure 4.14). As a 

result, although the flow values of both mixtures were acceptable, it was concluded that 

the workability was low, and it was decided to evaluate the upper limit value by 

considering the compression strength results. From the comparisons made, it can be said 

that the comparison made with the flow of the control mixture gives more meaningful 

results regarding the effect of the bacterial dose. Because, in comparison with the control 

mixture, the effect of the added biogranules on the flow, workability and consistency is 

revealed directly. The flow results revealed that the Bio-2.50% mixture can be used as 

the upper limit, adding more biogranules causes changes in the mortar rheology, 

decreases the workability and thus negatively affects the settlement of the mortar. 
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Table 4. 1.Comparative flow values of mortar samples with different content tested. 

Mortar mixture Flow (mm) Flow 

(Compare to R %) 

Flow 

(Compare to C%) 

R 118 100 98 

C 121 103 100 

Bio-0.25% 116 98 96 

Bio-0.50% 124 105 103 

Bio-0.75% 125 106 103 

Bio-1.00% 123 104 102 

Bio-1.50% 123 104 102 

Bio-2.00% 121 103 100 

Bio-2.50% 113 96 93 

Bio-3.00% 108 91 89 

1R: Plain mortar used as a reference, C: Control mixture containing 5.00% calcium formate and 

2.00% calcium nitrate by weight of cement. 

The percentages given in biomixtures are the amount of bacteria by weight of cement. 

 

 

 

Figure 4. 14. Extremely porous outer surface thought to be related to the settling problem 

when Bio-2.50% and Bio-3.00% mixtures are removed from the molds. 

 

It is known that there is a delay in setting times when organic substances come into 

contact with the fresh mortar matrix. Bacteria are also organic substances and when 

bacterial cells, especially protein-rich spores, undergo lysis, the organic substances in the 

cell structure are released and come into contact with the mortar matrix and cause delays 

in setting time [88], [130]. For example, Diaphorobacter nitroreducens cells added to the 

mortar mixture in vegetative form at a rate of 0.50% by weight of cement underwent lysis, 
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causing a 40-minute increase in both the set starting and setting ending times [88]. 

However, in the study conducted within the scope of this thesis study, it has been observed 

that high doses of biogranules can be added to the mortar mixture and this does not delay 

the setting time of the mortars. 

 

Bacteria added to the content of bioconcrete generally undergo lysis due to the forces that 

occur during the mortar mixture, the high temperatures during setting and the basic 

environment, and the narrowing of the pore widths during advanced hydration [88], [131], 

[132]. In this thesis, the findings obtained so far show that when bacteria are added in the 

form of biogranules, it does not cause a delay in setting time up to 3.00% by weight of 

cement. Since there is no delay in setting, it can be said that bacteria do not come into 

contact with the mortar matrix during the setting period. In this case, it would not be 

wrong to say that the protective layer around the biogranules produced within the scope 

of the thesis, which consists of low-solubility calcium salts, protects bacteria and prevents 

lysis both during the mortar mixture and during the setting period. Since the spores in the 

produced biogranules cannot show any vitality and activity even if they are in contact 

with water and nutrients at alkaline pH values of the fresh mortar mixture (pH 13 - 14), 

the biogranule structure does not deteriorate. Since the structure does not deteriorate, low 

solubility calcium salts other than biogranules can protect the spores from the mechanical 

stresses caused by hydration and increased volume during the hardening of the mortar. 

Therefore, the spores added to the mixture in the form of biogranules can last for a long 

time in cement composites [66], [68].  

 

In the thesis study, the success criterion for the experiments performed on fresh mortar 

mixtures was determined as "The amount of bacteria in the form of maximum biogranules 

that can be used in bioconcrete corresponds to 0.50% or more of cement by weight with 

positive results in the literature". Considering that the maximum amount of bacteria in 

the form of biogranules that can be used in fresh mortar experiments was determined as 

2.50%, it can be said that the part related to fresh mortar experiments was successfully 

completed without the need for any setting accelerator or super plasticizer. 
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4.3. Characteristics of Cured Biomortar Samples and the Maximum Usable 

Bacterial Dosage 

In the thesis study, compression strength tests were applied to the hardened mortar 

samples at the end of 3, 7, 28 and 56 days. In this context, the compressive strength of the 

samples prepared according to the EN 196-1 standard was tested in sealed plastic bags 

after curing at room temperature for 3, 7, 28 and 56 days. Compressive strengths obtained 

on different days are presented in Figure 4.14. Samples were compared with reference (or 

plain control)  sample, control (abiotic control) sample and statistical analysis among 

themselves in terms of compressive strength obtained at different times. According to 

these results, there is no significant difference between reference mortar and control 

mortar samples in terms of early age strength (p = 0.05) and 3-day compression strengths 

were obtained as 29 ± 4 MPa and 30 ± 2 MPa, respectively. These findings are in parallel 

with previous study [67]. When bacteria were added in the form of biogranules, it was 

found that adding bacteria up to a dose of 2.00% by weight of cement did not have a 

statistically significant effect on 3-day strength performance (p = 0.05). However, adding 

bacteria at a dose of 2.50% and 3.00% even in the form of biogranules caused a decrease 

of 26% in 3-day strength compared to the reference value (Figure 4.15). The main reason 

for this is thought to be related to the settlement problem of the concrete with low 

workability, because the 3-day strengths of the other samples with good settling did not 

show a statistically significant difference from the reference and control samples (p = 

0.05). Although the 3-day strengths of the Bio-2.50% and Bio-3.00% samples were lower, 

at the end of 7 days, all biomortars reached a compression strength of around 40 MPa and 

did not differ statistically from each other (p = 0.05 ). Both the control and biomortar 

samples performed better than the reference mortar sample at the end of 28 days (p = 

0.05). While the 28-day compressive strength value of the reference mortar sample was 

measured as 43 ± 3 MPa, both control and bio-mortar samples showed a 30% better 

performance and reached strengths around 56 MPa (Figure 4.15). The 56-day 

compression strength value of the reference mortar sample was measured as 52 ± 2 MPa. 

Except for the Bio-3.00% sample, all other mortar mixtures performed 15% to 25% better 

than the reference sample in terms of 56 days compressive strength (Figure 4.15). There 

was no statistically significant difference between the Reference and Bio- 3.00% (p = 

0.05). In addition, it was determined that all bio-mortar samples, except Bio-3.00%, had 
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statistically similar strengths both with the control sample and among themselves (p = 

0.05). 

 

Figure 4. 15. Compressive strength of the tested mortar samples with different content at 

the end of 3, 7, 28 and 56 days. Mean values are presented in the graph, and 

error bars show the standard deviation value (n = 3). 

 

The strength developments of the mortar samples based on time are important in terms of 

understanding whether the additives added to the mortar mixture have an effect on the 

hydration reactions that play a role in early age resistance. Therefore, the strength values 

of the mortar mixtures on the 3rd, 7th and 28th days were compared according to the 

highest strength values (56-day strength values) reached in the tests performed within the 

scope of the thesis study, and the strength developments of all mixtures were examined 

(Table 4.2). The strength development of Bio-2.50% and Bio-3.00% mixtures in the first 

3 days was statistically significantly slower than both the reference sample and the control 

sample (p = 0.05). It was determined that the strength development of the Bio-2.00% 

sample in the first 3 days was slower than only the reference sample (p = 0.05). Thus, the 

compressive strength values of the Bio-2.50% and Bio-3.00% samples were also obtained 

weaker than the reference and control samples in the first three days. However, although 

the strength development in the first 3 days was slower than the reference sample, there 

was no problem with the strength in the Bio-2.00% sample (Table 4.2, Figure 4.15). 

It was determined that the strength developments in the first 7 days and the first 28 days 

did not show a statistically significant difference in different mortar mixes (p = 0.05). 
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Table 4. 2. Strength development of mortar mixes in different time periods. 

Mortar 

mixtures 

Percentages of strength development in early age hydration process (%) 

 

3rd Day 7th Day 28th Day 56th Day 

R 55±8 70±6 85±6 100 

C 48±4 57±7 91±9 100 

Bio-0.25% 47±4 64±3 84±2 100 

Bio-0.50% 46±5 62±2 90±10 100 

Bio-0.75% 47±4 73±2 96±3 100 

Bio-1.00% 42±5 73±4 97±3 100 

Bio-1.50% 45±4 67±2 93±3 100 

Bio-2.00% 42±3 61±4 91±2 100 

Bio-2.50% 38±3 64±2 99±2 100 

Bio-3.00% 41±1 70±8 104±4 100 

 

The compression strength results of the control sample are consistent with the 

performance increase of 20% obtained in the study of the thesis co-advisor, in which he 

examined the effect of calcium nitrate and calcium formate amounts on the compression 

strength [67]. In a recent study, the compressive strength of a mortar containing 3.00% 

calcium nitrate by weight of cement is similar to that of a plain mortar mixture, on the 

other hand, the compressive strength of a mortar containing 3.00% calcium formate by 

weight of cement is  27% higher than that of plain mortar[133]. Therefore, in this thesis, 

it was concluded that the increase observed in compressive strength probably developed 

due to the calcium form and that the bacteria added in the form of biogranules did not 

have a significant effect on the compression strength. Similarly, it was reported that the 

addition of biogranules did not have a negative effect on mechanical properties [88] 

 

The 3-day strengths of bio-mortars containing only Bio-2.50% and Bio-3.00% of the 

mixtures tested were weaker compared to the reference and control samples (Figure 4.15). 

In the same mixtures, a slowdown was observed in the development of early age strength 

only for the first 3 days (Table 4.2). In the strength development in the first 3 days, Bio-

2.50% and Bio-3.00% as well as Bio-2.00% are slower than the reference sample. 

However, in the compressive strength obtained in the first 3 days, poor performance was 
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obtained only in Bio-2.50% and Bio 3.00% mixtures, which also had settlement problems. 

