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Abstract 

Cracks in reinforced concrete structures are inevitable and they are one of the inherent 

weaknesses of concrete that adversely affect its structural integrity and durability. 

Cracks within the prescribed limit may not hamper immediate structures serviceability 

or safety, but they provide pathways for diffusion of fluids and aggressive chemicals 

that may trigger corrosion of embedded steel reinforcement; thus, making structures 

prone to imminent failure. Therefore, it is essential to heal cracks at an early stage to 

enhance the durability and increase service life of concrete structures.  

 

Success of healing is influenced by three aspects: the healing material for filling the 

cracks; the delivery system for transporting healing material inside the crack; and the 

monitoring technique to ensure successful healing. An efficient repair method coupled 

with a reliable evaluation technique is of paramount importance to ensure proper 

healing of cracks. 

 

This thesis explores healing of cracks in concrete coupled with non-destructive 

techniques to ensure progression of healing. Conventional and bacterial healing 

systems have been used to heal cracks of different widths. Ultrasonic signals have 

been captured through steel bar as well as concrete surrounding the bar. An attempt 

has been made to explore the efficacy of healing in impeding reinforcement corrosion.  

 

The thesis is presented in a publication-based format. It consists of two published 

chapters (chapter 3 and chapter4) and two submitted chapters (chapter5 and chapter 6) 

in journal.  The overall objective of this thesis is to illustrate the ability of the ultrasonic 

technique in monitoring the progression of healing.  
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Chapter 1  Introduction 

1.1 Motivation 

Reinforced concrete is the key component of civil infrastructure construction all over 

the world. However, keeping concrete structures from deteriorating prematurely is 

proving to be a difficult task. The creation of micro-cracks in concrete structures at an 

early age has a significant impact on their serviceability and is a prevalent durability-

related occurrence in many concrete structures.  

 

Cracks in reinforced concrete structures are inevitable and can occur due to thermal 

stresses, creep, drying shrinkage, or general loading under serviceability conditions 

[1]. Cracks provide an easy pathway for ingress of moisture or harmful substances, 

leading to premature matrix degradation and corrosion of embedded steel 

reinforcement [2, 3]. To address this problem, many treatments and maintenance 

procedures are used after construction to assure the structure's long-term endurance. 

Although crack formation is not a new phenomenon, its repair and maintenance have 

been a major source of concern. 

 

The deterioration of concrete structures over the last few decades necessitates the 

development of appropriate healing and monitoring systems for assessing and 

maintaining their condition. As a result, apart from conventional materials such as 

cementitious grout, epoxy, resins or polymers, microbial healing techniques have been 

developed which have shown promising results for civil infrastructure [4-6]. Various 

non-destructive testing (NDT) methodologies for monitoring civil infrastructures have 

been developed [7]. NDT technologies are proven to be more practical for assessing 

and evaluating the state of RC structures. However, few studies have focused their 
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scope into simultaneous monitoring of healing using advanced non-destructive 

techniques.   

Keeping this in view, it is essential to heal the cracks at an early stage and 

simultaneously monitor them, to enhance the durability and increase service life of 

structures.  

1.2 Thesis outline  

The thesis is presented in a publication-based format. It consists of two published 

chapters (chapter 3 and chapter4) and two submitted chapters (chapter5 and chapter 6) 

in journal. The overall objective of this thesis is to illustrate the ability of ultrasonic 

techniques in monitoring the progression of healing. The contents of the thesis are 

discussed in detail below. 

Chapter 1: Introduction describes the motivation behind the work and presents the 

overall contents of the thesis. 

  

Chapter 2: Literature Review presents the background and significance of the 

research.  

 

Chapter 3: is a published work in the journal as ‘Kaur, et al., Healing and 

Simultaneous Ultrasonic Monitoring of Cracks in Concrete. Material Today 

Communications, 2018’ https://doi.org/10.1016/j.mtcomm.2018.10.022. This chapter 

investigates the healing of cracks of different widths in concrete and illustrates the 

ability of the ultrasonic techniques to monitor the progression of healing. A numerical 

technique based on two-dimensional finite difference time domain (FDTD) has also 

been used to determine the potential of ultrasonic stress waves in monitoring healing. 

https://doi.org/10.1016/j.mtcomm.2018.10.022
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It has been reported that the ultrasonic technique is able to discern the progressive 

healing process. Signal attenuation was found to be most suitable for monitoring 

healing. 

 

Chapter 4 is a published work in the journal as ‘Kaur, et al., Healing Fine Cracks in 

Concrete with Bacterial Cement for an Advanced Non-destructive Monitoring. 

Construction and Building Materials, 2020’ 

https://doi.org/10.1016/j.conbuildmat.2020.118151. This chapter investigates the 

healing of fine cracks using the bacterial based healing technique. The evidence and 

efficiency of bacterial healing is investigated using advanced monitoring techniques. 

The ultrasonic signal has been processed further using an advanced STFT technique 

to obtain a nuanced observation of the crack healing process. The evidence of bacterial 

healing was confirmed through visual inspection, scanning electron microscopy and 

X-ray dispersion spectrum and water tightness tests. 

 

Chapter 5 reports the efficacy of using various calcium sources for microbially 

induced crack healing of concrete. The evidence of healing is investigated using 

advanced monitoring techniques. Simultaneously, an attempt has been made to 

monitor rebar through electrochemical measurements and guided wave technique to 

study the efficacy of healing in impeding corrosion. 

 

Chapter 6 reports the long-term performance of healed samples subjected to chloride 

induced reinforcement corrosion. The healed samples were subjected to salt water 

ponding for 120 days. They were monitored through various electrochemical and 

ultrasonic guided wave techniques. After ponding, the samples were broken to visually 

https://doi.org/10.1016/j.conbuildmat.2020.118151
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examine the rebar condition. Mass loss tests were carried out to get insights of rebar 

condition.  

  

Chapter 7 provides key conclusions from the findings and reveals the directions for 

future research. 
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Chapter 2  Literature review 

1. Introduction 

Cement and steel are the two most widely used materials in the construction industry. 

Reinforced concrete is the most widely used and versatile materials for building 

structures. However, one of the major durability problems in reinforced concrete is its 

cracking.  Cracks can occur due to thermal stresses, creep, drying shrinkage, general 

loading under serviceability conditions or corrosion of embedded steel. Eurocode 2 

[1] permits crack widths up to 0.3 mm.  These cracks do not affect the strength of 

structure, but durability and service life of structures is greatly affected by cracking of 

concrete; as cracks provide pathways for water and other aggressive agents such as 

chloride, sulphates or carbon dioxide inside concrete. These deleterious ions can lead 

to reinforcement corrosion and if left untreated, may ultimately lead to catastrophic 

structural failure [2]. It is therefore essential to heal the cracks at an early stage to 

enhance the durability and increase service life of the infrastructure. However, while 

healing is being undertaken, it is important to simultaneously have a measure of the 

achieved healing. With this background, the aim of current research is to explore the 

essential components of the healing system such as healing agent, delivery system and 

monitoring mechanism to ensure successful healing. 

