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Abstract 

Crack formation under tensile forces is a major weakness of concrete. Cracks make 

concrete vulnerable to the extreme environment due to the ingress of water and harmful 

compounds from the surrounding environment. Conventional methods of crack repairing 

are expensive and time consuming. It is estimated that in Europe, cost related to repair 

works is half of the annual construction budget and the US has average annual maintenance 

cost for existing bridges through the year is estimated to $5.2 billion. To overcome this 

problem, a self-healing concrete is produced based on the application of mineral producing 

alkaliphilic Bacillus Subtilis (strain 168) bacteria. Metabolic activities of these bacteria on 

calcium-based nutrients results in precipitation of calcium carbonate, which helps to repair 

concrete cracks. In bacteria based self-healing concrete, the bacteria are protected in the 

dense cementitious matrix by encapsulating them in “bacteria-carriers”. However, the 

presently available bacteria-carriers are not always suitable for concrete because of their 

complex manufacturing procedures or high cost. With the aim to develop a more suitable 

bacteria-carrier, in this study feasibility of cellulose fiber as a novel bacteria-carrier for 

self-healing mortar is investigated. Cellulose fibers compared to other bacteria-carriers can 

serve the dual purpose of arresting cracks and at the same time be a bacteria-carrier in large 

scale concrete construction. Two types of bacterial mortar by using cellulose fiber as a 

carrier was prepared. For one type, nutrients were added inside the mortar mix, while for 

the other, nutrients were added into the curing water. The two types of composites; control 

and cellulose fiber reinforced concrete (CeFRC) have also been investigated for 

autogenous healing of concrete. The crack healing efficiency of bacterial mortars was 

investigated using image analysis and ultrasonic pulse velocity (UPV) test and compared 

with unreinforced and control cellulose fiber mortars. Variation in compressive strength 

for all mixes compared to control mortar is also presented in this thesis. Research shows 

that self-sealing mortar using cellulose fiber as a bacteria-carrier result in maximum self-

healing as compared to other mixes. This study also aims to evaluate the self-healing 

potential and water permeability of CeFRC. Compressive strength and flexural tests were 

also performed to evaluate the mechanical properties of the composites. Water 
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permeability test was used to evaluate the coefficient of permeability and the self-healing 

performance was investigated by using UPV and a patented self-healing test. The results 

indicate that the water permeability coefficient decreased by 42% (+15% or -21%) whereas 

the healing ratio increased at a higher rate for the initial days of healing when cellulose 

fibers were added in the concrete. CeFRC also results in a 7.8% increase in flexural 

strength.  
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Chapter 1.  Introduction 

1.1 General 

Cement/concrete is still one of the widely used materials in the construction industry. One 

downside, however, is that cement production alone contributes around 7% to global 

anthropogenic CO2 emissions [1] and exerts negative impacts on the environment. 

Traditional concrete has another drawback, it tends to crack when subjected to tensile 

stresses. Cracking leads to an increase in permeability, decrease in durability and strength 

of the concrete structure. Due to the increase in the permeability, the water easily passes 

through the concrete matrix and comes in the contact with the reinforcement leading to 

corrosion initiation. Due to this, the strength of the concrete structure further decreases, 

necessitating repair of cracks [2]. Conventional repair methods use manual inspection 

followed by filling of cracks with cement or other synthetic fillers [1], which are very 

expensive and time consuming. It is estimated that in Europe,  cost related to repair works 

is half of the annual construction budget [3]. The US has average annual maintenance cost 

for existing bridges through the year, which is estimated to $5.2 billion [4]. Additionally, 

indirect cost due to traffic jams and inconvenience is also associated with the concrete 

crack repair works. Therefore, to date the various self-healing repair methods including 

adhesive based, autogenous, mineral admixture based and bacteria based are developed to 

heal the cracks automatically without any external source [5, 6], and are helpful in 

decreasing the operational cost as compared to manual methods. Main mechanisms of 

autogenous self-healing are due to further hydration of unhydrated cement; 

recrystallization of portandite (Ca(OH)2) leached from the bulk paste and formation of 

calcite [6], but autogenous self-healing can repair cracks to some extent only. Besides 

natural autogenous self-healing of concrete, bacteria based self-healing has become more 

popular recently because it has a better healing capacity and uses commonly available 

environment-friendly microbes.  

Bacteria based self-healing works on the phenomenon of microbiologically induced calcite 

precipitation (MICP). MICP is a product of metabolic interactions of some microbial 

communities with organic or inorganic compounds present in the environment. A mineral 

producing alkaliphilic bacteria with calcium-based nutrients in cement mortar help 
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precipitation of calcium carbonate caused by metabolic activities of microbes. The 

precipitation of calcium carbonate helps to heal the cracks in cement mortar, resulting in 

an increase of the overall durability of the material. The MICP is feasible by two metabolic 

activities of bacteria, hydrolysis of urea [7] and working of bacteria on calcium-based 

nutrients [1]. In the former process, urea is used as a nutrient and results in the production 

of two ammonium ion for each carbonate ion during the formation of calcium carbonate, 

which results in the additional nitrogen loading and has a negative effect on the 

environment [1]. While in the latter case, the carbon dioxide is consumed and results in 

additional production of calcium carbonate. The advantage of this process when calcium 

lactate is used as a nutrient is that it does not have any impact on the setting time of concrete 

[8].  

 

1.2 Need for Study 

 To study the autogenous self-healing of cellulose fiber reinforced concrete 

The concept of using fibers to reinforce concrete has been used for hundreds of years. 

However, only a few studies have been performed to investigate the self-healing efficiency 

of fiber reinforced concrete [9, 10, 11]. Commonly used fibers in concrete are steel, glass, 

synthetic (polypropylene, polyethylene, nylon, and polyester) and naturals fibers (wood, 

fruit, cellulose), etc. Steel fibers improve the ductility, flexural strength and fracture 

toughness of concrete due to higher modulus of elasticity of steel; however, they are 

subjected to corrosion when comes in contact of water through cracks and their durability 

reduces. Although glass fiber enhances the tensile and impact strength of concrete, they 

became fragile with time due to the alkalinity of concrete [12]. Natural fibers used in 

concrete are eco-friendly, recyclable and widely available throughout the world at a much 

cheaper rate compared to other fiber types. Singh and Gupta [13] used the cellulose fiber 

as a carrier for bacteria in self-healing mortar to improve the self-healing efficiency of 

bacterial mortar. Cellulose fibers have the lower cost, 2706 USD/m3 [14] as compared to 

steel (7110- 11850 USD/m3) and glass fibers (3250 – 5000 USD/m3) [15] . In this study, 

cellulose fibers are used as reinforcement and their impact on the autogenous self-healing 

of concrete is investigated.  
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 To study the feasibility of cellulose fiber as a bacteria-carrier in self-healing 

mortar 

A carrier is required to protect the bacteria from mechanical forces caused by mixing 

processes and hydration reaction in the cement matrix. Basically, methods to immobilize 

bacteria can be divided into two categories, encapsulated and absorbed depending upon the 

technique of immobilization, see Table 1.  

Table 1: Bacteria-carriers used in different researches 

Immobilization 

category 
Bacteria-carrier Encapsulation technique Self-healing performance 

Absorbed 

Expanded Perlite 

(EP) [16] 

Impregnated under vacuum, 

drying in an oven, coating with a 

geopolymer. 

Completely healed crack width 

up to 0.79 mm after 28 days of 

healing 

Expanded Clay 

Pellets (EC) [17] 

Impregnated under vacuum and 

drying in an oven 

Completely healed crack width 

up to 0.46 mm after 100 days 

of healing 

Ceramsite [18] 

Alkali erosion and sintering 

treatments, heat treatment at 750° 

C, soaking and drying in an oven 

Maximum crack width healed 

0.3 mm 

Encapsulated 

Epoxy [19] 

Preparation of microcapsules by 

using in-situ polymerization 

procedure 

Maximum crack healing 45% 

for crack size of 0.1 mm healed 

at 50º C. 

Hydrogel [20] 

Mixing of spores with the 

polymer solution, addition of 

initiator, UV irradiation for 1 

hour, freeze grinding and drying. 

Maximum crack width healed 

0.5 mm after 28 days. 

Melamine [21] 
Preparation of microcapsules 

using a polycondensation reaction 

Maximum crack width healed 

0.97 mm. 

Polyurethane [22] 

Mixing of spores with a two-

component polyurethane to form 

PU foam 

60% regain in the strength of 

cracked mortar specimen. 

 

In the encapsulated method, bacteria and nutrients are immobilized in micro or macro 

capsules, spherical or cylindrical in shape. When crack hits these capsules, result in 

rupturing of the capsules and the bacteria and nutrients are released out, and precipitation 

takes place to heal the cracks [19].  However, the probability of crack hitting the capsule 
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is very low due to the limited number of capsules available in the crack region, especially 

for spherical capsule because they have less bond strength with the concrete matrix. On the 

other hand, cylindrical capsules have more bond strength with concrete, but they cause less 

release of nutrients due to the suction effect on the sealed end due to capillary forces [23]. 

Microcapsules are mainly manufactured using bulk emulsification polymerization 

techniques, but these methods have concerns related to capsule dimensions and bonding 

with the concrete matrix [24]. Also, these techniques required advanced equipment and 

complex procedures. 

In the absorbed method, bacteria and nutrients are encapsulated in a porous material with 

high porosity by saturating the material with bacterial suspension. The highly porous 

material is helpful in providing enough space for bacteria growth, oxygen, and water, 

necessary for MICP.   

To date, various carriers have been adopted like polyurethane [22], melamine [21], silica 

gel [22], expanded clay particles [8, 17], lightweight aggregates [25], graphite nano 

platelets [25],  perlite [16], diatomaceous earth [26], and ceramsite [18] etc. The 

complication and relatively high cost of encapsulation methods have made them 

impractical to use on a large scale in the construction industry. 

So far, the most suitable carrier for bacteria has not been found, creating the need to develop 

better techniques to carry bacteria.  In this study, the feasibility of using cellulose fiber as 

a bacteria-carrier is investigated. 