In the first 3 days of strength development, although all three samples perform 10% worse 

than the reference sample, the 3-day compressive strength is only low in Bio-2.50% and 

Bio 3.00% mixtures with settlement problem, due to the negative effect of biogranules on 

mortar hydratio rather, it shows that the high porosity formed in samples that do not settle 

well has a negative effect on the strength development and compression strength. 

 

4.4. Bioconcrete Performances in Different Bacterial Doses 

In order to observe the effect of biogranule addition on concrete, a bioconcrete mixture 

containing two different bacterial doses was also tested. One of the mixtures is BioC-

0.25% (containing 0.25% bacteria in the form of biogranules by weight of cement) 

containing the lowest bacteria dose tested in fresh and hardened mortar experiments. The 

second mixture that is similar to the other bio-mortar samples and control samples in 

terms of all other properties (setting, flow, 7-, 28- and 56-days compression strength) 

except for settling problems and 3-day compression strength and which contain the 

maximum testable bacteria dose, is BioC-2.50% (containing bacteria in the form of 

biogranules at the rate of 2.50% by weight of cement). 

 

During the thesis study, biogranules were produced in an amount that would enable the 

tests to be carried out on the bio-mortar samples and, when necessary, the casting of new 

bio-mortar samples. Pouring concrete samples containing the same dose of bacteria 

requires approximately 10 times more biogranules than mortar samples. For this reason, 

the biogranules produced during the thesis allowed the casting of concrete samples that 

will only be used in the 28 and 56-day strength tests. Since the continuity of granule 

production is disrupted due to the COVID-19 pandemic process, bio-concretes could not 

be tested in terms of 3 and 7-day compression strength and self-healing capacity. 

 

4.4.1. Workability Properties of Bioconcrete Samples 

The slump test on fresh concrete samples was carried out in accordance with EN 12350-

2 standard. Using the obtained slump values, the consistency and workability of bio-

concrete materials were compared with reference and control samples, taking into account 

the minimum 50 ± 25 mm and maximum 80 ± 25 mm slump values defined as limit values 
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in the EN 12350-2 standard. The slump values of the tested concrete mixtures are given 

in Table 4.3. 

 

Table 4. 3. Slump values of different concrete mixes. 

Mixtures Slump Value (mm) 

Reference 80 

Control 105 

BioC-0.25% 147 

BioC-2.50% 40 

 

According to the data obtained, it can be said that the reference sample is within the limit 

values in the EN 12350-2 standard. Although the control sample was determined to be 

more processable, it was determined that the slump values of the reference sample and 

the control sample were similar within the standard deviations given in the EN 12350-2 

standard. It was determined that the processability of the BioC-0.25% mixture was better 

than the reference and control samples, but the processability of the BioC-2.50% sample 

was worse than the reference and control samples. Nevertheless, since the BioC-2.50% 

sample had a margin of 50 ± 25 mm, the minimum slump value in the EN 12350-2 sample, 

it was identified as an acceptable mixture with low machinability. 

 

The workability results obtained in the fresh concrete test for the same mixtures and the 

workability results obtained in the fresh mortar tests confirm each other. This has once 

again revealed that, especially in small-scale studies, mortar samples can be tested as 

representative concrete samples. 

 

4.4.2. Compressive Strength Performance of Hardened Concrete Specimens 

The effect of the amount of bacteria on the hardened concrete properties was evaluated 

on the compressive strength of 28 and 56 days due to the limited amount of biogranules. 

The strength results obtained are presented in Table 4.4 and Figure 4.16. 
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Table 4. 4. 28- and 56-days compressive strength of the poured concrete samples. 

Mixtures 28 days compressive strength 

(MPa) 

56 days compressive 

strength (MPa) 

Reference 35±2 37±2 

Control 34±2 37±4 

BioC-%0.25 33±2 35±3 

BioC-%2.50 32±3 35±5 

 

 

Figure 4. 16. Compressive strength of concrete samples. Mean values are given, error 

bars indicate standard deviation (n = 3). 

 

Accordingly, it can be seen that the prepared reference mixture reaches the targeted 

pressure value as C25 / 30 at the end of 28 days (Figure 4.16). It was determined that the 

compression values of the control and bio-concrete samples were not statistically 

significantly different from the reference sample (p = 0.05). Likewise, all bio-concrete 

samples showed similar strength performances after 56 days. These results are different 

from the results obtained with the bio-mortar samples in one way or another. In hardened 

mortar samples, 28- and 56-days compression strengths of control, Bio-0.25%, and Bio-

2.50% samples are similar among themselves, while the compressive strengths of all three 

mixtures have shown approximately 25% better performance in terms of strength at 28 

days and 15% to 19% better performance in terms of strength at 56 days compared to the 

reference mixture. However, similar performance improvements could not be obtained in 

tests performed with concrete samples. It has been determined that the main reason for 
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the increase in compressive strength in mortar mixtures is calcium formate consisting of 

very fine particles. The difference observed between the mortar and concrete samples 

could not be explained in detail, since it remains unknown in what sense the calcium 

formate has a positive effect on the compressive strength and further analysis is outside 

the scope of the thesis. However, two basic hypotheses that may have caused the increase 

in compressive strength seen in mortar samples to not be seen in concrete samples are 

emphasized. The first of these is that the reduced surface areas due to the increased 

aggregate sizes compared to the mortar sample and the decrease in the amount of calcium 

formate particles falling into the interface transition zone (interfacial transition zone) may 

have eliminated the filling effect that the thin calcium formate particles may have created 

in the mortar sample. The second is that the water cement ratio used in mortar mixtures 

as 0.5 is used as 0.6 in concrete samples, so more calcium formate dissolves in water 

during the mixing and the filling effect of fine particles disappears. Thus, there are 

findings indicating that when 2.00% of calcium formate by weight of cement is dissolved 

in water and added to the mortar mixture, there is a positive effect on compressive 

strength [88].  

 

Bacterial additions to the mortar are reported to cause an increment in early age due to 

the microbial calcium carbonate precipitation in many microorganisms added researches 

[102], [103], [134]. Nevertheless, the pH-value of biogranules was about 10 and the 

nutrients at the actual cementitious materials pH were neither germinated, nor used, 

making MICP unlikely during hydration. There is therefore no substantial improvement 

via the integration of bacteria in this thesis. The compatibility of biogranulations was 

verified by tests performed with concrete samples because similar compressive strengths 

was obtained in different mixes. Using a higher water-cement ratio in concrete tests could 

develop the workability of BioC-2.50%, resulting in all specimens reaching similar 

strength values in the same curing period. As a result, if a bacteria dose in the form of 

biogranules of more than 2.50% w/w cement is required, superplasticizers may be taken 

into account. 

 

One of the major goals of this thesis was to show the production process of non-axenic 

nitrate-reducing biogranules designed for self-healing concrete applications and to 

evaluate their compatibility with the cementitious matrix at various application doses. 

Because of their limited interruption with the cementitious matrix, the produced 
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biogranules were found to be compatible with both mortar and concrete up to a dose of 

3.60% w/w cement. The maximum acceptable dose allowed for the integration of bacteria 

up to 2.50% w/w cement without affecting setting time, workability, or compressive 

strength development. It is convincing to further examine cost-effective production of 

healing agents in higher proportions due to such yields are achieved under minimal 

nutrients conditions. More studies should be carried out to optimize the biogranular 

nitrate-reduction content based on the differences in the self-healing properties of 

biomortars at various doses of the biogranule. 

 

4.5. The Effect of Bacteria Dose on the Self-Healing Capacity of Biomortars 

The cracked bio-mortar samples were placed in containers so that they were completely 

submerged in tap water and the weekly change of the crack width was monitored under 

the microscope. Crack healing percentages of the samples were calculated weekly 

according to the measurements under the microscope. In order to compare autogenous 

and autonomous healings, reference and abiotic control samples were also examined 

along with biogranulated samples. 

 

4.5.1. Reference Sample and Autogenous Crack Healing Performance 

Weekly improvement graphs of reference samples are presented in Figure 4.17. Crack 

widths obtained in reference samples varied between 65 µm and 330 µm (Figure 4.17). 

In reference samples, the highest crack healing performance in the first week was 

obtained in cracks varying between 59 ± 5% and 260 µm and 330 µm (p = 0.05) (Figure 

4.17-a). In addition, crack widths between 105 µm and 235 µm showed similar 

improvement, while the worst healing performance was obtained in cracks smaller than 

100 µm (p = 0.05). At the end of the second week, the percentage of closure in cracks 

varying between 160 µm and 330 µm increased up to 70% and the crack closure 

percentages for the same interval were recorded as 72% and 76% at the end of the third 

and fourth weeks, respectively (Figure 4.17-b, c, d). In this process, a lower percentage 

of closure was obtained in cracks varying between 65 and 135 µm compared to crack 

widths of 160-330 µm (p = 0.05). A representative visual of autogenously healing cracks 

in the reference sample is given in Figure 4.18. 
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Figure 4. 17. Underwater crack healing performances of reference samples (a) after 7 

days; (b) after 14 days; (c) after 21 days; (d) after 28 days. Transverse error 

bars indicate standard deviation, longitudinal error bars indicate standard 

error. 

 

Figure 4. 18. Micrographs showing autogenous healing during the curing period. 

 

Within the scope of this thesis, the samples with a crack healing efficiency of 90% and 

above were determined as the self-healing cement composite and the largest crack healing 

90% and above as the self-healing capacity of the self-healing cement composite. 

Therefore, although the reference sample showed an autogenous closure in cracks, it does 
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not fall into the self-healing cement composite class defined in this study as the 

percentage of closure is limited at 78%.  

 

In Figure 4.19, the crack healing performance of reference samples over 4 weeks is given 

in a single graph. As seen in Figure 4.19, there was no statistically significant change in 

the percentage of cracks closing after the second week (p = 0.05). This shows that 

autogenous healing is completed in the first two weeks. Therefore, it is thought that the 

autogenous healing in the reference samples mainly occurs when the cement particles 

whose hydration is not completed come into contact with water after crack formation and 

the hydration reactions continue. 