2. Healing of concrete 

Crack healing is a phenomenon in which chemical or physical processes result in 

formation of solid products inside the crack, thereby blocking the pathway for ingress 

of aggressive agents and reducing permeability. Width of the crack and solidification 

process of the healing agent are significant for the success of healing [3]. The viscosity 

of the healing agent influences efficiency of its penetration within the crack. A high 

viscosity healing agent doesn’t flow well and fill the micro-cracks. On the contrary, a 
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low viscosity healing agent may not remain in the crack and seep out of it instead [4]. 

An ideal healing material should be compatible with the concrete and volumetrically 

stable, so that cracks become sealed and reduce permeability, thus preventing 

reinforced steel corrosion.  

In general, concrete is observed to have a natural ability to autogenously heal cracks 

of a certain extent, around ~50μm width [5, 6] by chemical or physical mechanisms 

such as hydration of unhydrated cement particles in the presence of water [7, 8]. 

Calcium carbonate precipitation has been recorded to occur in the presence of water, 

however the precipitation depends on the width of the crack as well as the amount of 

water present [9, 10]. The limitation for autogenous healing is the crack width. There 

are cracks in concrete constructions that are significantly broader than ~50μm. As a 

result, the development of engineering methods is crucial and external assistance for 

healing is warranted. 

3. Healing materials for crack repair  

 

Following section presents a review on conventional and bacterial healing materials 

and highlights their advantages and limitations for crack repair.  

3.1 Conventional healing materials 

A variety of healing agents are available in the construction industry. Healing agent 

should not only be compatible with concrete substrates but should possess properties 

such as adequate viscosity, cure right on time and place, stable and durable, 

environment friendly and low cost.  Amongst various materials, cement grout and 

epoxy resin have been extensively used for remediation of cracks [4, 11-15]. 

Superplasticizers are added to improve the rheological properties of grout, so that it is 
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able to flow into the crack [15]. In case of epoxy (two-part), resin and hardener is first 

mixed and then injected to the cracked surface [4, 16]. Although these agents 

contribute to healing, the extent of healing not only depends on crack width which 

dictates the capillary forces, but also on the viscosity of the healing agent which 

influences efficiency of its penetration within the crack [17, 18].  

 

Figure 2.1: Conventional healing materials [19] 

 

Panasyuk et al. [19] reported the use of different healing materials (Figure 2.1) and 

observed that voids remain unfilled using cement suspension or cement binder. Kaur 

et al. [20] used cementitious grout for healing cracks of different widths. It was 

reported that the grout was unable to penetrate thin cracks. Tittleboom et al. [18] 

compared grout and epoxy for filling cracks and observed that epoxy was able to fill 

deep cracks while no filling of crack was observed with grout. It is noted that in 

conventional systems, the ingredients are premixed before pumping into the cracks. 

As a result, the reaction starts before the ingredients have reached the site of healing, 

therefore voids remain unfilled [19, 20]. Also, these materials tend to degrade over 

time and require repeatable maintenance.  To overcome the limitations of these 
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conventional systems, researchers in the past few decades have proposed microbial 

based healing systems for civil engineering applications. 

3.2 Microbial based healing system  

Microbial/Bacterial-based technology for civil engineering applications, is an 

emerging technology that has gained popularity in recent years. The use of microbially 

induced carbonate precipitation to protect and rehabilitate building structures and 

materials has proven to be a success [21, 22]. MICP is a process in which naturally 

occurring microorganisms such as bacteria, through their metabolic activity are able 

to precipitate calcium carbonate in ambient conditions [23].  Many carbonate rocks 

have been cemented by precipitation of carbonates driven by microbes, so using 

bacteria to remediate building materials is a natural process. As an innovative and 

environmentally acceptable approach to safeguard and restore decayed construction 

materials, this technology has been effectively employed for durability enhancement 

of construction materials. De Belie and Wang discussed the possible use of MICP in 

crack repair [3]. Dhami et al. [24] reported the potential of using MICP in different 

engineering applications. Muynck et al. [25] discussed the importance of MICP in 

construction materials.  

3.3 Microbial Induced Calcite Precipitation (MICP) as a crack healing agent for 

concrete 

In recent years, a bacterial based system also known as Microbially Induced Calcite 

Precipitation or Biocementation has gained widespread attention for healing of cracks. 

Several types of bacterial metabolic pathways for healing have been investigated in 

the last decade. Aerobic respiration of bacteria is among the first to be applied in crack 

self-healing. In this method spores and nutrients are added in concrete and 
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precipitation can be induced by bacterial oxidation of organic matters [26]. Other 

pathway known as enzymatic urea hydrolysis, has been used in concrete other than 

self-healing. In this method, urea is catalysed into ammonium and carbonate by urease 

that is produced by bacteria resulting in increase of pH, and precipitation  [27]. Carbon 

dioxide sequestration with carbonic anhydrase pathway has also been explored [28]. 

Recently, denitrification via bacteria was proposed as another pathway in which 

precipitation can be induced by biological nitrate reduction with additional corrosion 

inhibiting effect [29, 30]. In terms of the concrete healing, ureolytic pathway is 

preferred because of its high precipitation rate [31, 32]. Ramachandran et al. [33] and 

Bang et al. [34] were amongst the first to investigate the use of bacteria to repair cracks 

in concrete.  

Calcium carbonate precipitation depends upon four key factors which include: pH of 

the surrounding environment, concentration of dissolved inorganic carbon, 

concentration of calcium ion, and the presence of nucleation site. Figure 2.2  represents 

the events occurring during the ureolytic induced carbonate precipitation. Researchers 

all over the world have been developing techniques using bacteria for crack repair [3] 

as well as self-healing concrete [35, 36].    

Several bacterial species are known to precipitate calcium carbonate through different 

metabolic routes [31, 37, 38]. Owing to the high alkalinity of concrete, alkaliphilic 

strains of Bacillus group are expected to function in a concrete environment. 

Bacillus/Sporosarcina pasteurii, Bacillus sphaericus, Bacillus megaterium and 

Bacillus subtilis belong to this group. These have been widely used by various 

research groups [18, 33, 38, 39].  Recently, this technique is widely used for self-

healing of concrete [3, 4, 38]. De Belie & De Muynck [25] used S. sphaericus bacteria 

for the repair of cracks in concrete. 
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Figure 2.2:Simplified representation of the events occurring during the ureolytic 

induced carbonate precipitation.  

Calcium ions in the solution are attracted to the bacterial cell wall due to the negative 

charge of the latter. Upon addition of urea to the bacteria, dissolved inorganic carbon 

(DIC) and ammonium (AMM) are released in the micro-environment of the bacteria 

(A). In the presence of calcium ions, this can result in a local supersaturation and hence 

heterogeneous precipitation of calcium carbonate on the bacterial cell wall (B). After 

a while, the whole cell becomes encapsulated (C), limiting nutrient transfer, resulting 

in cell death. Image (D) shows the imprints of bacterial cells involved in carbonate 

precipitation. A more in-depth representation can be found in Hammes and Verstraete 

[23]. 