1.3 Use of cellulose fibers in autogenous healing of concrete and as a bacteria-carrier 

in self-healing mortar: 

Van Tittelboom and Belie [23] explained in their study that self-healing in concrete is more 

effective when the crack width is restricted (Figure 1A), water is available in the cracks 

(Figure 1B), and crystallization of self-sealing products takes place (Figure 1C).  

The author hypothesizes that cellulose fiber can assist in improving all three mechanisms 

noted above (A, B, C). For A, cellulose fibers can limit crack width in the plastic shrinkage 

phase [27] and can reduce the cracking by 85% more than normal concrete [28, 29].  

Cellulose fibers have a high water absorption of 85% [30], thus improving internal curing 

and assisting in mechanism B. Finally, since cellulose fibers have high alkali resistance 
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[31], they can protect bacteria from highly alkaline concrete environment and would 

provide enriched sites to bacteria for MICP in case of self-healing mortar and they also 

work as a water reservoir which leads to the crystallization of cement hydration products 

due to continuous hydration, required for autogenous healing of concrete. 

 

Figure 1. Conditions to improve self-healing: (a) Restriction of crack width; (b) Availability of water; (c) 

Crystallization. (Concept adopted from Van Tittleboom and Belie [23]) 

1.4 Working of self-healing mortar using cellulose fiber as a bacteria-carrier 

The working mechanism of cellulose fiber based bacterial mortar is shown in Figure 2. 

When the mortar is not cracked the bacteria remain dormant inside the fibers distributed 

throughout the matrix. After the cracks appeared, the cellulose fibers containing bacteria 

act as a bridge between the cracks, outside oxygen and water can enter the mortar through 

cracks, activating the bacteria. The activated bacteria work on the nutrients present in the 

mortar or in curing water and results in the MICP to seal the cracks gradually.  

 

Figure 2: The working mechanism of self-healing mortar using cellulose fiber as a bacteria-carrier 

In self-healing mortar the advantages of using cellulose fiber are: 

 

O2        H2O  
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precipitation

. 

Bacteria 
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• The high porosity of fibers helps to provide space for the growth of bacteria. 

Additionally, the porosity of fiber also helps to absorb water and oxygen, which 

can be utilized by bacteria at the time of MICP. 

• Fibers works as a bridge across the crack surfaces result in an increase in the 

availability of bacteria for the self-healing inside the crack. 

• Fibers help to reduce brittleness and the microcracking in the mortar leads to an 

increase in the efficiency of self-healing. 

• Encapsulation of bacteria can be done by just submerging fibers into bacterial 

suspension to make them saturate, which is a very easy and practical method. 

• Cellulose fibers are also suitable for concrete ready-mix plants [29] which makes 

them easy to use as a bacteria-carrier in the small to large scale concrete 

construction. 

In addition, cellulose fibers in concrete increase the freeze-thaw durability [32] and provide 

a nice finished surface [33]. So, it is hypothesized that the use of cellulose fiber as a 

bacteria-carrier would resist the crack formation as well as improve the self-healing and 

autogenous healing of the cement mortar and concrete respectively 

1.5 Objectives 

Two types of materials were analyzed in this study; CeFRC and bacteria-based self-healing 

mortar. The fundamental goal of this thesis is to experimentally investigate the self-healing, 

durability and strength properties of CeFRC, and the feasibility of using cellulose fiber as 

a bacteria-carrier in self-healing mortar. 

Objective I: Study the effect of fiber addition on the strength of self-healing mortar. 

Objective II: Compare the cost of cellulose fiber with other bacteria carriers. 

Objective III: Examine the effect of fibers on autogenous self-healing of concrete. 

Objective IV: Study the water permeability and mechanical properties of CeFRC. 

Objective V: Investigate the efficiency of self-healing mortar using cellulose fiber as a 

bacteria-carrier. 
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1.6 Scope of Work 

The experiments were conducted on the CeFRC and self-healing mortar to meet the 

required objectives of the study. First, the influence of cellulose fiber addition on 

autogenous self-healing and water permeability properties of concrete were determined.  

After that cellulose fibers and bacteria were used together to investigate the feasibility of 

cellulose fiber as a novel bacteria-carrier for self healing mortar.  Figure 3 shows the scope 

of work of the study in the form of a flow chart. 



 

8 

 

 

Figure 3: Scope of Work 
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1.7 Publications 

 Journal papers 

H. Singh, R. Gupta, "Use of cellulose fiber as reinforcement and bacteria-carrier in self-

healing mortar," Journal of Building Engineering, {Under Peer Review, Submitted on 22 

July 2019} 

H. Singh, R. Gupta, "Influence of cellulose fiber addition on self-healing and water 

permeability of concrete," Case Studies in Construction Materials, {Submitted on 03 

September 2019} 

 Conference papers 

H. Singh, R. Gupta, "Strength recovery and crack healing of self-healing cement mortar 

containing cellulose fibers and bacteria," in 1st International Conference on New Horizons 

in Green Civil Engineering, Victoria, 2018. 

1.8 Layout of Report 

A brief overview of each chapter of the report has been explained below: 

Chapter 1 Introduction need of study, objectives, and scope of the study has been 

explained in this chapter. 

Chapter 2 discusses the properties of different materials used in experimental work. Mix 

design procedures for various mixes and different testing procedures used in the 

experimental program has been discussed. 

Chapter 3 Various test results for CeFRC are presented and discussed which include the 

self-healing tests, water permeability test, flexural, and compressive strength test results. 

Chapter 4 Various test results for self-healing mortar using cellulose fiber as a bacteria-

carrier are presented and discussed. Which includes the self-healing tests, and compressive 

strength test results. 

Chapter 5 Consists of concluding remarks and future scope of work based on work carried 

out in this research. 
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Chapter 2.  Experimental Programme 

2.1. Material Properties 

The following sections specify the types and associated properties of different materials 

used in the preparation of concrete and mortar: 

 Cement 

General use Type GU Ordinary Portland Cement (OPC), which also meets the 

requirements of type-I and type-II cement as per ASTM C150 [34] specifications, was used 

in the making of concrete and mortar samples. 

 Aggregates 

Aggregates used for the preparation of concrete and mortar were obtained from the Sechelt 

pit in B.C. Coarse and fine aggregates had a relative dry density of 2.695 and 2.651 

respectively, related absorption ratio of 0.69% and 0.79% respectively. The maximum size 

of coarse and fine aggregates was 12.5 mm and 4.75 mm respectively. 

 Cellulose Fiber 

Fibers used in this study were obtained from Solomon colours, INC. These fibers are a 

special type of natural cellulose fibers called UltraFiber 500 made from Slash pines and 

Loblolly in North America. As per the manufacturer’s declaration, UltraFiber 500 is an 

alkali resistant cellulose based microfibers used for secondary reinforcement, provide crack 

control and have better hydration and bonding properties [35]. A close-up view of cellulose 

fibers is shown in Figure 4. 

  

Figure 4: Micro cellulose fibers 
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Use of these fibers in concrete also supports the purpose of sustainability as they come 

from natural renewable resources. Apart from this, high surface area and close spacing of 

cellulose fibers make them quite effective in the suppression and stabilization of 

microcracks in the concrete matrix [36]. General properties of cellulose fibers are presented 

in Table 2. 

Table 2: General Properties of UltraFiber 500 [37] 

Name of Fiber UltraFiber 500 

Material Type 
High Alkali Resistant, 

natural cellulose fibers 

Average Length 2.1 mm 

Average Denier 2.5 g/9,000m 

Average Diameter 0.00063 inch 

Count, fiber/lb 720,000,000 

Density 1.10 g/cm3 

Surface Area 25,000 cm2/g 

Tensile Strength 750 N/mm2 

Average Elastic Modulus 8500 N/mm2 

Water Absorption 
Up to 85% of fiber 

weight [30] 

 

Steel and glass fibers have the more tensile strength than cellulose fibers, 1100 N/mm2 and 

2450 N/mm2 respectively [38]. However, corrosion of steel fiber take place in concrete 

matrix when comes in contact with water and glass fibers become fragile with age. 

Cellulose fibers are high alkali resistant and also have more tensile strength and water 

absorbtion as compared to polypropylene (tensile Strength = 300-400 N/mm2 [38] and 

water absorption 0.3% [39]) fibers.  

 Bacteria:  

Bacillus subtilis is a gram-positive bacterium, also known as the hay bacillus or grass 

bacillus, found in the soil and the gastrointestinal tract of human and ruminants [40]. The 

Bacillus subtilis strain 168, cultured and grown at the microbiology laboratory of the 

University of Victoria, was used in this study.  

The medium composition used for the growth of bacterial culture was Peptone 5 g/ Litre, 

NaCl 5 g/ Litre and Yeast Extract 3 g/ Litre. The medium was first sterilized by autoclaving 
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at 121°C for 20 minutes. Then, the culture was incubated at 35°C with shaking at 200 rpm 

for 72 hours.  

Microbial enumeration method was used to calculate the number of bacteria per ml of the 

solution. The serial dilutions plating and counting of live bacteria were done to determine 

the number of bacteria per ml of the solution. The 10 µL of four bacteria dilution samples 

(10-3,10-5, 10-7, 10-9) were incubated on tryptone soya agar plates (see Figure 5) and the 

number of colony forming units (CFUs) was counted.  

 

Figure 5: Bacteria colony forming units; (a) Plating of bacteria dilutions, (b) CFUs counting. 

Dilution 10-5 had the most consistent number of CFUs for different plates. So, 10-5 dilution 

was used to calculate the number of bacteria/ml.  

 

Hence the bacteria concentration was 2 x 108 bacteria per ml of the bacterial suspension. 

 Calcium Lactate: 

The calcium lactate is used as a nutrient for bacteria because it does not interfere with the 

setting time of the concrete. It is a white crystalline salt with chemical formula C6H10CaO6. 

Calcium lactate for this study was purchased from iChemical Technology USA Inc. Table 

3 shows the general properties of calcium lactate. 