 

Figure 4. 19. Underwater crack healing performances of reference samples (a) after 7 

days; (b) after 14 days; (c) after 21 days; (d) after 28 days. Transverse error 

bars indicate standard deviation, longitudinal error bars indicate standard 

error. 

 

Since there is no crack healing of  90% or more in the reference samples, the crack widths 

that heal the most in different curing times and the highest crack healing percentages seen 

in these cracks were determined and presented in Table 4.5. 
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Table 4. 5. Crack widths and healing percentages of reference samples showing the 

greatest improvement at different times1. 

Duration Best healed crack widths (µm) Crack healing ratio (%) 

Week 1 295±34 59±5 

Week 2 160 – 330 68±5 

Week 3 160 – 330 72±4 

Week 4 160 – 330 76±3 

1Since the healing performances of the cracks between 160 - 330 µm after the second 

week were not statistically different (p = 0.05), the healing percentages of the crack 

widths in the given range were averaged.  

 

It is noteworthy that crack closure occurs primarily in wide cracks in reference samples. 

In the literature, crack intervals given for 28-day autogenous healing under submerged 

conditions vary between 30 µm and 250 µm [26], [28], [29], [95], [135]. This is due to 

the dependence of autogenous healing on parameters such as the amount of unhydrated 

cement particles, which can vary from crack to crack, and carbon dioxide holding 

capacity, which varies from sample to sample. Therefore, in the literature, autogenous 

healing is defined as a type of healing that cannot be predicted, and this situation is shown 

as one of the main reasons for the investigation of autonomous healing types [28]. It can 

be said that the higher healing efficiencies observed in this study where crack width is 

high are also due to the effect of unpredictable variables in the structure of reference 

samples that can only autogenously heal. 

 

4.5.2. Control Sample and Autogenous Crack Healing Performance 

For the autogenous healing assessment, abiotic control samples containing basic mortar 

materials and nutrients (5.00% calcium formate and 2.00% calcium nitrate by weight of 

cement) were used in addition to the reference samples. Weekly crack healing graphs of 

control samples are shown in Figure 4.20. 
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Figure 4. 20. Underwater crack healing performances of ontrol samples (a) after 7 days; 

(b) after 14 days; (c) after 21 days; (d) after 28 days. Transverse error bars 

indicate standard deviation, longitudinal error bars indicate standard error. 

 

The crack widths obtained in the control samples varied between 30 µm and 390 µm 

(Figure 4.20). In the control samples, the highest crack healing performances were 

observed in cracks varying between 30 µm and 185 µm and 360 µm and 390 µm with 

approximately 20% closure in the first week (p = 0.05) (Figure 4.20-a). The same crack 

gaps were better than cracks between 210-340 µm with their closing performance of about 

35% in the second week and they showed a similar healing performance among 

themselves (p = 0.05) (Figure 4.20-b). At the end of three weeks, approximately 40% 

improvement was observed in crack widths up to 185 µm and crack widths varying 

between 360 µm and 390 µm (Figure 4.20-c). At the end of four weeks, the highest crack 

closure rate was obtained in cracks smaller than 50 µm with 69 ± 5% (Figure 4.20-d). A 

representative visual of autogenously healing cracks in the control samples is given in 

Figure 4.21. 
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Figure 4. 21. Micrographs showing autogenous healing in control samples. 

 

This mixture is not included in the self-healing cement composites class, since a crack 

healing rate of 90% is not observed in the control samples as well as in the reference 

samples. As in the reference samples, a consistent trend was not observed in the healing 

rates and closure rates of the cracks in the control samples (Figure 4.20). However, at the 

end of four weeks, it was determined that cracks smaller than 50 µm had the highest 

healing performance, cracks between 50 and 185 µm a little lower, and cracks larger than 

185 µm had the lowest healing performance (p = 0.05) (Figure 4.22). 

 

Figure 4. 22. Weekly change of crack healing performance in autogenous healing in 

control sample. Transverse error bars indicate standard deviation, 

longitudinal error bars indicate standard error. 

 

Similar to the reference samples, there was no significant change in the percentage of 

closure in cracks larger than 200 µm after the second week in the control samples (p = 

0.05) (Figure 4.22). The fact that the control samples also showed a difficult to predict 
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healing performance like the reference samples indicates that the nutrients added to the 

mortar did not have a positive effect on the crack healing performance. It can even be said 

that the control samples performed below the reference at the maximum crack closure 

percentages obtained at different crack widths (Table 4.5, Table 4.6). 

Since there was no crack healing of 90% or more during the curing period in the control 

samples, the crack widths that healed the most in different curing times and the highest 

crack healing percentages observed in these cracks were determined and presented in 

Table 4.6. 

 

Table 4. 6. Crack width and healing percentages of the control sample showing the highest 

healing at different duration. 

Duration Best healed crack widths (µm) Crack healing ratio (%) 

Week 1 30 – 185 ve 360 – 390 19±5 

Week 2 30 – 135 ve 360 – 390 36±5 

Week 3 30 – 135 ve 360 – 390 43±5 

Week 4 40±10 69±5 

1Since the healing performances of crack widths between 30 - 185 µm and 360 - 390 µm 

in the first three weeks are not statistically different (p = 0.05), the average of the healing 

percentages of the given crack widths is presented as the crack healing ratio. 

 

4.5.3. Crack Healing Performance in Bio-0.25% Samples 

Weekly crack healing graphs of samples containing 0.25% biogranule form of bacteria 

by weight of cement are shown in Figure 4.23. The crack widths obtained in the Bio-

0.25% samples varied between 40 µm and 830 µm.  In the first week, some cracks were 

covered by 100%, while some cracks closed around 80% (Figure 4.23). Although the 

crack healing ratio increased over 90% in many crack intervals at the end of the first 

week, the self-healing capacity was not determined for the first week due to the 

performance differences close to 20% in different crack intervals (Figure 4.23-a). It was 

determined that the highest crack width that healed over 90% at the end of the first week 

was 550 ± 30 µm. From the crack widths observed at the end of the second week, it was 

noted that there was 90% and more closure in all crack widths, except for crack widths 

varying between 615–635 µm (Figure 4.23-b). It was determined that all crack widths 
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observed at the end of three weeks showed healing over 90% and there was no significant 

change in terms of crack healing performance between the third and fourth weeks (p = 

0.05) (Figure 4.23-c, d). A representative visual of the widest range of microbial healing 

cracks in Bio-0.25% samples is given in Figure 4.24. 

 

Figure 4. 23.Under water crack healing performances of Bio-0.25% samples (a) after 7 

days; (b) after 14 days; (c) after 21 days; (d) after 28 days. Transverse error 

bars indicate standard deviation, longitudinal error bars indicate standard 

error. 

 

 

Figure 4. 24. Micrographs showing microbial healing in the Bio-0.25% sample. 
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Figure 4.25 shows the 4-week crack healing performance and determined self-healing 

capacity obtained in Bio-0.25% samples. 

 

Figure 4. 25. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-0.25% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

According to the results obtained, it can be said that the Bio-0.25% samples are a self-

healing cement composite. The self-healing limit of the cement composite, which repairs 

itself with microbial means, was determined as 800 ± 30 µm and the healing period as 3 

weeks. Crack widths, self-healing capacities and the highest crack healing percentages 

seen in different curing times are presented in Table 4.7. 

 

Table 4. 7. Healing capacities and healing percentages of Bio-0.25% in different 

durations. 

Duration Best healed crack widths (µm) Crack healing ratio1 (%) 

Week 1 <100, 155–245, 310–580, 660–720 92±7 

Week 2 <580 95±5 

Week 3 <830 97±3 

Week 4 <830 98±2 

1 Due to the performance differences close to 20% in different crack intervals, the self-

healing capacity could not be determined for the first week, and the average of the 
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healing percentages obtained in the given crack width ranges was presented as the crack 

healing ratio. 

 

4.5.4. Crack Healing Performance in Bio-0.50% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

0.50% by weight of cement are shown in Figure 4.26. 

 

Figure 4. 26. Under water crack healing performances of Bio-0.50% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-0.50% samples varied between 100 µm and 570 

µm. In the Bio-0.50% samples, healing performances varying between 57% and 81% 

were obtained in the first week, being similar in all observed crack widths (p = 0.05) 

(Figure 4.26-a). At the end of the second week, the healing ratios in all crack widths 

showed a similar increase and it was determined that the two-week crack healing 

performances varied between 61% and 83% (Figure 4.26-b). At the end of the third week, 

crack healing performance varying between 70% and 85% was achieved in all observed 

crack widths, while at the end of the fourth week, a crack closure percentage of 90% and 
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above was obtained in all crack widths except for crack widths varying between 220 and 

290 µm (Figure 4.26-c, d). At crack widths below 90% (220-290 µm), the crack closure 

percentage was recorded as 87 ± 3%, and it was determined that this performance was 

not statistically different from the healing performances obtained in other crack widths (p 

= 0.05). A representative visual of the widest range of microbial healing cracks in Bio-

0.50% samples is given in Figure 4.27. 

 

Figure 4. 27. Micrographs showing microbial healing in the Bio-0.50% sample. 

 

 

Figure 4.28 shows the 4-week crack healing performance and self-healing capacity 

obtained in Bio-0.50% samples. 

 

Figure 4. 28. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-0.50% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 



 76 

According to Figure 4.28, crack healing performances vary directly with the curing time. 

This situation is in line with the findings obtained in the previous studies of cement 

composites that repair themselves with microbial means containing similar doses of 

bacteria [95]. While the crack healing performance obtained in the first week shows a 

slower increase in the second and third weeks, it is seen that the increase with time shows 

parallelism with different crack widths (Figure 4.28). In the fourth week, it can be said 

that the healing rate of the cracks is higher than the other weeks (Figure 4.28). 

Considering that autogenous healing is dominant in the first two weeks, it can be said that 

the period in which the dominance of microbial healing is increased is the fourth week. 