 

For crack remediation enzymatic hydrolysis of urea is popular because of its high 

urease activity. In the urea hydrolysis process, bacteria produce an enzyme, urease, 

which catalyses the hydrolysis of urea into ammonium (NH4
+) and carbonate ions 

(CO3
2−). At this point, when calcium ions are added, calcium carbonate is formed [40, 

41].    

The process of calcium carbonate formation is given by the following equations: 

𝐶𝑂(𝑁𝐻2)2  +  2𝐻2𝑂  𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑢𝑟𝑒𝑎𝑠𝑒 → 2𝑁𝐻4
++ 𝐶𝑂3

2−                                (2.1)  

𝐶𝑎2+ + 𝐶𝑂3
2−  → 𝐶𝑎𝐶𝑂3                                                                                                 (2.2)  

 

From a chemical point of view, calcium and carbonate concentrations directly 

determine the amount of calcium carbonate deposition. Porter et al. [42] investigated 

the consumption of urea and calcium throughout the MICP process at a concentration 

of 500 mM. It was noticed that equal amounts of urea and calcium were utilised to 
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precipitate calcium carbonate. Wang et al. [43] demonstrated that the optimum 

concentration of urea and calcium ions was 500 mM. It was observed that the ideal 

Ca2+ and urea dose is dependent not only on the type of bacteria but also on their 

concentration.   

3.4 Impact of calcium sources on MICP 

Although MICP has shown promising results in healing of cracks [18, 33, 38, 44, 45] 

most important concern with regard to reinforced concrete structures is the effect of 

calcium chloride cementation fluids on steel corrosion. Chlorides are a threat to steel 

reinforcement. Therefore, research is necessary to develop bacterial fluids that would 

inhibit steel corrosion.  

Following section reviews the calcium source used for biocementation of concrete.  

The precipitation of calcium carbonates is governed by a soluble calcium source.  

Various calcium sources are available such as calcium chloride, calcium lactate, 

calcium glutamate, calcium acetate and calcium nitrate [46]. Generally, calcium 

chloride is used as a calcium source, but there have been concerns that presence of 

chloride ions in the healing may have an undesirable effect of inducing corrosion in 

steel. Onset of corrosion accelerate deterioration of concrete as formation of rust which 

occupies volume 6 -10 times the volume of original steel. This in turn produces 

internal stresses and leads to widening of cracks, resulting in accelerated deterioration 

of concrete. Therefore, its optimisation and alternate sources are necessary.  

Very few studies have been done using alternate calcium sources. Van Tittleboom et 

al. [18] used calcium chloride, calcium acetate and calcium nitrate to repair cracks. 

They observed equal reduction in water permeability using these calcium sources.  

Zhang et al. [47]  used three different calcium sources namely calcium chloride, 
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calcium acetate and calcium nitrate and observed different types of crystals namely 

calcite, vaterite and aragonite. De Muynck [25] discovered that the nutrient 

composition had a significant impact on the crystal shape. When calcium chloride was 

utilised as the calcium source, the calcium carbonate crystal was rhombohedral, but 

spheroidal when calcium acetate was used. The mineralogical composition, which was 

primarily calcite, was, nevertheless, same. Although different calcium sources have 

been used but the healing technique and evaluation is mainly based on mechanical 

tests as well as SEM/XRD.   

4. Techniques for crack healing 

One of the most critical aspects that affect the development of an efficient healing 

mechanism is the selection of a delivery conduit. There are several methods of 

application of the healing material (Figure 2.3). It can be applied manually on the crack 

[48, 49] or it can be positioned inside concrete by self-healing using capsules or 

vascular system [37, 50]. Pre-existing cracks necessitate manual repair but in case of 

self- healing, the healing system must be placed inside concrete at the time of 

construction. The most extensively used practice to deliver the healing agent to the 

cracked location is injecting through the crack opening [12, 14]. Panasyuk et al. [19] 

reported the use of different healing materials by injecting. In case of capsules, healing 

agent is first encapsulated and then added to concrete matrix. Once cracks occur, the 

capsules are broken and healing agent is released to the crack [13]. In recent years, 

healing of cracks by providing capillaries or hollow channels in concrete structures for 

the distribution and replenishment of active fluids has also been reported [37, 51, 52]. 
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Figure 2.3: Methods of applying healing agents in concrete 

4.1 Healing via encapsulation 

In capsule-based self-healing, the healing agent can be dispersed in the concrete matrix 

in capsules. When cracking occurs, the capsules break, and the healing agent is 

released into the cracked zone by capillary action. Both chemical and bacterial healing 

agents can be encapsulated to extend their longevity while also managing their release 

into the matrix. Various materials such as Polyurethane or silica gel [53, 54], hydrogel 

[55], and expanded clay [6] have been used for encapsulation. However, the 

probability of breakage of capsules (Figure 2.4) in the cracked zone is uncertain as the 

capsules are randomly dispersed in concrete matrix [37]. The fundamental issue, 

however, is its long-term repeatability as well as the limit of capsules in concrete 

matrix. Concrete structures are subjected to multiple damage cycles throughout their 

service lives, and microcapsules can only contain a limited amount of repair agent, 

most of the healing agent is depleted after a single loading cycle, making long-term 

healing uncertain. As a result, more research into the repeatability of capsule-based 

systems is required in the future. 
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Figure 2.4: Healing via capsule-based [37] 

 

4.2 Healing via vascular system 

In vascular system, the healing agent is delivered at the point of damage by providing 

capillaries or hollow channels in the concrete matrix (Figure 2.5) [37, 51, 52].  It is 

important to consider various parameters such as dimensions, sizes, geometry, type 

and placement of vascular channels in concrete so that the strength of concrete is not 

affected [4]. Blaiszik et al. [56] suggested that through vascular systems large volume 

of healing agent can be supplied even for multiple damage events. The main limitation 

of this method is its difficulty in casting of concrete on site with network of pipes and 

tubes. Research is underway of using such technique for concrete structures. 

Therefore, in addition to healing agent, the medium of transporting also needs to be 

studied to ensure successful healing of cracks. 

 

Figure 2.5: Healing via vascular system [37] 
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5. Evaluation techniques for crack healing 

With the continued development of concrete healing technologies, there is a rising 

need to create methodologies for reliably evaluating the performance of these 

technologies [26–29]. An account of the evaluation techniques is available in [57] and 

[58].  ].  Visual evaluations such as Microstructural analysis have been widely used 

through Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy 

(EDS), X-ray diffraction [3, 13, 18, 33, 37, 38, 59, 60] or X-ray computed 

tomography [61, 62] for qualitative and quantitative elemental analysis. The 

durability properties can be examined by sorptivity [63-65], water permeability tests 

[3, 60, 66], or air permeability tests [67]. The mechanical properties for healing can 

be analysed through strength tests [68-71]. Current evaluations of healing are 

primarily limited to lab-scale experiments. Furthermore, no standardised test 

procedures for evaluating the efficacy of healing have been established. Non-

destructive test methods for healing are necessary in construction industry so that 

assessment chores do not disrupt the operation of structures.  

Over the last few years, non-destructive techniques have been used to assess healing. 