 

 

Number of Colony Forming Units 

Volume plated (mL) x total dilution used 

 

 

20  

0.01 mL x 10-5 

2x108 Bacteria/ml 
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Table 3: General properties of calcium lactate [41] 

Physical State Powder 

Colour White 

Boiling Point 227.6 °C at 760 mm Hg 

Flash Point 109.9 ºC 

Molecular Formula C6H10CaO6 

Molecular Weight 218.22 

2.2. Mix Design 

 Concrete Mix Design: 

The cement/sand ratio and water/cement ratio used was 0.41 and 0.53 respectively in all 

types of concrete mixes, which represents a mix with a target strength of 32 MPa, normally 

used in the field. In this study, 0.5% volume fraction of cellulose fibers was used to increase 

the dispersion of fibers throughout the matrix. Moreover, Banthia et al. also used the same 

volume fraction of cellulose fibers in their study on fiber reinforced concrete for flexural 

and direct shear tests [42]. Two types of mixes were formulated: 

1. Cxx: Control concrete. 

2. 0.5Cxx: Cellulose fiber concrete with fiber volume fraction equal to 0.5%. 

Where C and xx refer to concrete and sample number respectively. The decimal fraction 

indicates the volume fraction of cellulose fibers used in the concrete.  Mix proportion used 

for concrete is presented in Table 4. 

Table 4: Mix proportions for concrete 

Material Quantities Units 

Cement 340 

kg/m3 

Aggregates 1120 

Sand 820 

Water 181 

Cellulose Fibers 0% and 0.5% 0 and 5.5 

 Mortar Mix Design: 

The cement/sand and water/cement ratios for mortar mix design were selected as 0.33 and 

0.5 respectively, which represents a typical mix used in the field with a target strength of 

32 MPa. Singh and Gupta [13], used the 0.25% volume fraction of fibers to encapsulate 
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bacteria in their study and no visible healing of cracks was observed by them for this 

volume fraction of fibers. In this study, 0.5% volume fraction of cellulose fibers was used 

to increase the fibers available for bacteria encapsulation. Four types of mixes were 

formulated: 

1. CMxx: Control mortar. 

2. CO.5Mxx: Control mortar with cellulose fibers equal to 0.5% of the volume 

fraction. 

3. BL0.5Mxx: Mortar with bacillus subtilis equal to 1.3 x 107 bacteria/cm3 of cement 

mortar encapsulated in cellulose fibers (0.5% of the volume of mortar) and calcium 

lactate equal to 4.5% of cement weight. 

4. B0.5Mxx: Mortar with bacillus subtilis equal to 1.3 x 107 bacteria/cm3 of cement 

mortar encapsulated in cellulose fibers (0.5% of the volume of mortar) and cured 

in water containing calcium lactate. 

Where C, M, B, L, and xx refers to control, mortar, bacteria, calcium lactate, and sample 

number respectively. The decimal fraction indicates the percentage volume of cellulose 

fibers in cement mortar. Mix proportion used for mortar is represented in Table 5. 

Table 5: Mix proportions for cement mortar 

Material  Quantities Units and Remarks 

Cement 736 

kg/m3 
Sand 2207 

Water 368 

Cellulose Fibers 0% and 0.5%  0 and 5.5 

Bacterial Solution (2x108 bacteria/ml) 0.065 
ml/cm3 results in 1.3 x 107 bacteria/cm3 of 

cement mortar 

Calcium Lactate (4.5% of cement weight) 33.12 kg/m3 

2.2.2.1. Encapsulation of Bacteria in Cellulose Fiber 

The required quantity of cellulose fibers was kept soaked in the required quantity of 

bacterial solution for BL0.5Mxx and B0.5Mxx mixes for 24 hours (see Figure 6). The 

amount of bacteria solution absorbed by fibers is 85% of the weight of fibers, results in 9.3 

x 105 encapsulated bacteria/cm3 of mortar. 
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Figure 6: Bacteria encapsulated in cellulose fibers 

2.3. Mixing, Curing and Setting Procedure for Concrete 

For each mixture, in total twelve cylinders of size Φ100 x 200 mm, three beams of size 355 

x 101 x 101 mm and three cylinders of size Φ150 x 175 mm for water permeability test 

were prepared as per the recommendations of ASTM C192 [43]. Ingredients for both mixes 

were batched out as per the final volume of concrete required by using an electronic 

weighing balance. For CeFRC, the mixing procedure was started by first soaking cellulose 

fibers in 20% of total mix water for 15 minutes. This was done to prepare a slurry paste of 

cellulose fibers to improve the uniform mixing of fibers with other ingredients. After the 

formation of a slurry, it was mixed with coarse aggregates for two minutes, once slurry was 

thoroughly mixed, remaining ingredients were added to the drum mixer and mixed for three 

minutes followed by two minutes rest and a two minutes final mixing. Once the uniform 

mix was achieved, a slump test was performed within 15 minutes as per ASTM C143 [44], 

afterward, the concrete was placed into desired molds.  

To ensure sufficient compaction, removal of entrapped air and to avoid honeycomb 

structure, filled molds were placed on a vibrating table for 30 seconds. After compaction, 

molds were covered with a plastic sheet and placed at room temperature for the next 24 

hours. Demolding was carried out after 24 hours and samples were placed in a curing 

chamber maintained at 23 ± 2º C. Table 6 summarizes the specimens’ type and quantity as 

well as curing age used for different test methods. 
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Table 6: Details of specimens used in different test methods 

Test method 
Number of 

specimens 
Type of specimen Curing Age (d) Standard 

Compressive Strength 3 
Cylinder (Φ100 x 200 

mm) 
14 

ASTM 

C39 

Compressive Strength 3 
Cylinder (Φ100 x 200 

mm) 
28 

ASTM 

C39 

flexural Strength 3 
Beam (355 x 101 x 

101 mm) 
28 

ASTM 

C293 

Water Permeability 6 
Cylinder (Φ150 x 175 

mm) 
28 DIN 1048 

Self-healing 3 
Cylinder (Φ100 x 200 

mm) 
2 (Dry Cured) 

Patented 

test [45] 

UPV 3 
Cylinder (Φ100 x 200 

mm) 
28 C597 

 

2.4. Mixing, Curing and Setting Procedure for Mortar 

Ingredients for different mixes were batched out as per the final volume of mortar required 

by using an electronic weighing balance. A homogeneous mixture of cellulose fibers was 

achieved by preparing a fiber mixture in bacterial solution, followed by mixing in the sand 

for a minute using a table mixer. Afterward, required cement and water quantities were 

added to the paste, calcium lactate was added for BL0.5Mxx mix and mixed for another 

minute. The amount of water used for each mix was adjusted for the amount of bacterial 

solution used. Once the uniform mix was achieved, the mortar was placed into cube molds 

of size 50 mm, shown in Figure 7. To ensure maximum compaction and removal of 

entrapped air, manual compaction was done using a tamping rod. The mortar was placed 

in molds in two equal layers and each layer was tamped 25 times. After compaction, molds 

were covered with a plastic sheet and placed at room temperature for the next 24 hours. 

Demolding was carried out after 24 hours and samples were placed in a water tub 

maintained at 23 ± 2° C after appropriate labeling based on the mix design. The bacterial 

mix without calcium lactate (B0.5Mxx) was cured in water containing calcium lactate. The 

amount of calcium lactate added to curing water was equal to 4.5% of the cement content 

of the cubes cured in that water.  
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Figure 7: Cube molds 

Figure 8 shows the preparation of self-healing mortar by using cellulose fiber as a bacteria-

carrier. The cellulose fibers were kept soaked in bacterial suspension for 24 hours to 

encapsulate bacteria. Bacterial nutrient calcium lactate was mixed with mortar ingredients 

for BL0.5Mxx mix and mixed in curing water for B0.5Mxx specimens.  

 

Figure 8: Preparation of self-healing mortar specimens using cellulose fiber as a carrier for bacteria 

Fifteen mortar cubes of size 50 mm were prepared for each mix (CMxx, C0.5Mxx, 

BL0.5Mxx and B0.5Mxx), resulting in a total of 60 specimens. Table 7 summarizes the 

specimens’ type and quantity as well as curing age used in different test methods.  
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Table 7: Type, number and curing age of mortar specimens used in different test methods 

Test method Number of specimen Type of specimen Curing Age 

UPV and Image Analysis 5 Cube (50 mm) 14 days 

UPV and Image Analysis 5 Cube (50 mm) 28 days 

Compressive Strength 5 Cube (50 mm) 28 days 

 

The cubes of size 50 mm were chosen as the only limited amount of bacteria could be 

cultured in the laboratory. 

 

2.5. Testing Procedure for Concrete 

Various types of tests were conducted to investigate the self-healing and strength 

characteristics of both concrete mixes. The UPV and self-healing tests were performed to 

evaluate the self-healing efficiency of concrete. Compression and flexural tests were used 

to determine the strength characteristics of the concrete mixes. Water permeability test was 

performed to determine the coefficient of permeability of concrete. 

 

 Compression Test for Concrete: 

After 14 and 28 days of curing, to determine the compressive strength of concrete, three 

cylinders from each mix were tested as per the procedure defined in ASTM C39 [46].  

Uniaxial compression testing machine was used to test the cylinders and the peak load was 

recorded at the time of failure. The loading rate was used within the range specified by the 

standard.  14 and 28 day cured samples were used to investigate the change in compressive 

strength with curing time. 

 Flexural Test for Concrete: 

Prismatic beams of size 355 x 101 x 101 mm were tested at 28 days by using center point 

loading test as per ASTM C293-16 [47], to determine the flexural strength of both concrete 

mixes. A span of 304.8 mm (12”) was used over the supports. The universal testing 

machine was used to test the beams for flexural and peak load was recorded at the point of 

failure. Figure 9 shows the arrangement for the flexural test of concrete using center point 

loading method.                 
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Figure 9: Center-point loading arrangement for the flexural test 

The modulus of rupture was calculated using the equation (1) below: 

𝑅 =
3𝑃𝐿

2𝑏𝑑2          (1) 

Where R = modulus of rupture (MPa), P = maximum applied load indicated by the testing 

machine (N), L = span length (mm), b = average width of the specimen at the fracture 

(mm), d = average depth of specimen at the fracture (mm). By substituting appropriate 

values, equation (1) reduces to R = 0.000435P. 