The self-healing limit of the cement composite, which repairs itself with microbial means, 

was determined as 520 ± 50 µm after four weeks (Figure 4.28). Since there was no crack 

healing of 90% or more in the first three weeks in the Bio-0.50% samples, the crack 

widths that healed the most in different curing times and the highest crack healing 

percentages observed in these cracks were determined and presented in Table 4.8. 

 

Table 4. 8. Crack widths and healing percentages of Bio-0.50% showing the highest 

healing in different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <570 70±11 

Week 2 <570 73±10 

Week 3 <570 79±8 

Week 4 <570 91±5 

1As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

In the Bio-0.50% samples, crack healing of 90% or more could not be obtained for any 

crack width in the first three weeks. Therefore, it can be said that the Bio-0.50% sample 

is not suitable for self-healing bio-concrete applications that are expected to heal cracks 

before 4 weeks. 
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4.5.5. Crack Healing Performance in Bio-0.75% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

a rate of 0.75% by weight of cement are shown in Figure 4.29. 

 

Figure 4. 29. Under water crack healing performances of Bio-0.75% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-0.75% samples varied between 75 µm and 525 µm 

(Figure 4.29). In the Bio-0.75% samples, the highest crack healing performance was 

observed at the crack widths less than 140 µm at the end of the first week and it was 

determined that these crack widths were completely healed (Figure 4.29-a). At the end of 

the second week, no statistically significant improvement was observed in all observed 

crack widths compared to the first week (p = 0.05). At the end of the third week, it was 

observed that all crack widths were closed more than 90% except the crack widths 

between 215 µm and 290 µm (Figure 4.29-c). At the end of the first three weeks, there is 

an 80% closure at crack widths between 215 µm and 290 µm. At the end of the fourth 

week, 90% and more closure was obtained in all crack widths observed (Figure 4.29-d). 
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A representative visual of the widest range of microbial healing cracks in bio-0.75% 

samples is given in Figure 4.30. 

 

 

Figure 4. 30. Micrographs showing microbial healing in the Bio-0.75% sample. 

 

Figure 4.31 shows the 4-week crack healing performance and determined self-healing 

capacity obtained in Bio-0.75% samples. Bio-0.75% is included in the self-healing 

cement composite class within the scope of this thesis, as crack healing of 90% or more 

is achieved at all cracks widths observed at the end of the curing period. 

 

Figure 4. 31. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-0.75% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

Similar to Bio-0.50%, the performances of the first two weeks and the performances 

afterwards in the Bio-0.75% samples are separated from each other. Bio-0.75% samples, 

as in other bio-mortar samples, have improved their healing performance to a certain level 
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in the first two weeks where autogenous healing is dominant; however, unlike autogenous 

healing, crack closure percentages increased in the third and fourth weeks (Figure 4.31). 

The absence or very weakness of this ongoing increase in reference and control samples 

indicates a microbial healing in bio-mortar samples. The self-healing limit of the cement 

composite, which repairs itself with microbial means, was determined as 500 ± 25 µm 

after four weeks (Figure 4.31). Since a statistically significant improvement of 90% and 

above from the first week in Bio-0.75% samples, the self-healing capacity was 

determined for Bio-0.75% at different curing times and is presented in Table 4.9. 

  

Table 4. 9. Self-healing capacity and healing percentages of Bio-0.75% in different 

durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <140 99±2 

Week 2 <140 98±3 

Week 3 <190 ve 310–525 93±5 

Week 4 <525 95±4 

1As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.6. Crack Healing Performance in Bio-1.00% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

the rate of 1.00% by weight of cement are shown in Figure 4.32. The crack widths 

obtained in the Bio-1.00% samples varied between 35 µm and 670 µm. At the end of the 

first week at bio- 1.00%, the highest crack healing performance was observed at crack 

widths smaller than 190 µm and it was determined that these crack widths improved by 

approximately 90% (Figure 4.32-a). At the end of the second week, while there was no 

significant increase in the closing rates of cracks smaller than 190 µm, it was found that 

the closing rate increased in wider cracks (Figure 4.32-b). Crack closure percentages 

increased in the third week and the maximum crack width which showed improvement 

over 90% increased to 280 µm (Figure 4.32-c). The maximum crack width that healed 

after four weeks was recorded as 330 µm (Figure 4.32-d). It has been observed that the 
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percentage of healing in larger cracks decreases in parallel with the increase in crack 

width. A representative visual of the widest crack range that heals bio-microbially at 

1.00% is given in Figure 4.33. 

 

Figure 4. 32. Under water crack healing performances of Bio-1.00% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

 

 

Figure 4. 33. Micrographs showing microbial healing in Bio-1.00% sample. 
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In Figure 4.34, 4-week crack healing performance and self-healing capacity obtained in 

Bio-1.00% samples are given. Bio-1.00% was included in the self-healing cement 

composite class within the scope of this thesis, as over 90% improvement was achieved 

in crack widths up to 330 µm at the end of the curing period. 

 

Figure 4. 34. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-1.00% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

Similar to Bio-0.50% and Bio-0.75%, the first two weeks performances and the 

performances afterwards are separated from each other in Bio-1.00%. At bio-1.00%, as 

in other bio-mortar samples, healing performances increased to a certain level in the first 

two weeks where autogenous healing was dominant, but unlike autogenous healing, crack 

closing percentages were also increased in the third and fourth weeks (Figure 4.34). The 

self-healing limit of the cement composite, which repairs itself with microbial means, was 

determined as 320 ± 10 µm after four weeks (Figure 4.34). As in Bio-1.00%, as in Bio-

0.75, a statistically significant healing of 90% and above from the first week was obtained, 

the self-healing capacity was determined for Bio-1.00% at different curing times and it is 

presented in Table 4.10. 
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Table 4. 10. Self-healing capacity and healing percentages of the Bio-1.00% sample at 

different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <190 91±8 

Week 2 <190 93±5 

Week 3 <280 94±5 

Week 4 <330 96±5 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.7. Crack Healing Performance in Bio-1.25% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

1.25% by weight of cement are shown in Figure 4.35. 

 

Figure 4. 35. Under water crack healing performances of Bio-1.25% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 
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The crack widths obtained in the Bio-1.25% samples varied between 35 µm and 235 µm. 

In the Bio-1.25% samples, healing performances varying between 56-68% were obtained 

in the first week, being similar at all crack widths (p = 0.05) (Figure 4.35-a). At the end 

of the second week, the healing rates in all crack widths showed a similar increase and it 

was determined that the crack healing performance for two weeks varied between 65% 

and 75% (Figure 4.35-b). At the end of the third week, over 90% of crack healing 

performance was obtained in all observed crack widths and minimal changes were 

observed in crack closure percentages in the fourth week (Figure 4.35-c, d). A 

representative visual of the widest range of microbially healing cracks in Bio-1.25% 

samples is given in Figure 4.36. 

 

 

Figure 4. 36.Micrographs showing microbial healing in Bio-1.25% sample. 

 

In Figure 4.37, 4-week crack healing performance and self-healing capacity obtained in 

Bio-1.25% samples are given. Bio-1.25% was included in the self-healing cement 

composite class within the scope of this thesis study, as over 90% improvement was 

achieved in crack widths up to 235 µm at the end of the curing period. As in other tested 

bio-mortar samples, the first two weeks performances and the performances afterwards 

are separated from each other in Bio-1.25% (Figure 4.37). After the second week in which 

autogenous healing is estimated to stop, it can be said that crack closure is caused by 

microbial healing. 
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Figure 4. 37. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-1.25% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

The self-healing limit of the cement composite, which heals itself with microbial means, 

was determined as 220 ± 15 µm after four weeks (Figure 4.37). Since a statistically 

significant healing of 90% and above in Bio-1.25% from the third week is obtained, the 

crack widths showing the best healing within different curing durations for Bio-1.25% 

and the self-healing capacity determined from the third week and it is presented in Table 

4.11. 

 

Table 4. 11. Self-healing capacity and healing percentages of 1 Bio-1.25% in different 

durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <235 62±6 

Week 2 <235 69±5 

Week 3 <185 95±3 

Week 4 <235 98±1 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 
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4.5.8. Crack Healing Performance in Bio-1.50% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

a rate of 1.50% by weight of cement are shown in Figure 4.38. 

 

Figure 4. 38. Under water crack healing performances of Bio-1.50% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the bio-1.50% samples varied between 60 µm and 440 µm 

(Figure 4.38). In the Bio-1.50% samples, the highest crack healing performance was 

observed at the crack widths smaller than 190 µm at the end of the first week and it was 

determined that these crack widths healed by 70% to 80% (Figure 4.38-a). In the second 

week, the healing ratio remained constant in crack widths smaller than 90 µm, and an 

increase of approximately 5% was observed in the closure rate of all other crack widths 

(Figure 4.38-b). However, it was determined that there was no statistically significant 

change between the percentages of healing in the second week and the percentages in the 

first week (p = 0.05). In the third week, crack closure percentages showed a statistically 

significant increase in all observed crack widths (p = 0.05). Due to this increase, 90% and 
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more crack closure was obtained in cracks up to 190 µm (Figure 4.38-c). Closure in the 

cracks continued in the fourth week and 90% and more healing was obtained in the cracks 

up to 290 µm (Figure 4.38-d). It has been determined that the percentage of healing in 

wider cracks is around 70%. A representative visual of the widest range of microbial 

healing cracks in the Bio-1.50% sample is given in Figure 4.39. 

 

 

Figure 4. 39. Micrographs showing microbial healing in Bio-1.50% sample. 

 

In Figure 4.40, 4-week crack healing performance and self-healing capacity obtained in 

Bio-1.50% samples are given. Bio-1.50% has been included in the self-healing cement 

composite class within the scope of the thesis, as over 90% improvement is achieved in 

crack widths up to 290 µm at the end of the curing period. 

 

 

Figure 4. 40. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-1.50% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 
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As in the other tested samples, in Bio-1.50%, the performances of the first two weeks and 

the performances afterwards are separated from each other. After the second week in 

which autogenous healing is estimated to stop, it can be said that crack closure is caused 

by microbial healing. The self-healing limit of the cement composite, which heals itself 

with microbial means, was determined as 275 ± 15 µm after four weeks (Figure 4.40). In 

the Bio-1.50% sample, as in the Bio-1.25 sample, a statistically significant healing of 

90% and above was obtained from the third week, showing the best healing within 

different curing durations for the Bio-1.50% sample. Crack widths and self-healing 

capacities determined from the third week are presented in Table 4.12. 