Two such techniques are acoustic emission [72-76] and ultrasonic waves [58]. While 

acoustic emission technique may be able to detect the damage it is not capable of 

monitoring healing. Ultrasonic technique has both these capabilities. The monitoring 

can be performed by measuring a number of ultrasonic parameters. Ultrasonic pulse 

velocity (UPV) measurement is based on the time of flight and the simplest one to 

measure [51, 77]. However, UPV is not found to be very sensitive to cracks. In our 

work, ultrasonic pulse attenuation was found to be more effective in monitoring 

healing [78]. However, pulse amplitude can vary with other parameters such as the 

extent of coupling achieved. The frequency content of the signal can be analysed to 
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obtain deeper insights. Waveform analysis in various flavours such as surface-wave 

transmission [79]; ultrasound diffusivity [80]; non-linear ultrasonics [76]; coda wave 

interferometry [62, 81, 82] and more recently, direct wave interferometry [83] have 

been reported. A more recent technique based on Short Time Fourier Transform 

(STFT) retains both time and frequency information [84]. This technique has not been 

applied hitherto in monitoring of concrete. 

5.1 Ultrasonic technique for monitoring damage and healing 

Ultrasonic techniques is a non-destructive technique, which is capable of monitoring 

the quality of the concrete without destroying it [85]. Non-destructive evaluation 

(NDE) techniques have thus offered significant and often vital information for the 

safe operation of the most complicated systems in many fields of modern 

engineering. Significant developments in data acquisition systems and 

communication tools have greatly increased the utility of such tools [86, 87]. 

In concrete technology, ultrasonic technique as a method of assessing the strength, 

homogeneity, durability, and other qualities has gained popularity in the last few 

decades [72-76, 88] [58]. This is usually achieved through piezoelectric transducers 

which can be placed on concrete surface for detecting damage or can be used as 

waveguides for steel bars. The monitoring can be performed by measuring a number 

of ultrasonic parameters. Ultrasonic pulse velocity (UPV) measurement is based on 

the time of flight and the simplest one to measure [51, 77]. As of now, only ultrasonic 

pulse velocity method is relied on for studying concrete properties [51, 89, 90]. 

Standard test methods for measuring ultrasonic pulse velocity (UPV) are specified in 

ACI 228.2R [86] and ASTM C597 [91].  By measuring the transit time of the signal, 

and knowing the path length, pulse velocity is calculated. Shiotani and Aggelis [92] 

created 1%, 5% and 10% damage in the mortar matrix and studied the propagation of 
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ultrasonic waves. They reported that pulse velocity (Figure 2.6) had very slight 

difference, however the amplitude and energy of waveform varied significantly with 

different damage percentages (Figure 2.7). Kaur et al [20] created damage in the form 

of cracks of different widths and observed slight change in arrival time, but significant 

change in attenuation was observed (Figure 2.8). 

 

 

Figure 2.6: Wave velocity for different damage content [92] 

 

Figure 2.7: Amplitude and energy for different damage content [92] 
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Figure 2.8:  Arrival time and attenuation for different cracks [17] 

 

Recently, various researchers have explored the ultrasonic waveform as it traverses 

through the damage in concrete. Sharma and Mukherjee [93] monitored the 

solidification process of freshly poured concrete using the rebar as a wave guide. The 

technique was also demonstrated for monitoring rebar corrosion [94, 95]. Using 

specific core and surface seeking wave modes, they were able to discern even the type 

of corrosion [96, 97]. Aggelis and Shiotani [79] investigated a combination of 

Rayleigh and longitudinal waves to study the effectiveness of using epoxy for filling 

the cracked bridge decks. Another group of investigators have been developing 

techniques for healing of concrete using chemical injections [14, 44], or a more recent 

self-healing technique using calcifying bacteria [4, 58, 69, 98].  

Various studies have been conducted to monitor healing by ultrasonic method. Huang 

et al. [51]  compared self-healing effect using ultrasonic pulse velocity. However, 

pulse velocity and the time of flight remains largely unaffected due to cracking [79]. 

Moreover, several compressional and shear waves are generated when the pulse 

interacts with the cracks. Therefore, studying and analysing other parameters such as 

amplitude or time of flight of ultrasonic signals is also vital to extract information 

about various properties of concrete [99].  
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It has been reported that ultrasonic pulse attenuation is more effective (Figure 2.8) in 

monitoring healing [78]. However, pulse amplitude can vary with other parameters 

such as the extent of coupling achieved. The frequency content of the signal can be 

analysed to obtain deeper insights. Waveform analysis such as surface-wave 

transmission [79]; ultrasound diffusivity [80]; non-linear ultrasonics [76]; coda wave 

interferometry [62, 81, 82] and more recently, direct wave interferometry [83] have 

been reported. A more recent technique based on Short Time Fourier Transform 

(STFT) retains both time and frequency information [84]. This technique has not been 

applied hitherto in monitoring of concrete. 

 

Effect of bacterial healing in impeding reinforcement corrosion 

Corrosion caused by chloride transmission is one of the most common damage 

processes that causes reinforced concrete structures to deteriorate. Chlorides reaching 

the steel reinforcement can break the passive layer of steel, thus initiating corrosion.  

Although MICP promises to reduce permeability, the studies regarding its 

effectiveness in decreasing reinforcement corrosion are very rare. Belleghem et al., 

[100, 101] used encapsulated polyurethane for autonomous healing of cracks. The 

healed specimens were subjected to chloride solution to monitor their corrosion 

behaviour using wet and dry period. It was reported that pitting corrosion was 

observed on cracked specimens whereas healed specimens showed better corrosion 

behaviour by providing a barrier against chloride ingress. 

Based on the above literature, our study focusses on combining wave-based ultrasonic 

technique with healing to obtain detailed information on healing process and to ensure 

that the cracks have been healed [58]. 
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6. Research Gaps 

Success of healing is influenced by three aspects: the healing material for filling the 

cracks; the delivery system for transporting healing material inside the crack; and the 

monitoring technique to ensure healing [51, 92].  

Keeping this in view, the aim of the proposed research is to monitor the healing 

process through advanced ultrasonic techniques in order to obtain comprehensive 

information about the healing progress. In this study the efficacy of conventional and 

bacterial healing shall be investigated with emphasis on monitoring and ensuring 

successful healing. The efficacy of bacterial healing using different calcium sources 

shall be studied with an aim to prevent/reduce corrosion in concrete structures. The 

proposed research is of paramount importance for civil engineering structures as it will 

provide better understanding of healing of cracks in concrete. If cracks are successfully 

healed/repaired, concrete structures would certainly serve longer and be more durable. 

7. Scope of work 

Key objectives of this research are as follows: 

 

● To investigate the efficacy of conventional healing techniques for crack repair 

and its simultaneous monitoring 

● To investigate the potential of bacterial healing technique for crack repair and 

its simultaneous monitoring 

● To investigate the impact of varying calcium sources on efficacy of bacterial 

healing 

● Long term monitoring of efficiency of healing in impeding reinforcement 

corrosion  
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Abstract 

 

Premature cracking is a prime cause for deterioration of concrete structures. 