 

 Water Permeability Test for Concrete: 

Figure 10 shows the testing arrangement used for the permeability test. The test was 

performed for all mixes using DIN-1048-Part 5 standard [48]. Six specimens from each 

mix were subjected to 0.5 MPa water pressure for three days (72 hours). Prior to testing, 

the surface of the sample subjected to water pressure was roughened by wire brushing as 

recommended by the standard.  The specimens were mounted on the rubber gasket with a 

100 mm diameter to avoid any leakage during testing. After the testing was finished, the 

samples were split into two halves from the middle, perpendicular to the water injected 

surface by using the compression testing machine. The water penetration depth was marked 

for broken samples and measured. 
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Figure 10: Permeability test arrangement 

Assuming the flow of water through concrete pores is laminar and stationary, the 

coefficient of  permeability can be calculated using Darcy’s law [49] as follows: 

𝑑𝑥

𝑑𝑡
= 𝐾𝑤

ℎ

𝑥
           (2) 

Where x is the depth of water penetration in meters, t is the time for the test in sec, h is the 

water pressure head and Kw is the water permeability coefficient. The Kw can be figured out 

by integrating equation (2) to yield equation (3): 

𝐾𝑤 =
𝑥𝑡

2

2ℎ𝑡
          (3) 

Where xt is the penetration depth at time t. Since the water flow is unsteady and associated 

with the sorptivity, it is more reasonable to use average depth instead of maximum 

penetration depth to calculate Kw [49, 50]. The xavg was calculated by first measuring the 

wet area (Aw) and maximum width (Wmax) of the wetted region by using imageJ software 

as shown in Figure 11. The xavg was calculated as an average of Aw divided by wmax for each 

half of the tested sample. 
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Figure 11: Method to calculate the average width (xavg) in the wetted region 

 

 Ultrasonic Pulse Velocity (UPV) Test for Concrete:  

The UPV test is a very sensitive indicator of the presence of damage (cracks/flaws) in 

concrete when performed under laboratory conditions [51]. Ariffin et al. [52], Bahrin et al. 

[53] and Sarkar et al. [54] also used the UPV test to evaluate the self-healing performance 

of concrete. The UPV test was performed on samples as per C597-16 [55]. The longitudinal 

stress wave is propagated through the concrete samples and time required to travel the wave 

across the diameter of the cylinder was recorded. The travel time of the wave varies as a 

function of the density of the material, allowing the estimation of the discontinuities in the 

samples. The specimens prepared to monitor self-healing using UPV were pre-cracked 

after 28 days of curing. Cracks were induced in the cylinders by using a standard crack 

inducing jig (SCIJ) [45] shown in Figure 12. This jig uses the V shaped cutting edges that 

act as stress concentrators. The cylinder was assembled inside the jig and the compression 

machine was used to subject compressive loading till visible cracks appeared on the surface 

of the cylinder. The pre-cracked specimens were allowed to cure in water to allow any self-

healing.  
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Figure 12: Crack Inducing Mechanism for Concrete Cylinders 

The UPV test was performed on the uncracked and pre-cracked samples at the age of 28 

days, followed by 21 days of healing.  Figure 13 and Figure 14 shows the arrangement and 

sequence for the UPV test on concrete cylinders respectively. The device consists of two 

transducers one to transmit the ultrasonic wave and the other to receive it. Both transducers 

were connected with the surface of the cylinder and time required to travel the sound wave 

perpendicular to the crack direction (across the crack) as shown in Figure 14 was recorded 

with a precision of at least 0.1 µs. The coupling gel was applied on the surface to get a 

better contact area, required for accurate results. The test was performed at a frequency of 

150 kHz. The velocity of the ultrasonic wave was calculated using the formula V = D/T, 

where D = diameter of the sample, 100 mm and T = time required to travel the distance, D. 

 

Figure 13: UPV Test Arrangement for Concrete 
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Figure 14: Sequence of UPV test to evaluate self-healing efficiency of concrete cylinders 

 

 Self-healing Test for Concrete  

The self-healing test was performed by using the innovative technique developed by Gupta 

et. al [45].  The cylinders of Φ100 x 200 mm size were cracked using SCIJ [45]. Pejman 

et. al [50] also used the same method to evaluate the self-healing efficiency of concrete 

cylinders. The cylinders were cured in ambient temperature prior to cracking. After 

cracking, surface crack width of each cylinder was measured on top and bottom of the 

surfaces by using optical crack-detection-microscope at six equal distance points along the 

crack: three along the top face and three along the bottom face. All readings were averaged 

to calculate the average width of the crack for a cylinder. The cracked cylinders were 

inserted into special rubber sleeves and sealed using silicon sealant and epoxy resin to make 

sure water only passes through the crack during the self-healing test. The one end of the 

cylinder with rubber sleeves was exposed to a constant water head of 1.7 m. The flow of 

water through the crack of the cylinder was collected in a water container and measured at 

frequent intervals. Figure 15 shows the self-healing test arrangement for concrete cylinders.  
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Figure 15: Self-healing test arrangement for concrete cylinders. 

 

2.6. Testing Procedures for Mortar 

Three types of tests were conducted to investigate the self-healing and strength 

performance of all mortar mixes. The self-healing tests were performed to evaluate the self-

healing efficiency and a compression test was used to determine the strength properties of 

the mortar mixes. 

 Self-Healing Evaluation: 

Two tests were performed to evaluate the self-healing efficiency of mortar mixes which 

are explained below. 

2.6.1.1.  Visual Inspection of Cracks: 

The specimens prepared to monitor self-healing were pre-cracked after 14 and 28 days of 

curing. Cracks were induced in the cubes by using the standard crack inducing jig (SCIJ) 

[45], shown in Figure 16. 
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Figure 16: Crack Inducing Mechanism for Mortar Cubes 

This jig uses the V-shaped cutting edges that act as stress concentrators. The cube was 

assembled inside the jig and the compression machine was used to subject compressive 

loading till visible cracks appeared on the surface of the cube. After inducing a crack, 

images of the cubes were taken and analyzed using a software ImageJ to determine the 

average width of the crack. The pre-cracked specimens were continued to cure in water to 

self-heal. After pre-cracking, images were taken after regular intervals of 7, 14 and 21 days. 

Pre-cracked images were compared with later days to see the evidence of any healing of 

cracks on the surface due to bacterial activity.    

2.6.1.2.  Ultrasonic Pulse Velocity (UPV) Test: 

The UPV test was performed on samples as per C597-16 [55]. The longitudinal stress wave 

was propagated through the mortar samples and time required to travel the wave across the 

sample was recorded. Figure 17 and Figure 18 shows the sequence and arrangement for 

the UPV test respectively. 
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Figure 17: Sequence of UPV test to evaluate self-healing efficiency of mortar mixes 

 

 

Figure 18: UPV test arrangement for mortar 

Both transducers were connected with the surface of the mortar samples and time required 

to travel the sound wave across the sample was recorded with a precision of at least 0.1 µs. 

The coupling gel was applied on the surface and the test was performed at a frequency of 

150 kHz. The velocity of the ultrasonic wave was calculated using the formula below: 

V = D/T, D = dimension of sample, 50 mm, T = Time required to travel the distance, D. 
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The test was performed on the uncracked and pre-cracked samples at the age of 14 and 28 

days, followed by 7, 14 and 21 days of healing. The 14 and 28 days pre-cracked samples 

were used to observe the impact of age of the mortar on self-healing performance. 

 

 Compression Test for Mortar: 

Cubes were tested after 28 days of curing to determine the strength of mortar. Five cubes 

were tested for each type of mix to determine the average compressive strength. ASTM 

C579 [56] states the method to determine the compressive strength of cement mortar cubes 

of size 50 mm. Uniaxial compression testing machine was used to test the cubes and the 

peak load was recorded at the point of failure. The loading rate was used within the range 

specified by the standard. 
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Chapter 3.  Results and Discussion for CeFRC 

3.1. Slump and Compressive Strength 

The slump values of 75 mm and 35 mm were observed for the Cxx and 0.5Cxx mix 

respectively. A 53.3% decrease in the slump was observed for 0.5Cxx when compared to 

Cxx. The decrease in the slump is due to the fact that cellulose fibers are hydrophilic and 

they tend to soak most of the water during mixing (about 85% of their weight). 

Table 8 shows the average compressive strength (f’c) of each mix along with averages and 

standard deviation values for 14 and 28 days cured samples. 

Table 8: Compressive strength test results for concrete 

Mix 

Design 

14 days Compressive Strength 

(f’c) (MPa) 

28 days Compressive Strength 

(f’c) (MPa) 

Number of 

Samples for 

Standard 

Deviation (N) Individual 
Average ± 

STDV 
Individual Average ± STDV 

Cxx 

47.62 

48.11 ± 2.16 

48.71 

48.52 ± 0.9 3 50.97 49.52 

45.74 47.34 

0.5Cxx 

30.96 

30.12 ± 0.63 

37.53 

36.21 ± 0.99 3 29.97 35.96 

29.43 35.15 

 

The data in Table 8 were analyzed for the % change in compressive strength of CeFRC 

from control concrete. The % change in compressive strength for 14 and 28 days cured 

mixes is shown in Figure 19. A decrease in compressive strength of 37.39% and 25.59% 

is noticed with addition of 0.5% fibers after 14 and 28 days of curing respectively. The 

decrease in compressive strength is possibly attributed to loss of workability of concrete 

when 0.5% by volume cellulose fibers are added, which causes lower compaction of 

concrete samples. However, a lower reduction in compressive strength is observed for 28 

days cured samples as compared to 14 days cured samples because at longer age cellulose 

fibers act as a water reservoir that helps to improve the hydration of unreacted cement 

particles by means of internal curing. This internal curing in fiber concrete somehow 

compensates for the loss of f’c.   
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Figure 19: Effect of fiber addition on 14 and 28 days compressive strength 

3.2. Flexural Strength 

Table 9 shows the average flexural strength and corresponding maximum deflection for 

both mixes along with averages and standard deviation values for 28 days cured samples 

when tested in the form of beams under center point loading configuration. 