  

Table 4. 12.Self-healing capacity and percentages of Bio-1.50% samples at different 

durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <190 76±7 

Week 2 <190 78±7 

Week 3 <190 96±5 

Week 4 <290 93±6 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.9. Crack Healing Performance in Bio-1.75% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

1.75% by weight of cement are shown in Figure 4.41.  
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Figure 4. 41. Under water crack healing performances of Bio-1.75% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-1.75% samples varied between 100 µm and 420 

µm. In the Bio-1.75% samples, healing performances varying between 25 and 35% were 

obtained in the first week, being similar in all crack widths (p = 0.05) (Figure 4.41-a). At 

the end of the second week, healing ratios increased in all crack widths and it was 

determined that the two-week crack healing performances varied between 30% and 40% 

(Figure 4.41-b). By the end of the third week, the healing percentages, which increased 

slightly more, did not show a statistically significant difference in all observed crack 

widths and varied between 40% and 50% (Figure 4.41-c). It was observed that the best 

healing crack widths at the end of four weeks were between 85 ± 4% and less than 150 

µm (Figure 4.41-d). Since the healing efficiency obtained is very close to 90%, it has 

been decided to examine cracks smaller than 150 µm in smaller intervals. When the 

smaller crack widths were examined, it was observed that the cracks smaller than 120 µm 

healed by 92 ± 5%, and the cracks between 120-150 µm improved by 81 ± 5%. However, 
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since 23 data in the section up to 120 µm and 42 data between 120-150 µm are examined 

in this analysis, the data are not presented separately in Figure 4.41, taking into account 

the criterion of at least 60 data points specified in the thesis. There are microbial self-

healing concrete studies in the literature where the self-healing capacity of mortars is 

determined using less data (n≥5) for crack gaps of 50 µm [25], [26], [29], [95]. Based on 

these studies, the self-healing capacity for Bio-1.75% has been determined as 100 ± 15 

µm, with over 90% healing efficiency, and the healing duration as 4 weeks. From the 

specified limit value, it has been observed that as the crack width increases, the healing 

percentage of the cracks decreases linearly up to 50%. A representative visual of the crack 

width of less than 120 µm where microbial improvement is obtained in the Bio-1.75% 

samples and the crack gaps of approximately 200 µm where more than 90% improvement 

cannot be achieved is given in Figure 4.42. 

 

Figure 4. 42. In the Bio-1.75%; a) narrow crack micrographs where microbial healing is 

achieved; b) micrographs of cracks larger than 150 µm with healing below 

90%. 

 

In Figure 4.43, 4-week crack healing performance and self-healing capacity obtained in 

Bio-1.75% samples are given. Bio-1.75% was included in the self-healing cement 

composite class within the scope of this thesis, as over 90% healing was achieved in crack 

widths up to 120 µm at the end of the curing period. 
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Figure 4. 43. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-1.75% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

As with other tested bio-mortar samples, autogenous healing and microbial healing can 

be clearly distinguished in the Bio-1.75% sample. After the second week in which 

autogenous healing is estimated to stop, it can be said that crack closure is caused by 

microbial healing. Since there was no crack healing of 90% or more in the first three 

weeks in the Bio-1.75% sample, the crack widths that healed the most in different curing 

times and the highest crack healing percentages seen in these cracks were determined and 

presented in Table 4.13. 

 

Table 4. 13.Crack widths, self-healing capacity and healing percentages of the Bio-1.75% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <420 28±5 

Week 2 <420 37±6 

Week 3 <420 43±7 

Week 4 <120 92±5 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 
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4.5.10. Crack Healing Performance in Bio-2.00% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

a rate of 2.00% by weight of cement are shown in Figure 4.44.  

 

Figure 4. 44. Under water crack healing performances of Bio-2.00% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-2.00% samples varied between 65 µm and 235 µm. 

At the end of the first week at Bio- 2.00%, the highest crack healing performance was 

observed at crack widths less than 140 µm, and it was determined that these crack widths 

healed at rates varying between 70% and 80% (Figure 4.44-a). At the end of the second 

week, an increase of approximately 5% was observed in the healing percentages of all 

observed crack widths (Figure 4.44-b). However, there was no statistically significant 

difference between the healings obtained at the end of the first week and the second week 

(p = 0.05). Crack closure percentages showed a more serious increase in the third week 

and healing over 90% was obtained in crack widths smaller than 140 µm (Figure 4.44-c). 

All crack widths increased in the fourth week and the maximum crack width healed after 
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four weeks was recorded as 185 µm. It has been determined that the healing percentage 

in wider cracks is below 90%. A representative visual of the widest crack range that heals 

microbially in the Bio-2.00% sample is given in Figure 4.45. 

 

Figure 4. 45. Micrographs showing microbial healing in Bio-2.00% sample. 

 

Figure 4.46 shows the 4-week crack healing performance and self-healing capacity 

obtained in Bio-2.00% samples. Bio-2.00% sample has been included in the self-healing 

cement composite class within the scope of this thesis, as over 90% healing is recorded 

in crack widths up to 185 µm at the end of the curing period. 

 

 

Figure 4. 46. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-2.00% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

As with other tested bio-mortar samples, autogenous healing and microbial healing can 

be clearly distinguished in Bio-2.00% samples. It can be said that autogenous healing 

occurs predominantly in the first two weeks, and microbial healing becomes prominent 
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after the third week (Figure 4.46). The self-healing limit of the cement composite, which 

heals itself with microbial means, was determined as 170 ± 15 µm after four weeks 

(Figure 4.46). In Bio-2.00%, as in the Bio-1.50% and Bio-1.25 samples, a statistically 

significant healing of 90% and above was obtained from the third week. On the other 

hand, the crack widths showing the best healing in different curing durations for the Bio-

2.00% sample and the self-healing capacities determined from the third week are 

presented in Table 4.14. 

 

Table 4. 14.Crack widths, self-healing capacity and healing percentages of the Bio-2.00% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <140 74±6 

Week 2 <140 79±5 

Week 3 <140 93±2 

Week 4 <185 94±4 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.11. Crack Healing Performance in Bio-2.25% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

a rate of 2.25% by weight of cement are shown in Figure 4.47. 
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Figure 4. 47.Under water crack healing performances of Bio-2.25% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-2.25% samples varied between 80 µm and 460 µm 

(Figure 4.47). In the Bio-2.25% samples, the highest crack healing performance was 

observed at the crack widths less than 140 µm at the end of the first week and it was 

determined that these crack widths healed by approximately 45% (Figure 4.47-a). At the 

end of the second week, an increase of approximately 10% was observed in the healing 

percentages of all observed crack widths (Figure 4.47-b). This observed increase was 

found to be statistically significant in all observed crack widths except for crack widths 

less than 100 µm and crack widths varying between 400–460 µm (p = 0.05). Crack closure 

percentages showed a serious increase, approximately 20% in cracks smaller than 185 

µm in the third week, and an improvement of 75% was obtained in crack widths less than 

140 µm (Figure 4.47-c). Of the other crack intervals, 50% healing was obtained in the 

crack range of 155–185 µm and 30% in the crack range of 200–400 µm (Figure 4.47-c). 

In the fourth week, a 30% increase was obtained in crack spacing up to 290 µm and a 
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crack healing percentage over 90% was obtained in crack widths less than 140 µm (Figure 

4.47-d). It has been determined that the healing percentage in wider cracks is below 90% 

and it decreases as the crack width increases. A representative visual of the widest range 

of microbial healing cracks in the bio-2.25% samples is given in Figure 4.48. 

 

 

Figure 4. 48. Micrographs showing microbial healing in Bio-2.25% sample. 

 

In Figure 4.49, 4-week crack healing performance and self-healing capacity obtained in 

Bio-2.25% samples are given. At the end of the curing period, as over 90% healing is 

recorded in crack widths up to 140 µm, Bio-2.25% sample is included in the self-healing 

cement composite class within the scope of this thesis. As with other bio-mortar samples 

tested, the increase in crack closure percentages between weeks in the Bio-2.25% sample 

was higher in the third and fourth week (Figure 4.49). Therefore, autogenous healing and 

microbial healing can be clearly distinguished in Bio-2.25% samples. 

 

 

Figure 4. 49.Weekly change of microbial healing performance and determined self-

healing capacity for Bio-2.25% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 
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The self-healing limit of the cement composite, which heals itself with microbial means, 

was determined as 130 ± 10 µm after four weeks (Figure 4.49). In the Bio-2.25% sample, 

as in the Bio-0.50% and Bio-1.75% samples, there was no crack healing of 90% or more 

in the first three weeks, thus the crack widths that healed the most within different curing 

durations and the highest crack healing percentages seen in these cracks were determined 

and presented in Table 4.15. 

 

Table 4. 15. Crack widths, self-healing capacity and healing percentages of the Bio-2.25% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <140 45±6 

Week 2 <140 55±5 

Week 3 <140 75±5 

Week 4 <140 99±1 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.12. Crack Healing Performance in Bio-2.50% Samples 

Weekly crack healing graphs of samples containing 2.50% biogranule form bacteria by 

weight of cement, which is the maximum bacterial dose tested in self-healing 

performance tests, are shown in Figure 4.50. 
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Figure 4. 50. Under water crack healing performances of Bio-2.50% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-2.50% samples varied between 30 µm and 295 µm 

(Figure 4.50). In the Bio-2.50% samples, the highest crack healing performance was 

observed at the crack widths less than 50 µm at the end of the first week and it was 

determined that these crack widths healed by approximately 85% (Figure 4.50-a). At the 

end of the second week, there was no statistically significant change in the healing 

percentages of all observed crack widths (p = 0.05). Crack closure percentages showed a 

significant increase in the third week and healing over 90% was obtained in crack widths 

less than 135 µm (Figure 4.50-c). All crack widths increased in the fourth week and the 

maximum crack width that healed after four weeks was recorded as 185 µm (Figure 4.50-

d). It has been determined that the percentage of healing in wider cracks has decreased 

up to 70%. A representative visual of the widest range of microbial healing cracks in the 

Bio-2.50% sample is given in Figure 4.51. 
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Figure 4. 51. Micrographs showing microbial healing in Bio-2.50% sample. 