Techniques, especially wave-based technologies, have been developed for monitoring 

deteriorations of such structures. Recently, techniques for healing of the deteriorations 

are emerging necessitating expansion of monitoring techniques to healing as well. This 

paper reports experimental results for healing of cracks of different widths in concrete 

and illustrates the ability of the ultrasonic techniques to monitor the progression of 

healing. A numerical technique based on two-dimensional finite difference time 

domain (FDTD) has been used to determine the potential of the ultrasonic stress waves 

in monitoring healing. Based on the theoretical results, an experimental study has been 

conducted on reinforced concrete samples by creating a fine tensile crack of width 

~0.1 mm and a relatively wide corrosion crack of ~2 mm width. They were monitored 

ultrasonically after cement grout was injected in the cracks. It is found that the 

ultrasonic technique is able to discern the progressive healing process. Signal 

attenuation was found to be most suitable for monitoring healing. 

 

Keywords: concrete, healing, finite difference in time domain, healing fluid, ultrasonic 

monitoring 
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1. Introduction 

 

Cracks in reinforced concrete structures are inevitable and they are one of the inherent 

weaknesses of concrete that adversely affect its structural integrity and durability. 

Cracks provide pathways for water and other aggressive agents such as chlorides, 

sulphates or carbon dioxide ingress that can lead to reinforcement corrosion and often 

spalling of concrete.  Therefore, it is essential to heal cracks at an early stage to 

enhance the durability and increase service life of concrete structures. An efficient 

repair method coupled with a reliable evaluation technique is of paramount importance 

to ensure proper healing of cracks. Traditionally, cracks are manually repaired by 

injecting cementitious or polymeric agents [1-3]. Recently, research on self-healing 

using the inorganic [4-6] and the bacterial healing fluid [7-9] have been reported. 

 

Self-healing material would exhibit the ability to repair itself and to recover the 

functionality using the resources inherently available to it. Concrete is observed to 

heal thin cracks (~50μm wide) autogenously [10]. However, this is not enough for 

most damages and external assistance for healing is warranted [11]. The key aspects 

of the healing system are the healing fluid and the delivery mechanism [12-14]. 

Saturated calcium hydroxide has been used as the healing fluid used for experiments 

with concrete [15]. It is demonstrated that a more versatile healing could be achieved 

with comparable time and reliable quality using the bacterial route [16-19]. It is noted 

that self-healing extends life of RC by alleviating water permeability and impeding 

corrosion [20]. The healing material is delivered either directly at the time of mixing 

[18] or by encapsulation [21, 22]. Polyurethane shells [23] and porous expanded clay 

particles [17]  have been used for encapsulation. A vascular system where the healing 

fluid is delivered at the point of damage through vesicles has also been reported [5]. 
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In this method, it is possible to control the healing process by coupling an online non-

destructive monitoring system in a loop with the healing system (Figure 3.1). The 

monitoring system discovers damage and informs the controller. The controller 

triggers the healing system while the monitoring system constantly estimates the 

progress of healing. When the monitoring system indicates that the target healing is 

achieved, the controller cuts the healing system off. Although the healing and 

monitoring components of this scheme have progressed separately, there is not 

integration of them hitherto [14]. 

                                  

Figure 3.1: The self-healing Loop 

 

 

The methods that have been applied so far in evaluation of healing have been reviewed 

by [24]. A significant number of these methods are microstructural evaluations such 

as Scanning Electron Microscopy and Energy Dispersive Spectroscopy [7, 25] or X-

ray dispersion [26]. The macroscopic properties such as strength [27] and permeability 

[28] have also been reported. Although they are valuable for understanding the healing 

process these are destructive tests where the specimen needs to be fragmented and 

elaborate preparation is required in conducting them. Moreover, these tests are 

unsuitable for simultaneous monitoring of healing as it happens. Thus, an instant, non-

intrusive monitoring technology is imperative. Some non-destructive evaluation 

techniques [29] have also been applied to assess and monitor self-healing capability 

Cracked concrete 

Healing fluid  

delivery 

Non-destructive 

monitoring 

Controller 
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of concrete which include ultrasonic pulse velocity (UPV) measurements [5]; acoustic 

emission (AE)  [30-34]; surface-wave transmission [35]; ultrasound diffusivity [36]; 

and coda wave interferometry [37-39] and non-linear ultrasonics [6, 34, 40, 41]. In 

these techniques, either the acoustic waves generated due to the damage in the 

structure is monitored [30, 31] or a stress pulse is applied to create a propagating wave 

within the structure [42]. Acoustic wave method is capable of capturing the events 

only during cracking/loading of concrete. Thus, the specimens can be evaluated only 

after healing through reloading and monitoring acoustic events in the healed samples 

[30, 31]. On the other hand, applied pulse method is a genuinely non-destructive 

technique and has the ability of evaluating the progression of healing constantly 

repeating the tests during the occurrence of damage and its healing [15, 34, 43]. Out 

of the stress pulse generation techniques, ultrasonic method is widely used due to their 

reliability and versatility.  

In the ultrasonic method, the pulses are transmitted and received by a pair of 

transducers and the change in wave characteristics is monitored. The most common 

form of generating the waves is through piezoelectric transducers. These can either be 

located opposite to each other (known as transmission mode) or attached to the same 

surface of the specimen (known as reflection mode) [44]. In recent years, piezoelectric 

transducers embedded inside the concrete matrix, also known as smart aggregates have 

also been proposed [45]. However, their placement and functioning in concrete 

necessitates sophisticated designing and planning.  

The state of the damage is evaluated by analysing the recorded waveform. Different 

wave characteristics such as velocity, attenuation and phase shift can be monitored. 

The simplest of them is pulse velocity, which has been reported by a number of 

investigators [5, 7, 46-48].  Based on the arrival time of the pulse over a known path 
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length, the pulse velocity is calculated. However, pulse velocity is not sensitive to the 

deteriorations such as cracking, as the damage is restricted to a limited area and the 

arrival time remains largely unaffected due to cracking [49, 50]. Thus, analysis based 

on velocity is not enough and other parameters such as pulse attenuation and phase 

shift may need to be explored for monitoring healing. Also, since concrete is a 

heterogeneous material with many scatterers, a high signal-to-noise ratio must be 

maintained to ensure a reliable monitoring. 

 

Numerical models help in a better understanding of a phenomenon before performing 

experiments. There are numerical models in self-healing to predict mechanical 

characteristics such as fracture toughness and strength [27, 51, 52]. A fair amount of 

these works are devoted to modelling of self-healing mechanisms in encapsulated 

bacterial systems [53, 54]. Numerical models for evaluation of healing of fractured 

bones using ultrasonics have been attempted using a finite difference code [55]. 

Cracking and healing of concrete mortar has been modelled in 2D using a nonlinear 

scaling subtraction method by Gliozzi et al. [6]. However, a generic numerical model 

of damage and subsequent healing of concrete is yet to be reported.  