Table 9: Flexural strength test results for concrete 

Mix 

Design 

28 days Flexural Strength 

(MPa) 

28 days Maximum Mid-Span 

Deflection (mm) 

Number of 

Samples for 

Standard 

Deviation (N) Individual Average ± STDV Individual Average ± STDV 

Cxx 

5.60 

5.62 ± 0.03 

1.33 

1.51 ± 0.18 3 5.60 1.43 

5.67 1.76 

0.5Cxx 

5.97 

6.06 ± 0.09 

1.767 

2.18 ± 0.32 3 6.02 2.22 

6.19 2.56 

 

The data in Table 9 were analyzed for the % change in flexural strength of CeFRC from 

control concrete. Even though the f’c of this mix is lower the addition of cellulose fibers 

results in a 7.8% increase in flexural strength of normal concrete. A considerable increase 

in the maximum deflection at the time of failure is also observed, which indicates cellulose 

fiber has a good bond strength with the concrete matrix and able to transfer load under 
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tensile forces. Additionally, cellulose fiber has a significantly higher tensile strength (750 

MPa) as compared to normal concrete (5 MPa), which also leads to an increase in flexural 

strength of concrete with the fiber addition.  

3.3. Water Permeability Test 

The permeability test was conducted on the samples based on DIN 1048. The penetration 

depth of samples that deviated more than 20% of the mean value of six samples were 

removed from the results. Figure 20 and Figure 21 shows the maximum and average 

penetration depths respectively for both concrete mixes. Hedegaard and Hansen [57] 

explained in their study that for all practical purposes concrete is considered as watertight 

when the maximum penetration depth is less than 50mm (2 inch). Both mixes indicated 

less than 50 mm maximum penetration depths which range from 24.11 mm to 28.33 mm 

for control mix and 17.57 mm to 21.54 mm for CeFRC. The addition of fibers significantly 

reduced the maximum and average water penetration depth for concrete. Figure 20 and 

Figure 21 exhibits that addition of fiber results in a 24% and 23.4% reduction in maximum 

and average water penetration depth respectively. 

 

 

Figure 20: Maximum water penetration depth based on DIN 1048 test results 
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Figure 21: Average water penetration depth based on DIN 1048 test results 

Also, when results are compared for maximum and average values of penetration depths, 

it was observed that standard deviation was lower for the average penetration depths, 

demonstrating average depth is more reliable than maximum depth. 

 

 

Figure 22: Coefficient of permeability using maximum depth based on DIN 1048 test results 
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Figure 23: Coefficient of permeability using average depth based on DIN 1048 test results 

 

Coefficient of permeability was also calculated using equation (3) based on DIN 1048 test 

results. Figure 22 and Figure 23 shows the permeability coefficient calculated based on 

maximum and average penetration depths respectively. Again, it can be observed that the 

addition of fibers resulted in a decrease in permeability coefficient by 42% and 41% 

calculated based on maximum and average penetration depths respectively. Considerable 

decrease in the penetration depths and coefficient of permeability indicates the 

effectiveness of cellulose fibers for waterproofing purposes in concrete.  

3.4. Self- Healing Based on UPV Test 

The self-healing potential of both concrete mixes was investigated by the UPV test. The 

UPV technique used to evaluate self-healing is the same as used by Ariffin et al. [52], 

Bahrin et al. [53] and Sarkar et al. [54]. The UPV time was recorded for uncracked, pre-

cracked and 21 days healed concrete cylinders across the crack to study any interior healing 

of the cracks. For each sample, the test was performed at three locations of the cylinder; 

top, middle and bottom, and repeated at least three times for each location. Data were 
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presented as average ± standard deviation. Table 10 shows the UPV results for all concrete 

mixes uncracked and pre-cracked at 28 days.  

Same as done by Zhong and Yao [58], the microstructure changes in concrete are inferred 

from the decrease of UPV by introducing a damaged degree defined as: 

𝐷 = 1 −
𝑉𝑝

𝑉0
           (4) 

 

Where D is the damage degree of the concrete, Vp is UPV of the pre-cracked sample, and 

V0 is the UPV of an uncracked sample. A self-healing ratio of concrete, SR, that 

incorporates UPV after 21 days of self-healing and pre-cracked sample can be introduced 

as: 

 

𝑆𝑅 =
(𝑉21−𝑉𝑝)

𝑉𝑝
                 (5) 

 

Where V21 is the UPV after 21 days of self-healing, and Vp is the UPV of the pre-cracked 

sample.  

Mixes were compared based on the damaged degree instead of crack widths because 

induced cracks have varying widths and depths. Based on the availability and distribution 

of results, the data were averaged for damaged degree between 0.6 and 0.7 for both mixes. 

Figure 24 shows the curing days vs UPV relation and SR for 28 days aged pre-cracked 

samples for D between 0.6 and 0.7 for both mixes. 

Zhong and Yao [58] explained in their study that the UPV of concrete is a combined effect 

of the matrix, microcracks, and macrocracks, which could be represented as: 

𝑉𝑐 =
1

𝑖1
𝑉1

+
𝑖2
𝑉2

+
𝑖3
𝑉3

            (6) 

Where Vc is the UPV of concrete, i1, i2, i3 and V1, V2, V3 are the volume fraction and UPV 

of the matrix, microcracks, and macrocracks respectively. V1 is a function of elastic 

modulus, Poisson’s ratio, inner friction angle and material fraction toughness of the matrix. 

V2  can be expressed as a function of microcracks parameters such as half length, shape 

ratio and density of microcracks. Whereas, V3 for macrocracks is ultrasonic wave velocity 

in the air (340 m/s). Increase of elastic modulus and material fracture toughness results in 

the increase of V1, while the increase of density of microcracks leads to decrease of V2. 
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UPV is mostly influenced by V1 for uncracked samples and it is close to the intact concrete 

matrix due to less volume of microcracks in the uncracked sample. Once the concrete is 

cracked, the uncracked matrix volume i1 decreases greatly, while i2 and i3 increase 

consistently. Cracking of concrete results in the rise of microcracks density that leads to a 

decrease of V2, thus UPV of cracked concrete decreases greatly. Once the cracked samples 

are cured in water for self-healing, re-hydration products of unreacted cement particles 

crystallized inside the cracks that result in a decrease of i2 and i3. The crystallization also 

changes the inner microcracks and porous structure that results in an increase of V2, thus 

UPV of self-healed concrete is expected to increase. 

 

Table 10: UPV results for samples pre-cracked at 28 days

 

From Figure 24, it appears that the presence of fibers decreases the UPV slightly for 

uncracked samples. This is expected as UPV through cellulose is lower than concrete. 

Cracking decreases the UPV for both mixes which indicates the discontinuity due to 

cracking. It can be observed that curing time results in an increase in UPV for both mixes 

Mix 
design 

Sample name 

UPV (Km/s) ± STDV) 

Damaged 
degree, 

D = 1-(Vp/V0) 

Self healing ratio 
SR = (V21-Vp)/Vp 28 days uncracked 

(V0) 

28 days pre -
cracked  

(Vp) 

21 days 
healed 

Cxx 

C1 Top 5.08 ± 0 1.63 ± 0.01 2.79 ± 0.03 0.68 0.71 

C1 Middle 5.13 ± 0.02 1.51 ± 0 2.66 ± 0.02 0.71 0.77 

C1 Bottom 5.18 ± 0 1.87 ± 0.16 2.91 ± 0.01 0.64 0.55 

C2 Top 5.14 ± 0.04 2.13 ± 0.12 3.67 ± 0.02 0.59 0.72 

C2 Middle 5.08 ± 0.01 2.99 ± 0.11 4.06 ± 0.36 0.41 0.36 

C2 Bottom 5.13 ± 0.03 1.41 ± 0.06 2.85 ± 0 0.72 1.02 

C3 Top 5.15 ± 0 2.16 ± 0.04 2.47 ± 0 0.58 0.14 

C3 Middle 5.13 ± 0.02 1.27 ± 0.07 2.39 ± 0.03 0.75 0.89 

C3 Bottom 5.13 ± 0.03 2.15 ± 0.02 2.85 ± 0 0.58 0.32 

0.5Cxx 

0.5C1 Top 4.96 ± 0.01 0.61 ± 0.13 4.64 ± 0.01 0.88 6.64 

0.5C1 Middle 4.75 ± 0.01 1.5 ± 0.01 4.59 ± 0.01 0.68 2.06 

0.5C1 Bottom 4.91 ± 0.01 1.19 ± 0.05 4.57 ± 0.01 0.76 2.84 

0.5C2 Top 4.93 ± 0 1.77 ± 0.13 4.94 ± 0.01 0.64 1.79 

0.5C2 Middle 4.84 ± 0.03 1.75 ± 0.08 3.03 ± 0.08 0.64 0.73 

0.5C2 Bottom 4.85 ± 0.02 1.46 ± 0.07 2.5 ± 0.02 0.70 0.72 

0.5C3 Top 4.93 ± 0.01 0.79 ± 0 4.77 ± 0.08 0.84 5.08 

0.5C3 Middle 4.82 ± 0.01 1.42 ± 0 2.73 ± 0.02 0.71 0.93 

0.5C3 Bottom 4.83 ± 0 1.11 ± 0.01 4.41 ± 0.02 0.77 2.96 

0.5C4 Top 4.93 ± 0.01 1.79 ± 0.09 4.83 ± 0 0.64 1.70 

0.5C4 Middle 4.78 ± 0.01 1.99 ± 0.06 4.39 ± 0.25 0.58 1.21 

0.5C4 Bottom 4.83 ± 0.02 1.83 ± 0.02 3.79 ± 0.09 0.62 1.07 
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which indicates the autogenous healing process working well inside the cracks. CeFRC 

results in 48.7% higher UPV than normal concrete after 21 days of healing that indicates 

an enhancement of autogenous self-healing due to the addition of fibers. 

It can also be observed that controlled and only fiber mortar samples showed a SR of 0.62 

and 1.46 respectively. This can be attributed due to continued hydration process of 

unhydrated cement particles and precipitation of calcium carbonate due to carbonation of 

calcium hydroxide, one of the major hydration products of cement. Fiber concrete results 

in more SR as compared to control concrete indicating that cellulose fibers are effective in 

improvement of autogenous healing of concrete because they have the tendency to absorb 

water up to 85% of their weight and act as a water reservoir inside the concrete matrix for 

improved internal curing. 