 

In Figure 4.52, 4-week crack healing performance and self-healing capacity obtained in 

Bio-2.50% samples are given. At the end of the curing period, over 90% healing is 

achieved in crack widths up to 185 µm, the Bio-2.50% sample has been included in the 

self-healing cement composite class within the scope of this thesis. 

 

 

Figure 4. 52. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-2.50% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

As with other tested bio-mortar samples, autogenous healing and microbial healing can 

be clearly distinguished in the Bio-2.50% sample. It can be said that autogenous healing 

occurs in the first two weeks, and microbial healing begins after the third week. The self-

healing limit of the cement composite, which heals itself with microbial means, was 

determined as 170 ± 15 µm after four weeks (Figure 4.52). In the Bio-2.50% sample, as 
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in the Bio-2.00%, Bio-1.50% and Bio-1.25 samples, a statistically significant healing of 

90% and above was obtained from the third week. On the other hand, the crack widths 

showing the best healing in different curing durations for the Bio-2.50% sample and the 

self-healing capacities determined from the third week are presented in Table 4.16. 

 

Table 4. 16. Crack widths, self-healing capacity and healing percentages of the Bio-2.50% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <50 86±7 

Week 2 <50 86±7 

Week 3 <135 94±4 

Week 4 <185 97±2 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.5.13. Effect of Increasing Bacterial Dose on Self-healing Capacity by Microbial 

Means 

Within the scope of the thesis study, 10 different bio-mortar mixtures (containing 0.25% 

- 2.50% bacteria by weight of cement) were examined in order to investigate the effect of 

bacterial dosage in biogranule form. 

 

All of the bio-mortar mixes examined were included in the class of cementitious 

composites that heals themselves by microbial means, as 90% or more healing was 

achieved within the curing time (maximum 4 weeks). The self-healing performances of 

all mixtures were compared among themselves in order to determine the bacterial dose in 

the form of biogranules that give the most efficient results. Self-healing capacities and 

durations to reach self-healing capacity were compared. (Table 4.17). While determining 

the self-healing capacity, crack widths that healed at least 90% during the curing period 

were taken into account, and lower healing percentages were not taken into account. Since 

the healing behaviour in all samples in the first week was inconsistent and unpredictable 
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due to autogenous healing, the evaluations were made after the second week 

performances. 

 

Table 4. 17. The self-healing capacities achieved in different bio-mortar samples and the 

durations to reach the self-healing capacity. 

Mixture 

Week 2 Week 3 Week 4 

Self-

healing 

capacity1 

(µm) 

Healing 

ratio  

(%) 

Self-

healing 

capacity 

(µm) 

Healing 

ratio 

(%) 

Self-

healing 

capacity 

(µm) 

Healing 

ratio 

(%) 

Bio-0.25% 550±30 95±5 800±30 97±3 800±30 98±2 

Bio-0.50% - - - - 520±50 91±5 

Bio-0.75% 125±15 99±2 310-525 93±5 500±25 95±5 

Bio-1.00% 175±15 93±5 265±15 94±5 320±10 96±5 

Bio-1.25% - - 170±15 95±3 220±15 98±1 

Bio-1.50% - - 175±15 96±5 275±15 93±6 

Bio-1.75% - - - - 100±15 92±5 

Bio-2.00% - - 125±15 93±2 170±15 94±4 

Bio-2.25% - - - - 130±10 99±1 

Bio-2.50% - - 120±15 94±4 170±15 97±2 

1Crack widths, determined as self-healing capacity, improved by at least 90% during 

the curing time, lower healing percentages were not taken into account. 

 

Biogranule content in microbial self-healing cement composites prepared within the 

scope of this thesis consists of nitrate reducing spores as described in Section 4.1.2 and 

shown in Figure 4.11-b. Water, pH drop and the amount of water-soluble nutrients play 

a role in the revival of bacterial spores. While spores of bacteria come alive and produce 

new cells, carbon and nitrogen sources (calcium formate and calcium nitrate) are 

transformed into molecules that form the cell structure by anabolic reactions. In the 

biomineralization process, the catabolic reactions that the bacteria convert to carbon 

dioxide and carbonate by oxidizing the carbon source with nitrate reduction for energy 

production play a role. Microbially induced calcium carbonate precipitation is also a 

biomineralization process and one of the four main factors affecting the amount of 
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calcium carbonate precipitated is the concentration of dissolved inorganic carbon 

(dissolved carbon dioxide and carbonate) [49]. Therefore, as the amount of spores in the 

mortar mixture increases, there is an increase in the amount of nutrients used for 

regeneration after crack formation. The increase in the amount of nutrients used in 

anabolic reactions means that the nutrient in the environment is mostly used in the cell 

structure instead of calcium carbonate precipitation. Since the basis of crack healing by 

microbial means is the calcium carbonate precipitation triggered by bacteria, the decrease 

in the amount of precipitated calcium carbonate will negatively affect the crack repair 

performance. In this thesis study, it is thought that as the dosage of bacteria in the mortar 

increases, the main reasons for achieving lower self-healing capacities in the same curing 

durations are the use of nutrients to germinate spores and it is thought that the amount of 

nutrients expected to be used for calcium carbonate precipitation decreases with the 

increase in the initial spore amount. 

 

The results revealed that the increase in the bacterial dose in the form of biogranules in 

the mortar mixture negatively affected the healing rate and healing capacity (Table 4.17). 

The highest healing capacity was obtained in the Bio-0.25% sample with 800 ± 30 µm. 

In addition, the mixture that reached the healing capacity the fastest was Bio-0.25% 

within 3 weeks (Table 4.17). The performance of the Bio-0.25% sample is promising to 

maintain the durability of the cement-binder system with rebars in terms of avoiding 

corrosion by preventing the ingress of external elements thanks to microbial calcium 

carbonate precipitation in cracks. It was determined that the four-week healing capacities 

of the higher doses of Bio-0.50% and Bio-0.75% samples were not statistically different 

and were around 500 µm (p = 0.05) (Table 4.17). In the Bio-1.00% sample, the four-week 

healing capacity decreased slightly, reaching around 300 µm (Table 4.17). It was 

observed that the four-week healing capacity of the Bio- 1.25% and Bio- 1.50% samples 

also fell below 300 µm (Table 4.17). It has been observed that four-week healing capacity 

falls below 200 µm when more than 1.50% of the weight of cement is used in the form 

of biogranules (Table 4.17). Similarly, it was observed that the healing capacities 

determined for the three-week curing period decreased from Bio-0.25% to Bio-2.50% 

(Table 4.17). When the healing ratios were examined, it was determined that samples 

with an initial bacterial dose of up to 1.00% healed faster than samples containing higher 

doses of bacteria. It might be related with germination process of bacteria. In a study, it 

is stated that the dormant bacterial spores have been used to increase survival within the 
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cementitious matrix for the self-healing systems. Nevertheless, a slow CaCO3 

precipitation has been demonstrated by B. sphaericus spores as vegetative cells must 

germate before precipitation could begin [136]. Based on this and obtained results in this 

thesis study, it might be stated that more than 1.00% biogranules contained specimens 

might use a part of available nutrients for germination. In this study, to investigate the 

effects of biogranules dosages in cement-binder systems directly, the amounts of nutrients 

in samples were kept stable for each specimen. Since higher amounts of biogranules need 

a higher amount of nutrients to germinate bacteria, utilized nutrients in the study could 

be inadequate to initiate effective calcium carbonate precipitation. Because after 

germination, bacteria could have been consumed a lot of nutrients in high doses of 

bacteria incorporated specimens, induced calcium carbonate precipitation throughout 

microbial activity might be lower than specimens with fewer doses of bacteria introduced. 

Likewise, another study revealed that hydrolysis of the bacterial urea and organic carbon 

aerobic oxidation demand oxygen to trigger bacterial activity (spore germination). This 

could be a restrictive factor for deep crack healings, or as a final electron accepter to 

activate and maintain microbial activity [40]. Although denitrifying agents which can 

utilize nitrate (NO3
−) as an alternative acceptor electron for organic carbon oxidation 

under oxygen-limited conditions [88], were used in this thesis study, obtained crack 

widths in specimens that prepared with higher dosages of biogranules were smaller 

compared to specimens produced with biogranules at the rate of lower than 1.00%. This 

might be related to obtaining less water ingress or a less soluble environment for 

activating bacteria. However, these can not be certain results because Bio-0.50% and Bio-

0.75% samples had also crack widths up to 500 µm.  

 

It is thought that the difference in activity between spores and vegetative bacteria at 

different pH values increases the rate of use of nutrients by the spores. Within the scope 

of this thesis, the pH values of the nutrient solution remained around 10.0 during the 

production of biogranules, while the pH values in the reactor were between 9.5 - 10 in the 

anoxic period and 9.0 - 9.5 in the aerobic period (Figure 4.1-a). There is no need to create 

optimum conditions for spore cells to regenerate, spores begin to revive when there are 

pH and nutrient conditions available, where bacteria can carry out their metabolic 

activities after healing [136]. Therefore, according to the production pH values, it is 

possible for spores to use nutrients in anabolic reactions at pH values of 10,0–10,5 and 

the revitalized bacteria to oxidize carbon with low efficiency. On the other hand, effective 
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carbon oxidation is expected to occur under conditions where bacteria are accustomed to 

reactor operation and pH values fall below 10 (Figure 4.1-a, c). Weekly pH measurements 

were made while the cracked samples were cured. According to the pH measurements 

made, it was determined that the pH values of all samples varied between 10.0 and 10.5 

at the end of the first week. Therefore, it can be said that sports started to revive at the 

end of the first week. At the end of the second week, it was determined that the pH values 

changed between 9.5 and 10.5. Thus, the effect of microbial healing was more clearly 

seen in all samples except Bio-0.25% from the 3rd week. The reason for this is that with 

the decreasing pH, nutrients are used for energy production more effectively and calcium 

carbonate precipitation accelerates due to the catabolic activity of bacteria. Similar 

behaviour of spores has been reported in previous studies [136]. In samples containing 

high doses of bacterial spore, the nutrient leaking into the environment is consumed 

mostly during the revitalization of the spores and therefore less food is left to be used in 

catabolic activities in the remaining process, when the amount of initial spores used in 

the mortar is increased, a decrease in the self-healing capacity of the cement composite 

has been observed. 