In this paper, we report a numerical model to investigate the effect of generation and 

healing of cracks on the propagation of ultrasonic waves in concrete. A finite 

difference in time domain code has been developed to model wave propagation in 

cracked concrete as well as in different states of healing. Based on the numerical work, 

an experimental investigation has been performed to monitor healing. Corrosion and 

tensile cracks (thick and thin cracks) induced by dissimilar ways have been healed to 

report the ability of the ultrasonic technique in monitoring the healing process. Finally, 
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the potential use of this approach and future work has been proposed in the conclusions 

section. 

 

2. Numerical model 

A numerical model has been developed to provide an insight into the interaction of a 

stress wave with the healing cracked region. For this study, a plane of a 500 mm x 250 

mm x 150 mm concrete slab is modelled as shown in Figure 3.2. Air on all the four 

sides of the slab and a vertical crack in the middle of the slab are modelled. S, R1 and 

R2 show the position of the ultrasonic wave source and receivers respectively.  

 
Figure 3.2: Schematic diagram of the numerically modelled experiment 

 

To simulate the propagation of elastic waves, the governing stress-velocity relations, 

as in equations 3.1-3.3, have been solved using centred finite difference method [56]. 

 𝜌
𝜕𝒗

𝜕𝑡
=  𝜵. 𝑺  ; v =∑ 𝒗𝒊 𝒊=𝒙,𝒚,𝒛 î  (3.1) 

 𝜕𝜎𝑖𝑖
𝜕𝑡

=  (𝜆 + 2𝜇)
𝜕𝑣𝑖
𝜕𝑖
+ 𝜆 ∑

𝜕𝑣𝑗

𝜕𝑗
𝑗≠𝑖

  (𝑖, 𝑗 = 𝑥, 𝑦, 𝑧) 
(3.2) 
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 𝜕𝜏𝑖𝑗

𝜕𝑡
=  𝜇 (

𝜕𝑣𝑖
𝜕𝑗
+ 
𝜕𝑣𝑗

𝜕𝑖
)   (𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 𝑎𝑛𝑑 𝑖 ≠ 𝑗) 

(3.3) 

In above relations,𝜌 and v represent the material density and particle velocities while 

∇ stands for Nabla operator while S represents the stress tensor. λ and μ are Lamé 

parameters and σ, τ denote the normal and the shear stresses. Yee’s grid model has 

been used to discretise the domain. Stress and velocity components are solved at 

definite locations in both space and time domain as  in Schrӧder [56]. For stability of 

the numerical code, material properties at the air-concrete and crack-concrete 

interfaces are averaged [57].  

 

2.1 Healing and monitoring of the concrete 

  

Two cases of healing are considered in this numerical investigation. The first case 

models the progressive hardening of the healing fluid in the cracked region by 

choosing a varying elastic modulus (E) and density (ρ). Table 1 shows values for 

material and wave properties used in the model which are calculated using standard 

relations [58]. To model healing, the cracks are considered to be filled with a material 

that initially has only a small fraction of the wave velocities of concrete, but as healing 

progresses the velocities approaches that of concrete.  

Table 1: Material and wave properties used for the simulation 

 Material       ρ 

 (kg/m3) 

       cp (m/s) 

P-wave velocity 

     cs (m/s) 

S-wave velocity 

 λ (kg/ms2)   μ (kg/ms2) 

     Air      1.21            330          0   1.31 x 105         0 

  Concrete  2.3 x 103           4400       2700  1.09 x 1010   1.67 x 1010 

 

Stress waves excited at point S propagate through the specimen and interact with the 

cracked region. Pattern of these propagating waves is susceptible to change due to 

local acoustic impedance mismatch at the cracked region. Different stages of healing 

would be captured through the varying effect of the impedance mismatch between 
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concrete and the healing material. This wave-crack interaction information gets 

enciphered in the time history of the propagating wave which is recorded at receivers 

R1 and R2.  

 

3. Experimental program 

 

The experimental program was performed in the following steps: 

1. Casting reinforced concrete slab specimens 

2. Inducing cracks of different widths in slab specimens 

3. Healing of cracked specimens with cementitious grout 

4. Monitoring of progressive healing through ultrasonic measurements  

 

 

3.1 Specimen preparation  

 

Two set of specimens were casted in this investigation, one for inducing tensile crack 

and another for inducing corrosion crack. Concrete slab specimens of size 500mm 

(length) x 250mm (width) x 150mm (height) with an embedded steel bar were cast as 

shown in Figure 3.3. A standard plain mild steel reinforcing bar of 900mm length and 

24 mm nominal diameter was used. Ordinary portland cement, sand and coarse 

aggregates (nominal size of 10 mm) were used in casting concrete. The ratio of 

cement: sand: coarse aggregate was 1: 1.62: 3.4. The water-to-cement ratio was 0.5 

and the resulting compressive strength of concrete after 28 days was 43 MPa. The bar 

was protruded by 200mm on both sides for easy handling of the specimen. The 

specimens were demoulded after 24 hours from casting and moist cured for 28 days. 

The initial ultrasonic pulse transmission through all the specimens before cracking and 

corroding was measured as baseline reference. 
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Figure 3.3: Reinforced concrete specimen design 

 

3.2 Inducing cracks 

 

In the present research, crack width was considered as a critical parameter to monitor 

the healing efficiency in the slab specimens. Thin crack in one set of specimens was 

generated through tensile cracking of concrete while the thick crack in the other set of 

specimens was obtained through anodic corrosion of the reinforcing bar. 

 

3.2.1 Tensile cracks 

 

For inducing the tensile cracks, the slab specimens were loaded to three-point bending 

configuration to induce tensile stresses, which forms a crack in the middle of the slab 

as shown in Figure 3.4. The stress in the reinforcement was within its yield limit. At a 

load of 72 KN, visible crack was seen, and the loading was terminated. Thus, due to 

the elastic recovery of the reinforcement after removing the load, the crack width was 

less than 0.1mm. 
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Figure 3.4:Specimen with tensile crack. 

 

3.2.2 Corrosion cracks  

 

For inducing corrosion cracks, the slab specimens were subjected a constant anodic 

current. A constant 25V voltage was continuously applied to the specimen for 28 days. 

The crack width and depth increased with the increase in exposure time. After 28 days, 

two wide cracks were observed along the length and width of the slab as shown in 

Figure 3.5. Crack width was measured, and it varied in the range of 1 and 3 mm.  

 

 
 

Figure 3.5: Specimen with corrosion crack. 

 

3.3. Ultrasonic investigations 

 

A pair of GC200-D25 Ultran piezoelectric transducers with central frequency of 200 

kHz and diameter of 25mm were used to generate compressional waves and record 

them. The choice of frequency is a trade-off between minimisation of scattering and 

Tensile crack 

Corrosion crack 
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ability to detect the smallest crack. With 200 kHz, the wave length was around 20 mm, 

which is larger than the aggregates. Thus, scattering from the aggregates is minimal, 

also the wave length is smaller than the length of crack. The transducers were attached 

to a JSR DPR 300 pulse-receiver system. The ultrasonic data was digitized using Pico 

Scope 6 version 6.4.64.0 and a modular oscilloscope with gain of 40 dB. This 

sensitivity range of this instrument lies between ±20 mV to ±20 V, measured peak to 

peak. It has a vertical resolution of 8 bits. The surface of concrete was cleaned free of 

dust prior to attaching the transducers. A viscous coupling agent was used to securely 

attach the transducers to the surface of the concrete. All readings were taken by the 

same person and repeated at least three times for each signal. It was observed that the 

readings were consistent and repeatable. 