 

Figure 24: UPV at different days of curing and SR for both mixes (D = 0.6 to 0.7) cracked at 28 days  

 

Figure 25 represents the relation between damaged degree and self-healing ratio for 

samples pre-cracked at the age of 28 days. It appears that SR is virtually dependent on the 

damaged degree. It can be observed that SR is increased as D increases for both mixes. 

CeFRC shows higher SR than normal mix for all damaged degrees indicates the 

effectiveness of cellulose fiber addition on the autogenous healing of concrete. However, 

a significantly larger SR at higher damaged degree was observed in CeFRC than normal 

concrete. This is because higher D results in more availability of water through microcracks 
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and availability of cellulose fibers inside the crack improves the bridging of new hydration 

products across the cracks. However, the new hydration products in normal concrete are 

not able to bridge the crack at a higher damaged degree that results in lower SR as compared 

to CeFRC. Zhong and Yao also defined a damaged threshold beyond that self-healing 

decreases as D increases, for normal concrete damage threshold is about 0.6-0.7 [58]. 

 

Figure 25: D and SR relations of samples pre-cracked at 28 days 

3.5. Self- Healing Test Results 

The surface crack width, theoretical crack width, initial flow rate and healing ratio of three 

cylinders for both concrete mixes are represented in Table 11. The effect of healing was 

calculated by introducing a healing ratio (HR) parameter as shown below [50, 59]:  

𝐻𝑒𝑎𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 = 1 −
𝐹𝑖𝑛𝑎𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
= 1 −

𝑞𝐹

𝑞0
> 0       (7) 

Where q0 is the initial water flow (lit/min) and qF is the final water flow measured after a 

healing period of 28 days. Edvardsen proposed a model to determine the relation between 

crack width and the water flow passing through the crack [60]. The model is shown in 

equation (8). 

𝑞0 (
𝑙𝑖𝑡𝑟𝑒𝑠

ℎ𝑜𝑢𝑟
) = 740 × 𝐼 × 𝐶𝑊𝑎𝑣𝑔

3 × 𝐾𝑡       (8) 
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Where q0 is the initial water leakage per meter visible crack length (lit/h); I is the hydraulic 

gradient, m of water head/(m); CWavg is the average crack width at the surface (mm); kt is 

factor comprising different water temperature (kt = 1 for water at 20º C with viscosity of 1 

mm2/s). This expression can be modified to the parameters of this study by changing the 

crack length (considered 75mm, as some part of crack covered with sealant) and other units 

and can be re-written as shown in equation (9). 

𝑞0 (
𝑙𝑖𝑡𝑟𝑒𝑠

𝑚𝑖𝑛
) = 740 ×

1.7

0.2
× 𝐶𝑊𝑎𝑣𝑔

3 × 1 × 0.075 ×
1

60
= 7.863𝐶𝑊𝑎𝑣𝑔

3 ⇒ 𝐶𝑊𝑎𝑣𝑔 = √
𝑞0

7.863⁄
3

   (9) 

The theoretical surface crack width of all samples was calculated from equation (9) by 

using the initial flow rate of water. Samples with almost similar actual and theoretical crack 

width in  Table 11 were compared for healing ratio. C6 with actual surface crack width of 

0.865 mm and theoretical crack width of 0.48 mm was compared with averaged actual and 

theoretical crack width for 0.5C6 and 0.5C7, 0.8625 mm and 0.49 mm respectively. It can 

be observed that CeFRC exhibits a slightly less average healing ratio of 0.609 as compared 

to 0.628 of normal concrete for crack width of 0.86 mm after 28 days of the healing period. 

Table 11: Measured crack width, theoretical crack width, initial flow and the healing ratio of concrete mixes. 

Sample ID 

Surface crack width (mm) Theoretical 

crack width 

from equation 

(9) (mm) 

Real 

initial 

flow q0 

(lit/min) 

Healing 

ratio 

(HR) 
Top Bottom Average 

Control 

C5 0.7 0.2 0.45 

0.578 

0.35 0.34 0.765 

C6 0.43 1.3 0.865 0.48 0.86 0.628 

C7 0.33 0.51 0.42 0.36 0.36 0.806 

CeFRC 

0.5C5 0.43 0.34 0.385 

0.703 

0.21 0.07 0.857 

0.5C6 1.25 0.54 0.895 0.52 1.11 0.459 

0.5C7 0.73 0.93 0.83 0.46 0.75 0.76 

 

Figure 26 shows the relationship between healing ratio and time for both concrete mixes. 

It can be observed healing ratio increased with time of healing for both mixtures. However, 

cellulose fiber concrete exhibits a higher rate of healing in the initial 8 days, followed by a 

moderately higher healing rate from day 8 to 20 as compared to control concrete. After 20 

days, both mixes demonstrate almost similar healing rate. 
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Figure 26: Healing ratio vs Time for both concrete mixes 

Author hypothesize that rapid healing rate of CeFRC in the initial healing period can be 

improved by using other self-healing ingredients in concrete like crystallize admixtures, 

bacterial and capsule-based ingredients, etc.  

In the next chapter, the self-healing properties of bacteria-based mortar are analyzed by 

using cellulose fibers as a bacteria-carrier. 
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Chapter 4.  Results and Discussion for Self-healing Mortar 

In the previous chapter, it was figured out that the addition of cellulose fibers results in the 

improvement of autogenous healing of concrete. Based on these results the cellulose fibers 

were used with bacteria-based self-healing mortar as a bacteria carrier to further improve 

the self-healing efficiency of mortar. In this chapter, the test results for self-healing mortar 

are presented and discussed.   

4.1. Self-Healing Based on Image Analysis 

Table 12 shows the crack widths for samples pre-cracked at the age of 14 and 28 days of 

curing for all mixes. 

Table 12: Average crack width of pre-cracked samples 

Mix Design 

14 days cured 28 days cured 

Sample Name 
Average Crack 

Width (mm) 
Sample Name 

Average 

Crack Width 

(mm) 

CMxx 

CM1 0.46 CM6 0.58 

CM2 0.62 CM7 0.61 

CM3 0.54 CM8 0.50 

CM4 0.5 - - 

C0.5Mxx 

C0.5M1 0.27 C0.5M6 0.29 

C0.5M2 0.80 C0.5M7 0.27 

C0.5M3 0.31 C0.5M8 0.38 

C0.5M4 0.29 C0.5M9 0.38 

C0.5M5 0.30 C0.5M10 0.37 

BL0.5Mxx 

BL0.5M1 0.49 BL0.5M6 0.59 

BL0.5M2 0.68 BL0.5M7 0.70 

BL0.5M3 0.69 BL0.5M8 0.67 

BL0.5M4 0.45 BL0.5M9 0.58 

B0.5Mxx 

B0.5M1 0.56 B0.5M6 0.50 

B0.5M2 0.57 B0.5M7 0.68 

B0.5M3 0.74 B0.5M8 0.63 

B0.5M4 0.60 - - 
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Images were analyzed to determine the average crack width of the samples for different 

stages of self-healing by using imageJ software. First, area and length of crack were 

determined. The average width of the crack was determined using the following formula: 

Width of Crack = Area of Crack/Length of Crack 

No visible healing of the cracks was observed on the surface of the cracks in image analysis 

for all type of mixes. Figure 27 (a) shows a set of sample images for B0.5M1 mortar sample 

pre-cracked at 14 days of curing and observed for crack healing after 7, 14 and 21 days on 

the front side of the cube. Figure 27 (b) and Figure 27 (c) show the image analysis to 

measure the crack width of pre-cracked sample on the front and backside of the sample 

respectively. The average crack width for the sample was calculated from the average of 

front and backside crack widths.  
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Figure 27. Image analysis for B0.5M1; (a) Image comparison on the front side of the cube; (b) Front 

side crack; (c) Backside crack.   

 

Crack width = (crack width on front side + crack width on back side)/2 = (0.56+0.57)/2 = 

0.56 mm.       

      

4.2. Self-Healing Based on UPV Test 

The self-healing performance of all mortar mixes was investigated by the UPV test. The 

UPV time was recorded for all the mortar samples at different stages of healing across the 
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crack to study any interior healing of the cracks. For each sample test was repeated at least 

three times. Data are presented as average ± standard deviation. Table 13 and Table 14 

shows the UPV results for all mortars cured for 14 and 28 days respectively. 

The damaged degree D was calculated using equation (4). A percentage self-healing of 

mortar, SH, that incorporates UPV after 21 days of self-healing and pre-cracked sample 

can be introduced as: 

𝑆𝐻 =
(𝑉21−𝑉𝑝)

𝑉𝑝
× 100            (10) 

Where V21 is the UPV after 21 days of self-healing, and Vp is the UPV of pre-cracked 

sample. 