 

4.6. The Minimum Amount of Bacteria Required to Obtain a Cementitious 

Composite that Heals Itself by Microbial Means 

Within the scope of the thesis, samples were also prepared to determine the minimum 

amount of bacteria in the form of biogranules required to obtain a cementitious composite 

that heals itself by microbial means. The success criterion was defined as obtaining a 

higher healing capacity than the healing capacity obtained in the reference and control 

samples or reaching the same capacity in a shorter time than autogenous healing. In the 

bacterial doses in the form of biogranules tested at intervals of 0.25% by weight of 

cement, the lowest dose where the microbial healing was achieved effectively was 

determined as Bio-0.25%. Therefore, in order to determine whether an healing was 

achieved at doses lower than this dose, Bio-0.05% and Bio-0.10% samples were prepared 

like the previous samples and their healing performances were compared against the 

healing performances of the reference and control samples. 
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4.6.1. Crack Healing Performance in Bio-0.05% Samples 

Weekly crack healing graphs of samples containing bacteria in the form of biogranules at 

the rate of 0.05% by weight of cement, which is the minimum bacteria dose tested within 

the scope of the thesis, are shown in Figure 4.53. 

 

Figure 4. 53.Under water crack healing performances of Bio-0.05% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths in the Bio-0.05% samples were obtained between 75 µm and 275 µm 

in a way to provide comparison with reference samples and control samples (Figure 4.53). 

In the Bio-0.05% samples, the highest crack healing performance was observed at the 

crack widths less than 95 µm at the end of the first week and it was determined that these 

crack widths healed by approximately 50% (Figure 4.53-a). Similar to the reference 

samples, crack widths between 255–275 µm showed a 40% healing in the first week 

(Table 4.5). At the end of the second week, an increase of approximately 50% was 

observed in the healing ratio of crack widths smaller than 140 µm, and closure 

percentages of over 90% were obtained in crack widths less than 95 µm (Figure 4.53-b). 
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Crack closure percentages continued to increase in the third week and healing over 90% 

was obtained in all observed crack widths (Figure 4.53-c). A slight increase was recorded 

in all crack widths observed in the fourth week and the maximum crack width that healed 

after four weeks was recorded as 275 µm (Figure 4.53-d). A representative visual of the 

widest range of microbial healing cracks in the Bio-0.05% sample is given in Figure 4.54. 

 

 

Figure 4. 54. Micrographs showing microbial healing in Bio-0.05% sample. 

 

In Figure 4.55, 4-week crack healing performance and self-healing capacity obtained in 

Bio-0.05% samples are given. Since over 90% healing is achieved in crack widths up to 

275 µm at the end of the curing period, Bio-0.05% has been included in the self-healing 

cement composite class within the scope of this thesis. The Bio-0.05% sample 

outperformed crack healing ratios and crack healing capacities obtained in both reference 

and control samples. 
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Figure 4. 55. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-0.05% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

Bio-0.05% samples showed healing over 90% in all crack widths observed within 3 

weeks, such as Bio-0.25 samples (Figure 4.55). Since the purpose of preparing Bio-0.05% 

is to compare it with reference and control samples, large crack widths have not been 

followed. Therefore, although the four-week healing limit for Bio-0.05% was determined 

as 275 µm within the scope of this study, it is recommended to examine higher crack 

intervals in future studies. Because the results obtained in this study, especially due to the 

similarity of the healing performance to the Bio-0.25% sample, indicate that the four-

week healing limit may be above 275 µm. Crack widths showing the best healing in 

different curing durations for the Bio-0.05% sample and the self-healing capacities 

determined from the third week are presented in Table 4.18. 

 

Table 4. 18. Crack widths, self-healing capacity and healing percentages of the Bio-0.05% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <95 47±7 

Week 2 <95 92±5 

Week 3 <275 91±5 

Week 4 <275 94±3 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

4.6.2. Crack Healing Performance in Bio-0.10% Samples 

Within the scope of this study, Bio-0.05% samples and Bio-0.10% samples were also 

tested in order to determine the minimum amount of bacteria in the form of biogranules 

required to obtain a cementitious composite that heals itself by microbial means. Weekly 

crack healing graphs of samples containing bacteria in the form of biogranules at a rate 

of 0.10% by weight of cement are shown in Figure 4.56. 
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Figure 4. 56. Under water crack healing performances of Bio-0.10% samples (a) after 7 

days; (b) at the end of the 14th day; (c) after 21 days; (d) after 28 days. 

Transverse error bars indicate standard deviation, longitudinal error bars 

indicate standard error. 

 

The crack widths obtained in the Bio-0.10% samples were obtained between 65 and 280 

µm in terms of comparison with reference and control samples (Figure 4.56). In the Bio-

0.10% samples, the highest crack healing performance was observed at the crack widths 

less than 95 µm at the end of the first week and it was determined that these crack widths 

healed by approximately 80% (Figure 4.56-a). As in the Bio-0,25% samples, a healing 

over 90% was obtained in the crack widths less than 280 µm in the Bio-0,10% samples 

at the end of the second week (Figure 4.56-b). Since all observed cracks were closed at 

the end of three weeks, no statistically significant increase was observed in the crack 

closure percentages in the fourth week and the maximum crack width that healed after 

four weeks was recorded as 280 µm (Figure 4.56-c, d). A representative visual of the 

widest range of cracks that heals microbially in Bio-0.10% is given in Figure 4.57. 
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Figure 4. 57. Micrographs showing microbial healing in Bio-0.10% sample. 

 

Figure 4.58 shows the 4-week crack healing performance and self-healing capacity 

obtained in Bio-0.10% samples. Bio-0.10% sample was included in the self-healing 

cement composite class within the scope of this study, as over 90% healing was recorded 

in crack widths up to 280 µm at the end of the curing period. The Bio-0.10% sample 

outperformed the crack healing ratios and crack healing capacities obtained in both the 

reference and control samples. 

 

Figure 4. 58. Weekly change of microbial healing performance and determined self-

healing capacity for Bio-0.10% samples. Transverse error bars indicate 

standard deviation, longitudinal error bars indicate standard error. 

 

Crack widths showing the best healing in different curing durations for Bio-0.10% 

samples and self-healing capacities determined from the second week are presented in 

Table 4.19. 
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Table 4. 19. Crack widths, self-healing capacity and healing percentages of the Bio-0.10% 

sample that showed the highest healing at different durations. 

Duration Best healed crack widths (µm) 
Crack healing ratio1 

(%) 

Week 1 <95 78±4 

Week 2 <280 97±3 

Week 3 <280 98±2 

Week 4 <280 98±2 

1 As the crack healing ratio, the average of the healing percentages obtained in the given 

crack width ranges is presented. 

 

The healing performances of the Bio-0.10% samples were compared to both the reference 

and control samples and the healing performances of the Bio-0.05% and Bio-0.25% 

samples. It was determined that the healing performance of the Bio-0.10% samples was 

statistically significantly better than the autogenous healing in the reference and control 

samples at all curing times (p = 0.05). In addition, the healing performance obtained for 

the crack widths between 75-275 µm of Bio-0.10% samples in the first two weeks were 

statistically significantly better than the healing performance obtained in the same crack 

interval and the same time period Bio-0.05% samples (p = 0.05). It was determined that 

the healing performance of Bio-0.10% samples was more similar to Bio-0.25 sample 

compared to Bio-0.05%. Although it has been noted that for the same crack interval (65 

- 280 µm), the healing performance of the Bio-0.25% sample in the first week was 

significantly better than the Bio-0.10% sample, for the same crack interval, there was no 

statistically significant difference in the crack healing performance of the mixture (p = 

0.05). Therefore, it was not necessary to examine other doses between Bio-0.10% and 

Bio-0.25% in terms of healing performance. 

 

Within the scope of this thesis study, although the four-week healing limit was determined 

as 280 µm for the Bio-0.10% sample as well as the Bio-0.05% sample, it would be useful 

to examine the larger crack intervals in future studies in terms of determining a more 

accurate self-healing capacity. Especially considering the similarity of the healing 

performance of Bio-0.10% to the Bio-0.25% samples more than Bio-0.05%, it can be said 

that the four-week healing limit is more than 280 µm. In the light of the results obtained, 
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it can be said that the minimum amount of bacteria in the form of biogranules required to 

obtain cement composite with microbial means is 0.05% by weight of cement. This dose 

is 10 times lower than the dose at which successful results were obtained by using 

biogranules in previous studies (bacteria in the form of biogranules at a rate of 0.50% by 

weight of cement). In addition, in this study, it was found that if the biogranule dose is 

decreased from 2.50% to 0.25% by weight of cement, there is an increase in the healing 

performances. The results obtained are promising in terms of reducing the cost of 

cementitious composites that heal themselves by microbial means containing biogranules. 

It was calculated the cost of self-healing cementitious composite with microbial means 

obtained by using bacteria in the form of biogranules and the cost of converting 1 m3 

normal concrete into self-healing bio-concrete as €194 [137]. The cost of self-healing 

concrete with microbial means calculated by taking the concrete unit cost as 85€/m3 has 

been reported as ~ 280€/m3 [137]. In this calculation, it was stated that 3.00% calcium 

nitrate and 2.00% calcium formate were used by weight of cement and 0.50% biogranule 

(ACDC) form bacteria were used. The unit prices used in the calculation and the cost of 

self-healing bio-concrete obtained by microbial means are given in Table 4.20. 