 

Two techniques of ultrasonic measurement: (1) Pulse transmission, (2) Pulse 

reflection have been employed. In pulse transmission method, the transmitter and the 

receiver are placed on the opposite faces of the slab to measure the pulse transmitted 

through the crack as shown in Figure 3.6. In the reflection method, both the transmitter 

and the receiver are placed on the same surface of the slab next to each other to 

measure the pulse reflected from the crack. A periodic recording of the ultrasonic pulse 

is done throughout the healing process. The arrival time of the incident ultrasonic wave 

in the specimen is measured between the transmitting and receiving transducers. The 

distance between the two transducers was 500 mm. The arrival time of the first peak 

of the pulse for the pristine specimen is recorded between 112 and 115 µ-sec. The 

calculated velocity lies in the range 4300 m/s - 4400 m/s, which agrees with the 

theoretical value for concrete.  
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Figure 3.6: Experimental setup for ultrasonic data acquisition in transmission mode. 

 

3.4. Healing of specimens 

 

A cementitious grout mixture of ordinary portland cement with water to cement ratio 

0.45 and a superplasticiser (1% of cement weight) was used as a healing agent. A 

similar healing fluid has been used in [59]. The viscosity of the healing agent 

influences efficiency of its penetration within the crack. A high viscosity healing agent 

doesn’t flow well into the microcracks. On the contrary, a low viscosity healing agent 

may not remain in the crack and seep out of it instead. Thus, the viscosity of the 

cementitious grout was maintained between 15-20 centipoise. It is interesting to note 

that such a viscosity may not fill the tensile crack but would certainly fill the corrosion 

crack giving us the opportunity of monitoring the healing of the thin and thick cracks. 

The grout mixture was injected using a syringe to flow into the cracks under gravity 

and fill the crack. No additional effort was made to pump the mixture under pressure.   

 

The healing characteristics of the cracked specimens were evaluated through periodic 

ultrasonic testing. In these tests, the efficacy of the healing process was determined by 

comparing the signal attenuation of intact specimens with that of the cracked 

specimens while they were being healed. 
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4. Results and discussion 

 

4.1 Numerical results 

 

A 200 kHz stress wave of Gaussian nature is applied at point S (Figure 3.7). The 

signals are recorded at points R1 and R2. R1 is situated on the opposite end of the 

source S. Thus, it records the signal that is transmitted through the crack. R2 and S are 

located on the same side of the specimen. Thus, it records the reflected waves from 

the cracked region.  

Figure 3.7a shows the wave propagation in pristine concrete. P wave is clearly 

discerned as the fastest moving wave in the medium. S wave and reflections from the 

nearby boundaries can also be located in the figure. To validate the model the wave 

velocities are determined from the simulation. According to Fig. 7a, P wave travels 

330 mm in 75.5 μs. Thus, the velocity of propagation of P waves is 4370 m/s which 

agrees closely with 4400 m/s as mentioned in table 1 and obtained velocity in Section 

4.2.  
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Figure 3.7: Wave propagation through (a) pristine specimen (b) fully cracked 

specimen (c) soft material in the cracked region. [Stress wave form: Gaussian] 

  

Figure 3.7b presents the waves in the fully cracked specimen. As expected, in case of 

the fully cracked specimen, the entire wave is reflected. Evidently, the reflected wave 

from the crack-concrete interface can be utilised to detect the location of the crack by 

analysing the wave pattern recorded at the receiver location R2.  In Figure 3.7c the 

crack is filled with a material having an acoustic impedance lower than that of 

concrete, such as a healing fluid. This material has density of the same order as of 

concrete, but its elastic modulus increases from negligible to that close to concrete as 

the healing progresses. Therefore, the ratio of transmission and reflection from the 

cracked region is dependent on the relative acoustic impedances of concrete and the 
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filling material. For Figure 3.7c, acoustic impedance of the filler material is chosen to 

be 0.2% of that of concrete. This represents the initial liquid filled state of the cracked 

region. A high attenuation in the transmitted wave is observed. As the healing material 

cures, its elastic modulus approaches that of the concrete. Consequently, a higher 

fraction of the incident stress wave gets transmitted through the healing region and the 

wave attenuation drops.  

 

4.1.1 Reflected wave  

In order to obtain the location of the unhealed portion, reflected waves for a fully 

cracked specimen is recorded at the location R2 (Figure 3.7b).  The distance between 

S and R2 is 20 mm. As the velocity of the P wave and location of the crack are known 

to be 4400 m/s and 250 mm respectively, the reflected wave from the crack can be 

calculated from the distance velocity relation. Figure 3.8a shows additional peak due 

to the reflection from the crack. However, for the original dimension of the specimen 

i.e., 500 mm x 150 mm, information about the location of crack gets lost among 

dominating multiple reflections from the top and bottom boundaries of the specimen 

as shown in Figure 3.8b. The results for both cases are very similar, and it is difficult 

to extract any significant information about crack location from these graphs. Based 

on simulation results, it can be said that the near field effect and the secondary signals 

generated due to the reflections from the boundaries, dominate the waveform and no 

significant difference between the pristine and the damaged specimens could be 

discerned. Also, the assessment of the location of damage through reflection is 

strongly dependent on the geometry of the specimen.  
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Figure 3.8: Reflection analysis at location R2 for the specimen with dimension of (a) 

500 mm x 300 mm and (b) 500 mm x 150 mm 

 

 

4.1.2 Progressive healing 

 

The healing fluid flows into the crack and then undergoes a phase change gradually 

approaching the stiffness of concrete. In this study, the hardening phase of the healing 

fluid is represented by changing its acoustic impedance (η). In Figure 3.9a and 3.9b, 

it can be seen that when the η of the healing material approaches that of concrete, 

attenuation of stress waves through the healing region drops significantly. However, 

the velocity of the wave remains nearly the same. Therefore, wave attenuation is 
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expected to be a better parameter than wave velocity for monitoring progressive 

healing.  

 

 
Figure 3.9: Wave propagation for different acoustic impedances (a) 0.04 η (b) 0.25 η 

 

The transmitted wave for the specimen is recorded at the location R1 as shown in 

Figure 3.9b. Variation of the particle velocity component vx with time of wave 

propagation is plotted for different acoustic impedances rη (r = 0.002, 0.01, 0.04, 0.25, 

1) of the healing fluid in Figure 3.10a. Lowest acoustic impedance shows the initial 

liquid stage of the healing fluid and the highest values represents the acoustic 

impedance for the concrete. It can be seen that the transmitted wave changes during 

different phases of healing. The third peak was recorded to be the highest. Therefore, 

the arrival time and attenuation of the peak is observed in Figure 3.10b. It is noted that 
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while the arrival time remains relatively unaltered, the attenuation reduces sharply 

with healing. This simulation demonstrates that in experiments, monitoring signal 

attenuation during healing is likely to be more effective than change in the arrival time. 