 

Table 13: UPV results for samples pre-cracked at 14 days 

 

 

 

 

 

Mix design 
Sample 

name 

UPV (km/s) ± STDV 

Damaged 

degree 

 

% Self- 

healing ± 

STDV 

14 days 

uncracked 

(V0) 

14 days pre 

-cracked  

(Vp) 

7 days 

healed 

14 days 

healed 

21 days 

healed 

(V21) 

D = 1-

(Vp/V0) 

SH = (V21-Vp) 

x100/Vp 

CMxx 

CM1 4.59 ± 0 3.97 ± 0.07 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.13 10.5 ± 1.9 

CM2 4.46 ± 0.06 4.08 ± 0.06 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.09 7.6 ± 1.7 

CM3 4.53 ± 0.04 4.16 ± 0.03 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.08 5.6 ± 0.8 

CM4 4.53 ± 0.04 4.02 ± 0.02 4.2 ± 0 4.39 ± 0 4.39 ± 0 0.11 9.1 ± 0.4 

C0.5Mxx 

C0.5M1 4.26 ± 0.09 3.26 ± 0.02 3.46 ± 0.01 3.61 ± 0.01 3.73 ± 0 0.24 14.4 ± 0.7 

C0.5M2 4.4 ± 0.02 3.9 ± 0.01 4 ± 0 4.13 ± 0 4.2 ± 0 0.11 7.8 ± 0.4 

C0.5M3 4.39 ± 0 3.98 ± 0.03 4.11 ± 0.02 4.17 ± 0 4.24 ± 0 0.09 6.5 ± 0.8 

C0.5M4 4.39 ± 0 3.92 ± 0.01 4.09 ± 0.02 4.13 ± 0 4.17 ± 0 0.11 6.4 ± 0.4 

C0.5M5 4.37 ± 0.02 3.82 ± 0 4 ± 0 4.1 ± 0 4.17 ± 0 0.13 9.2 ± 0 

BL0.5Mxx 

BL0.5M1 4.39 ± 0 3.55 ± 0.02 3.88 ± 0 3.93 ± 0.07 4.03 ± 0 0.19 13.4 ± 0.8 

BL0.5M2 4.2 ± 0 2.12 ± 0.01 4.03 ± 0 4.2 ± 0 4.2 ± 0 0.50 98.3 ± 1.4 

BL0.5M3 4.37 ± 0.05 2.71 ± 0.01 3.73 ± 0 3.98 ± 0.07 4.2 ± 0 0.38 54.9 ± 0.4 

BL0.5M4 4.37 ± 0.08 3.8 ± 0.01 3.88 ± 0 4.2 ± 0 4.2 ± 0 0.13 10.6 ± 0.4 

B0.5Mxx 

B0.5M1 4.6 ± 0.02 2.3 ± 0.01 3.66 ± 0.06 3.73 ± 0 3.9 ± 0.03 0.50 69.1 ± 1.8 

B0.5M2 4.4 ± 0.02 3.88 ± 0.02 4.2 ± 0 4.2 ± 0 4.24 ± 0 0.12 9.3 ± 0.7 

B0.5M3 4.6 ± 0.02 2.16 ± 0 3.98 ± 0.07 4.1 ± 0 4.2 ± 0 0.53 94.7 ± 0.4 

B0.5M4 4.39 ± 0 2.76 ± 0.01 4.01 ± 0.03 4.05 ± 0.03 4.2 ± 0 0.37 52.1 ± 0.7 
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Table 14: UPV results for samples pre-cracked at 28 days 

Mixes were compared based on the damaged degree instead of crack widths because 

induced cracks have varying widths and depths. Based on the availability and distribution 

of results, the data were averaged for damaged degree between 0.1 to 0.2 for all mixes. 

Figure 28 and Figure 29 show the curing days-UPV relation and SH for 14 and 28 days 

aged pre-cracked samples, respectively for D between 0.1 to 0.2 for all mixes.   

From Figure 28 and Figure 29, it appears that the presence of fibers decreases the UPV 

slightly for uncracked samples. This is expected as UPV through cellulose is lower than 

mortar. This trend is observed both at 14 and 28 days. Cracking decreases the UPV for all 

mixes which indicates the discontinuity due to cracking. It can be observed, curing time 

results in an increase in UPV for all mixes, indicates the self-healing process working well 

inside the cracks.  

From Figure 28, it can be observed, controlled and only fiber mortar samples showed a SH 

of 9.8% and 7.8% respectively. This can be attributed due to continued hydration process 

of unhydrated cement particles at an early age. 9.32% self-healing is observed in the 

B0.5Mxx, more than mortar containing only fibers. Mix BL0.5Mxx incorporated with 

Mix 

design 

Sample 

name 

UPV (km/s) ± STDV) 

Damaged 

degree 

 

% self- 

healing ± 

STDV 

28 days 

uncracked 

(V0) 

28 days 

pre -

cracked  

(Vp) 

7 days 

healed 

14 days 

healed 

21 days 

healed 

(V21) 

D = 1-

(Vp/V0) 

SH = (V21-

Vp) 

x100/Vp 

CMxx 

CM6 4.59 ± 0 3.95 ± 0.06 4.2 ± 0 4.2 ± 0 4.2 ± 0 0.14 6.3 ± 1.6 

CM7 4.59 ± 0 4.03 ± 0 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.12 8.8 ± 0 

CM8 4.6 ± 0.04 4.14 ± 0.07 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.10 5.8 ± 1.7 

C0.5Mxx 

C0.5M6 4.39 ± 0 3.92 ± 0.01 4.23 ± 0.02 4.24 ± 0 4.24 ± 0 0.11 8.2 ± 0.4 

C0.5M7 4.55 ± 0.12 3.9 ± 0.01 4.2 ± 0 4.21 ± 0.02 4.23 ± 0.02 0.14 8.5 ± 0.7 

C0.5M8 4.53 ± 0.11 3.55 ± 0.05 3.94 ± 0 3.96 ± 0.01 3.99 ± 0.03 0.22 12.5 ± 1.3 

C0.5M9 4.39 ± 0 3.73 ± 0.04 4.04 ± 0.02 4.09 ± 0.02 4.11 ± 0.02 0.15 10.1 ± 1.4 

C0.5M10 4.39 ± 0 3.98 ± 0.06 4.2 ± 0 4.2 ± 0 4.23 ± 0.02 0.09 6.2 ± 1.4 

BL0.5Mxx 

BL0.5M6 4.39 ± 0 3.51 ± 0.03 4.2 ± 0 4.2 ± 0 4.36 ± 0.04 0.20 24.1 ± 2 

BL0.5M7 4.36 ± 0.04 3.86 ± 0.03 4.2 ± 0 4.2 ± 0 4.2 ± 0 0.12 9 ± 0.8 

BL0.5M8 4.32 ± 0.05 3.87 ± 0.01 4.03 ± 0 4.2 ± 0 4.2 ± 0 0.11 8.7 ± 0.4 

BL0.5M9 4.32 ± 0.05 3.59 ± 0.01 4.03 ± 0 4.03 ± 0 4.03 ± 0 0.17 12.4 ± 0.4 

B0.5Mxx 

B0.5M6 4.43 ± 0.06 4.05 ± 0.03 4.2 ± 0 4.2 ± 0 4.2 ± 0 0.08 3.6 ± 0.8 

B0.5M7 4.45 ± 0.05 3.73 ± 0 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.16 17.5 ± 0 

B0.5M8 4.59 ± 0 3.89 ± 0.01 4.39 ± 0 4.39 ± 0 4.39 ± 0 0.15 12.9 ± 0.4 
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cellulose fiber as a carrier for bacteria, and nutrients are provided inside the mix shows 

12.04% SH, maximum as compared to other mixes. This is due to the availability of 

calcium lactate throughout the matrix for the MICP, which results in the additional 

production of calcium carbonate due to the carbonation of calcium hydroxide, one of the 

major hydration products of cement. However, in case of B0.5Mxx calcium lactate is only 

present in cracked region through curing water causes MICP and carbonation of calcium 

hydroxide possible only in the cracked region instead of the whole matrix like BL0.5Mxx, 

results in slightly less SH as compared to BL0.5Mxx for samples cracked at an early age.     

 

Figure 28. UPV at different days of curing and SH for all mixes (D = 0.1 to 0.2) pre-cracked at 14 days 

Figure 29 illustrates the self-healing for samples pre-cracked at 28 days of curing. It can 

be observed SH in control mortar is decreased to 6.97% for 28 days pre-cracked samples 

as compared to 9.8% for 14 days pre-cracked samples. This exhibit, there are less 

unhydrated cement grains to contribute for the self-healing at later age. Both bacterial 

mixes, BL0.5Mxx and B0.5Mxx show the higher SH than control and only fiber mix, 10%, 

and 15.2% respectively. Like control mix, BL0.5Mxx results in a decrease in SH for 

samples pre-cracked at 28 days as compared to 14 days. Because at 28 days age there is 

less availability of calcium hydroxide to produce calcium carbonate inside the matrix and 
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lower availability of calcium lactate in the cracked region for MICP. However, in the case 

of B0.5Mxx more calcium lactate from curing water is present in the cracked region for 

MICP results in maximum self-healing performance among all mixes.  

 

Figure 29. UPV at different days of curing and SH for all mixes (D = 0.1 to 0.2) pre-cracked at 28 days 

 

Figure 30 and Figure 31 represents the relation between damaged degree and percentage 

self-healing for samples pre-cracked at the age of 14 and 28 days respectively. It appears 

that SH is virtually dependent on the damaged degree when the results are presented as 

trendlines. It can be observed that SH is increased as D increases for all mixes pre-cracked 

at 14 and 28 days. Bacterial mixes show significant improvement in SH at higher damaged 

degree, BL0.5Mxx results in 13.2% and 64.1% more SH than control mix at D of 0.2 and 

0.5 respectively, for 14 days pre-cracked samples (see Figure 30). Similarly, 3.18% and 

11.62% more SH are observed in B0.5Mxx at D of 0.12 and 0.2 respectively, for samples 

pre-cracked at 28 days (see Figure 31). This is because, higher D results in more availability 

of water and oxygen through microcracks, which improves the MICP, leads to a higher 

value of SH at increased D. However, Zhong and Yao defined a damaged threshold beyond 
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that self-healing decreases as D increases, for normal concrete damage threshold is about 

0.6-0.7 [58]. 

 

Figure 30. D and SH relations of samples pre-cracked at 14 days 

 

Figure 31. D and SH relations of samples pre-cracked at 28 days 
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Relating, Figure 30 and Figure 31, demonstrate a decrease in SH of bacterial mixes with 

age of pre-cracking, 13.2% to 5.3% decrease in SH for BL0.5Mxx for D of 0.2. This 

decrease in SH of bacterial mixes can be due to continued hydration reaction in mortar 

resulting in the development of dense microstructure at later age. The dense matrix creates 

pressure on the fibers and free bacteria, leads to a decrease in the viability of bacteria and 

therefore, the self-healing process decreased at later age. Additionally, at a later age, less 

availability of calcium hydroxide from cement hydration reaction leads to lower 

precipitation of calcium carbonate from the carbonation of calcium hydroxide.  

Even after a decrease in SH with age, both mixes with bacteria encapsulated in fibers 

exhibit higher SH than control and only fiber mixes. Therefore, the technique using 

cellulose fiber as a bacteria-carrier was effective and improved the self-healing capacity of 

control mortar. 