 

Table 4. 20. Cost of self-healing concrete with microbial means, which was previously 

stated to be developed using bacteria in biogranule for (Edited according to 

[111]). 

Admixtures 
Material price 

(€/100 kg) 

Amount used for self-healing 

concrete1 (kg) 

Bio-%0,50 cost 

(€/m3 concrete) 

Ca(HCOO)2 50 9 4.5 

Ca(NO3)2.4H2O 30.5 19.5 5.9 

Biogranule 5740 3.2 183.7 

Concrete   85 

Total   279 

1Bio-concrete contains 3.00% calcium nitrate, 2.00% calcium formate and 0.50% bacteria in 

biogranule form by weight of cement. Bacteria / Biogranule ratio is given as 0.7 g / g. 

 

In this study, it has been revealed that bacteria in the form of biogranules at the rate of 

0.05% by weight of cement are sufficient to obtain a cementitious composite that heals 

itself by microbial means. Over the unit prices given in Table 4.20, when the cost of self-
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healing bio-concrete to be obtained with the mixture composition determined in this study 

(5.00% calcium formate, 2.00% calcium nitrate and 0.05% bacteria in the form of 

biogranules) is calculated, the cost of Bio-0.05% concrete is approximately 120 €/m3. 

(Table 4.21). With the results obtained within the scope of this thesis, it has been revealed 

that the cost of bio-concrete can be reduced by 58%. Although Bio-0.05% specimens 

revealed better healing results than reference and control specimens and faster healing 

compared to specimens containing more than 0.25% biogranules, obtained crack widths 

in Bio-0.05% were quite limited. Therefore, Bio-0.25% specimens can be considered 

more promising than Bio-0.05% specimens since they revealed a wider range of crack 

widths and similar results. When the cost of Bio-0.25% specimens was calculated, 

approximately 192 €/m3 was found. It can attribute a 32% reduction on the cost of bio-

concrete.  

 

Table 4. 21. The cost of self-healing concrete with microbial means that can be obtained 

with the minimum required dose of bacteria. 

Admixtures 
Material price 

(€/100 kg) 

Amount used for self-

healing concrete1 (kg) 

Bio-%0,05 cost 

(€/m3 concrete) 

Ca(HCOO)2 50 22.5 11.3 

Ca(NO3)2.4H2O 30.5 13 3.9 

Biogranule 5740 0.32 18.4 

Concrete   85 

Total   119 

1Bio-concrete contains 3.00% calcium nitrate, 2.00% calcium formate and 0.05% 

bacteria in biogranule form by weight of cement. Bacteria / Biogranule ratio is given as 

0.7 g / g. 
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5. CONCLUSION  

Within the scope of this thesis study, microbial self-healing ability in the cement-binder 

system was investigated in terms of production of compatible biogranules, effects of these 

biogranules on fresh and hardened properties of cementitious material, and self-healing 

rates and capacity. Production of compatible biogranules was done in accordance with 

pre-determined method by thesis co-advisor’s previous study and compatibility of 

different biogranules doses with cementitious matrix was evaluated by setting, flow and 

compressive strength tests. Self-healing rates and capacities for mortar specimens 

contains biogranules with different doses were analyzed by macroscopic inspections.  The 

following outcomes have been obtained as a result of the experimental researches defined 

in the previous sections: 

 

• Biogranules in approximately two months were successfully achieved with the 

use of a minimum nutrient medium that lacks micronutrients, trace elements and 

vitamins. The average granule size inside the reactor was 0.950±20 mm. Since if 

the microbial agglomerates are larger than 0.2 mm in size, they are considered 

biogranules and SVI30/SVI5 ratio was about 85%, it was accepted that 

biogranulation was done. 

• The kinetic analysis shows that the sizes of biogranules are small enough for 

access to the core of nutrients, and big enough to prevent oxygen from propagating 

into the core. Furthermore, kinetic test revealed that the core of biogranules was 

reduced by compact nitrate as NOx-N, while the DO levels range from 1 to 6 mg/L. 

In addition to the visual observations via light microscope by observing darker 

color outside, lighter color inside, this can be an indicator of denitrifying core. 

• It is important that biogranules contain CaCO3 and Ca3(PO4)2, as well as in which 

layer of biogranules these minerals are formed in terms of biogranule quality. 

SEM combined with EDS verify the information obtained under the light 

microscope. Ca, P, O elements in biogranules was observed via EDS analysis.  

• The chemical composition of biogranules was determined by Fourier transform 

infrared (FTIR) analysis. Biogranules obtained as a result of FTIR analyzes 

performed at different times were confirmed to contain CaCO3 and Ca3(PO4)2 as 

planned. The chemical composition of the biogranules that are produced 
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continuously and collected at different times are similar and this supports 

continuity of the production reactor. 

• In order to investigate, effects of different biogranule doses on fresh mortar 

properties, samples contain biogranules from 0.25% to 3.00% w/w cement were 

prepared. Twp set accelerators was used as nutrients therefore a considerable 

reduction has become in the initial setting time. It was determined that bacteria in 

the form of biogranules added to the control mixture up to 2.50% by weight of 

cement did not cause a significant change in setting start and set ending times 

compared to the control sample. When this dose was increased to 3.00%, a 

significant decrease was observed in the starting time of setting. The setting start 

time of the Bio-3.00% mixture was measured as 34 ± 12 minutes, well below the 

acceptable 60 minutes limit. The outcome of the study, showed that integration of 

biogranules (with EPS and mineral layer) prevented a possible interaction 

between the cement matrix and the organic material, and hence no retardation on 

set was recorded, even at high dose bacteria (e.g. Bio-3.00%). 

• The flow values of the different mixtures were compared with the flow value of 

the plain mortar mixture (reference). Accordingly, it was observed that even the 

flow of the Bio-3.00% mixture, which has the lowest flow, remained within the 

10% deviation limit. Based on comparison with the flow values of the control 

mixture, since the flow value of the Bio-3.00% mixture corresponds to 89% of the 

control flow, the Bio-2.50% mixture has been determined as an acceptable upper 

limit. Considering that the maximum amount of bacteria in the form of 

biogranules that can be used in fresh mortar experiments was determined as 

2.50%, it can be said that the part related to fresh mortar experiments was 

successfully completed without the need for any setting accelerator or super 

plasticizer. 

• When bacteria were added in the form of biogranules, it was found that adding 

bacteria up to a dose of 2.00% by weight of cement did not have a statistically 

significant effect on 3-day compressive strength performance (p = 0.05). 

However, adding bacteria at a dose of 2.50% and 3.00% even in the form of 

biogranules caused a decrease of 26% in 3-day strength compared to the reference 

value. Although the 3-day strengths of the Bio-2.50% and Bio-3.00% samples 

were lower, at the end of 7 days, all biomortars reached a compression strength of 

around 40 MPa and did not differ statistically from each other (p = 0.05). Bio-
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mortar samples showed a 30% better performance and reached strengths around 

56 MPa on the 28th day. Except for the Bio-3.00% sample, all other mortar 

mixtures performed 15% to 25% better than the reference sample in terms of 56 

days compressive strength. 

• In order to investigate self-healing ability of bio-mortars, different doses from 

0.25% to 2.50% w/w cement biogranules were used. The results revealed that the 

increase in the bacterial dose in the form of biogranules in the mortar mixture 

negatively affected the healing rate and healing capacity. The highest healing 

capacity was obtained in the Bio-0.25% sample with 800 ± 30 µm. In addition, 

the mixture that reached the healing capacity the fastest was Bio-0.25% within 3 

weeks. The four-week healing capacities of the higher doses of Bio-0.50% and 

Bio-0.75% samples were not statistically different and were around 500 µm (p = 

0.05). In the Bio-1.00% sample, the four-week healing capacity decreased 

slightly, reaching around 300 µm. It was observed that the four-week healing 

capacity of the Bio- 1.25% and Bio- 1.50% samples also fell below 300 µm. Four-

week healing capacity decreases below 200 µm when more than 1.50% of the 

weight of cement is used in the form of biogranules. Specimens with an initial 

bacterial dose of up to 1.00% healed faster than samples containing higher doses 

of bacteria. It has been related with germination process of bacteria.  

• Within the scope of the thesis, samples were also prepared to determine the 

minimum amount of bacteria in the form of biogranules required to obtain a 

cement-binder system that heals itself by microbial means. Therefore, in order to 

determine whether healing was achieved at doses lower than 0.25% biogranules 

w/w cement, Bio-0.05% and Bio-0.10% samples were prepared. Bio-0.05% 

samples showed healing over 90% in all crack widths observed within 3 weeks, 

such as Bio-0.25 samples. The four-week healing limit for Bio-0.05% was 

determined as 275 µm. In the Bio-0.10% samples, all observed cracks were closed 

at the end of three weeks, no statistically significant increase was observed in the 

crack closure percentages in the fourth week and the maximum crack width that 

healed after four weeks was recorded as 280 µm. However, it would be useful to 

examine the larger crack intervals for Bio-0.05% and Bio-0.10% in future studies 

in terms of determining a more accurate self-healing capacity. 

• In order to calculate the cost of the bioconcrete, determining effective minimum 

dose of biogranules was significant. In the light of the results, the minimum 
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amount of biogranules required to obtain cement-binder system with microbial 

means was considered to be 0.05% w/w cement and, the cost of Bio-0.05% 

concrete was calculated as approximately 120 €/m3. However, Bio-0.25% 

specimens were considered more promising than Bio-0.05% specimens since they 

revealed a wider range of crack widths. The cost of Bio-0.25% concrete was 

calculated as approximately 192 €/m3 and a 32% reduction on the cost of 

bioconcrete. These results indicated that the durability of the concrete can be 

enhanced by granulated bacteria due to their ability to clog cracks by calcium 

carbonate precipitation which can prevent water ingress and rebar corrosion. 
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