4.3. Compressive Strength 

28 days compressive strength for all four mixes was measured as per ASTM C579 [56] 

after wet curing. Table 15 shows the compressive strength of each mix along with averages 

and standard deviation values. The data in Table 15 were analyzed for the % change in 

compressive strength from control mortar for all mixes. The % change in compressive 

strength for 28 days cured mortar is shown in Figure 32. 

A decrease in compressive strength of mortar by 6.97% is noticed with addition of 0.5% 

fibers. The decrease in compressive strength is significantly less than the concrete results 

in chapter 3 after addition of 0.5% fibers and this can be understood from the quantities of 

cement used in the mix design of concrete and mortar. The mortar had a cement content of 

736 Kg available per cubic meter as compared to only 340 Kg/m3 in concrete, this could 

lead to an overall increase in hydration reaction in mortar as compared to concrete.  

Out of two bacterial mortar mixes, the maximum decrease in compressive strength is for 

BL0.5Mxx mix, 33.11%. However, a decrease of 22.09% in compressive strength is 

observed for the B0.5Mxx mix. Overall, it can be observed that the addition of bacteria and 

fibers results in a decrease in compressive strength of mortar. The more decrease in 

compressive strength is noticed in the mix containing calcium lactate. This is due to 
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calcium lactate added to mortar do not take part in hydration of cement directly, instead, 

the by-product, calcium carbonate produced inside the mortar matrix and excess production 

of calcium carbonate inside the matrix causes reduction of compressive strength [61].  

Opposite to this, mortar sample containing fiber and bacteria, cured in calcium lactate 

(B0.5Mxx) results in a lower decrease in compressive strength. However, the loss in 

strength is only for the limited mixes with 0.5% of fiber concentration and 1.3 x 107 

bacteria/cm3 concentration of bacteria.  

 

Table 15: Compressive strength test results for cement mortar 

Mix Design 

28 days Compressive Strength (MPa) 

Individual Average ± STDV 

CMxx 

48.12 

46.58 ± 3.21 

40.4 

49.54 

46.82 

48.04 

C0.5Mxx 

42.8 

43.34 ± 1.02 

44.82 

41.8 

43.32 

43.94 

BL0.5Mxx 

30.5 

31.16 ± 1.74 

32.3 

28.54 

30.78 

33.68 

B0.5Mxx 

39.36 

36.29 ± 1.92 
34.04 

35.88 

35.9 
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Figure 32. % Change in compressive strength compared to control mortar 

The change in compressive strength with different concentration of fibers, nutrients, and 

bacteria needs further investigation. The B0.5Mxx mix cured in water containing calcium 

lactate performed well to maintain the strength of mortar out of both bacterial mixes. So, 

it is observed that providing bacterial nutrients from outside during curing instead of inside 

while mixing helps to maintain the mortar strength properties. 

4.4. Cost analysis of various bacteria-carriers 

The cost for different bacteria-carriers is determined and compared for a cubic meter of 

concrete. The concrete mix design with a strength of 32 MPa is considered for the material 

calculation. The quantity considered for cement, aggregates, sand, and water is 340, 1120, 

820 and 181 kg/m3 respectively. Estimated costs for various bacteria-carriers is represented 

in Table 16. Figure 33 shows the prices in US dollars for different carrier materials required 

for a cubic meter of concrete at dosages stated in Table 16. 
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Table 16: Costs for various bacteria-carriers per cubic meter of concrete 

Bacteria-carrier Quantity 
Unit Price 

(USD) 
USD/m3 of concrete Remarks 

Epoxy 
20.4 kg/m3 (6% weight of 

cement [19]) 

47.6 per 3.78 

Liter [62] 
205 

Density =1250 

kg/m3 

Ceramsite 
266.56 kg/m3 (78.4% 

weight of cement [18])  
0.3 per kg [63] 80 - 

Expanded clay 

particles 

258.54 kg/m3 (76.04% 

weight of cement [17]) 

150 per m3 

[64] 
111 

Density =350 

kg/m3 [64] 

Expanded perlite 
80.24 kg/m3 (23.6% 

weight of cement [65]) 
1.5 per kg [66] 120 - 

Hydrogel 
17 kg/m3 (5% weight of 

cement [20]) 
3.5 per kg [67] 60 - 

Melamine 
17 kg/m3 (5% weight of 

cement [21]) 
1.2 per kg [68] 20 - 

Cellulose fiber 
5.5 kg/m3 (0.5% of 

volume) 

2.46 per kg 

[14] 
14 

Density =1100 

kg/m3  

 

 

Figure 33. Material Cost in US dollars for different bacteria-carriers per m3 of concrete 
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Cellulose fibers have the lowest material cost as compared to other bacteria-carriers. 

Additionally, the cost for encapsulating bacteria is zero.  

After comparing different carrier materials based on the encapsulation technique and cost 

analysis, it is obvious that the method of use cellulose fibers as a carrier for bacteria is a 

promising option. Moreover, cellulose fiber improves the crack resistance of concrete and 

they are suitable to use in a ready mix plant. Also, due to the high absorption rate, fibers 

can act as water reservoirs for promoting internal curing. Therefore, the method of using 

cellulose fiber as bacteria-carrier for self-healing concrete has the potential to be more 

widely used for large scale concrete structures. 
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Chapter 5.  Conclusions and Future Work 

5.1. Conclusions Based on the Concrete Study 

• 0.5% volume fraction of cellulose fibers results in a decrease in compressive 

strength of control concrete due to replacement of part of concrete matrix with 

cellulose fibers that leads to lower workability and compaction of concrete. 

• Cellulose fiber results in an increase in flexural strength of normal concrete by 

7.84% and a considerable increase in maximum deflection are also observed. This 

indicates good fiber bond and their suitability for use as a reinforcement in concrete. 

• Concrete with cellulose fibers had a 24% lower water penetration depth and 42% 

lower coefficient of permeability compared to control concrete, indicated the 

improvement in water tightness of concrete. Average water penetration depths 

seemed to be a better option to calculate the coefficient of permeability as compared 

to maximum penetration depths. 

• Cellulose fiber acts as a water reservoir and results in better internal curing of 

concrete. A higher self-healing ratio and 48.7% higher UPV velocity were observed 

in CeFRC as compared to normal concrete after 21 days of self-healing with 

damaged degree between 0.6 to 0.7, indicates improvement of autogenous healing 

of concrete due to the addition of cellulose fiber. 

• Self-healing ratio of CeFRC increases significantly than normal concrete at higher 

damaged degree because fibers inside the crack improve the bridging of new 

hydration products across the cracks at higher damaged degree, which is not 

possible in normal concrete. 

• CeFRC has a rapid healing rate in the initial days as compared to normal concrete 

and this property can be enhanced by using with other self-healing concrete 

ingredients like crystalline admixtures, bacteria and capsule-based ingredients, etc. 

to improve the self-healing efficiency of concrete. 
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5.2. Conclusions Based on the Self-healing Mortar Study 

• Mortars containing bacteria encapsulated in cellulose fibers result in an increase in 

UPV with healing time for pre-cracked samples. The increase in UPV indicates the 

self-healing process is working well inside the crack even with a surface crack that 

visually does not look filled from the results of image analysis. 

• Self-healing mortar performs well when nutrients provided inside the mix for early 

age pre-cracked samples. However, when samples are pre-cracked at later age, 

better self-healing is demonstrated by samples with nutrients provided in curing 

water. 

• Using cellulose fiber as a bacteria-carrier (BL0.5Mxx) result in 12.04% self-healing 

for damaged degree between 0.1 to 0.2, when pre-cracked at 14 days of curing. 

However, when pre-cracked at 28 days 15.2% (B0.5Mxx) self-healing is observed, 

8.23% more than control mortar for damaged degree between 0.1 to 0.2.  

• Self-healing efficiency of mortar using cellulose fiber as bacteria-carrier increases 

significantly with an increase in damaged degree. Mortar with bacteria 

encapsulated in fiber and nutrients provided inside the mix, resulting in 64.1% more 

self-healing than control mix for the damaged degree of 0.5, for samples pre-

cracked at age of 14 days. Similarly, mortar with bacteria encapsulated in fibers 

and nutrients provided in curing water, results in 11.62% more self-healing than 

control mix at the damaged degree of 0.2, for samples pre-cracked at 28 days. 

• A decrease in compressive strength is observed for all mixes containing cellulose 

fiber for the fiber fraction, bacteria and nutrients concentration used in this study. 

The mixes with different concentrations of fiber, bacteria, and nutrients are needed 

to be investigated for the change in compressive strength. 

• The characteristics like minimum cost as compared to other bacteria-carriers, 

having easy availability in the cracked region, the simplest method to encapsulate 

bacteria and suitability for ready mix plant make cellulose fibers a promising 

bacteria-carrier material for small to large scale concrete construction. 
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5.3. Future Scope of Work 

This work can be further extended to include the following aspects: 

• The different volume fraction of cellulose fibers can be used to analyze their impact 

on the compressive strength of concrete. 

• Cellulose fiber can also be used in conjunction with other macro fibers to see the 

overall improvement in autogenous healing and mechanical properties of concrete. 

• Crystalline admixture based self-healing materials can be added to CeFRC to 

improve the self-healing of concrete.  

• Resonant frequency test can be used to determine the self-healing of concrete. 

• A higher dosage of cellulose fiber can be used to increase the number of 

encapsulated bacteria. 

• The cellulose fibers can be coated with cement or other coating materials like 

sodium alginate, geopolymer, etc. to protect the bacteria from leaving the cellulose 

fiber after encapsulation during mixing in self-healing mortar. 

• Cellulose fiber as a bacteria-carrier can be used with other bacteria-carriers to see 

the combined performance of different bacteria-carriers in self-healing mortar. 

• Different concentration of nutrients and bacteria can be investigated for the 

performance of self-healing mortar. 

• In addition to the UPV test, self-healing ratio can be calculated by using the 

compressive strength of pre-cracked and self-healed samples. 
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Appendix A: Sieve Analysis of Aggregates 
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Appendix B: Coarse Aggregates Relative Density and Absorption 
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Appendix C: Fine Aggregates Relative Density and Absorption 
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Appendix D: Material Safety Data Sheet for Calcium Lactate 
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Appendix E: Certificate of Analysis for Calcium Lactate 

 

 

 

 