However, for a reliable experimental data on attenuation, ensuring proper coupling of 

the transducers with the substrate is essential. 

 

 

 
Figure 3.10: (a) vx vs propagation time plot showing time history of the transmitted 

wave (b) Variation of arrival time of first peak and attenuation in the third peak 
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4.1.3 Partially filled cracks  

 

This section investigates the partial healing of a crack. Figure 3.11 shows a snapshot 

of wave propagation for a case where only the top one-fourth of the crack is healed, 

but the rest of the crack is not treated. The snapshot of the propagation of the wave at 

75.5µsec shows that the transmission happens only through the healed portion. Two 

transducer positions, S-R1 and S’-R1’ have been investigated. It can be noted that the 

S-R1 configuration is in the unhealed portion, while S’-R1’ is in the healed portion. 

Evidently, the path length in case of S-R1 is considerably longer than that in case of 

S’-R1’.    

 

 
Figure 3.11: Wave propagation through partially filled cracks [Stress wave form: 

Gaussian] 
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Figure 3.12a and 3.12b show the waveforms received with S-R1 and S’-R1’ 

configurations. The fraction (n) of the filled length of the crack (nL) is varied in the 

range (n = 1, 0.75, 0.50, 0. 25). Both the times of arrival of the first peak and the 

attenuation in the third peak differ significantly for the two positions.  

 

 

 
Figure 3.12: Transmitted signal received with (a) S-R1 and (b) S’-R1’ 
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Figure 3.13a compares the arrival time of the first peak for the two transducer 

configurations. For n=1 the crack is fully healed. Thus, both arrival times are equal. 

As n becomes smaller, or the healing is of smaller fraction of the crack length the 

arrival times change substantially. For the S-R1 position, which is far from the healed 

region, the arrival time is higher than that in the S’-R1’ configuration. The difference 

increases as the healed length reduces. This is due to the longer path length for the S-

R1 configuration, as depicted in Figure 3.11. However, by comparing the arrival times 

at two different locations of sensors, it can be concluded that change in arrival time of 

the first peak or change in wave velocity is not that significant to draw a conclusion 

about healing. Figure 3.13b compares the attenuation in the third peak for S-R1 and 

S’-R1’ configurations.  For n=1, both configurations have identical attenuations. As n 

reduces, or in other words larger fraction of the crack remains unhealed, attenuation 

increases for both configurations; but for S-R1 configuration attenuation increases 

more rapidly than the S’-R1’ configuration. Thus, the possibility of having an 

unhealed region can be found out by monitoring the attenuation in the transmitted 

signal at two different sensor locations. Thus, on the basis of Figure 3.13a and 3.13b, 

it can be concluded that attenuation variations at two different locations can give an 

approximate idea about the unhealed length of the crack than the arrival time of the 

first peak which is dependent on the position of transducers. 
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Figure 3.13:(a) arrival time and (b) attenuation variation in the observed peak for 

different healed lengths for bottom (S and R1) and top (S’ and R1’) positions of source 

and receiver. 
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be identified and the region that has remained healed can be demarcated. Attenuation 

of the waveform is more sensitive than the arrival time in all the cases. The 

experimental program is based on these observations.  

4.2 Experimental results 

4.2.1 Transducer configuration 

 

Two configurations of the transducers: 1) reflection and 2) transmission, have been 

explored. In the reflection mode, the transducer pairs were placed on the same face of 

the slab, while in the transmission mode, the transducer pairs were on the opposite 

faces. The ultrasonic readings are taken repeatedly at different points to make sure that 

no region is missed. Figure 3.14(a) shows the waveforms measured in the reflection 

mode for uncracked, tensile crack and corrosion crack specimen. It is noted that a clear 

distinction could not be made between the uncracked, cracked and corroded 

specimens. The numerical results have already indicated that the reflection 

configuration is unsuitable for monitoring the crack due to the near field effect and the 

interference of multiple reflections from the boundaries. In the experiments too the 

same phenomenon is observed. Therefore, the reflection mode of measurement is 

abandoned and only the transmission mode results are presented for the rest of the 

paper.  
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Figure 3.14:Ultrasonic signals using (a) reflection approach (b) transmission mode for 

uncracked, tensile crack and corrosion crack specimens. 

 

 

Figure 3.14 (b) presents the recorded signals in the transmission mode. A clear 

difference is discernible in case of uncracked, tensile cracked, and corrosion cracked 

specimens. There is a distinct slowdown in the wave speed from the uncracked to the 

tensile cracked specimen. However, a substantial portion (~25%) of the pulse has been 



57 

 

transmitted though the crack. It demonstrates that the crack faces are in contact at 

several places in case of the tensile crack resulting in transmission, albeit with a longer 

path length. In case of the corrosion cracked sample, there is only a marginal 

transmission of the pulse. It demonstrates that the crack faces are not likely to be in 

contact. A negligible transmission is taking place possibly through the reinforcing bar.   

 

For clear representation of the transmission signals, the arrival time and the attenuation 

variation of the largest peak are plotted as shown in Figure 3.15. It is noted that while 

the arrival time remains relatively unaltered, attenuation is greatly affected. Similar 

variations are observed in numerical study as well. These results corroborate well with 

the results obtained by Suaris and Fernando [50] in which attenuation of waveform 

was found to be more sensitive to the crack growth than wave velocity. 

 
 

Figure 3.15:Bar graph showing variation of arrival time (largest peak) and attenuation 

for signals in transmission mode 
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4.2.2 Treatment of tensile cracks  

 

Figure 3.16 presents the ultrasonic signals before cracking (uncracked), after cracking 

(cracked) and after the grout treatment (treated) for tensile cracked slab specimens.  A 

gain of 40 dB was maintained for all the readings. 

 

 

Figure 3.16: Tensile cracked specimen: before cracking (uncracked), after cracking 

(cracked) and after the grout treatment (treated). 

 

 From Figure 3.16, it is observed that there is a high attenuation and to a lesser extent, 

change in arrival time for uncracked and cracked specimen. This is due to the fact that 

ultrasonic waves travel faster in hardened concrete matrix than through the crack. 

During healing, it was expected that the attenuation shall reach that of the uncracked 

specimen, or in other words the waveforms shall be restored because the crack now 

gets filled with grout which after solidification, would have the acoustic properties 

close to that of concrete. The ultrasonic readings were repeatedly recorded at regular 

time intervals and no significant difference was observed even after 24 hours although 

the grout deposited at the surface of the specimen had already dried. It was observed 

visually during the treatment that very small quantity of the grout could be utilised. 

Clearly, the cementitious grout was unable to penetrate the crack and only the surface 
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of the specimen was covered with the grout, resulting in marginal change in recorded 

waveform after the treatment. The velocity and attenuation presented in Figure 3.18 

corroborate this observation as no significant change could be seen for treated 

specimen. Similar conclusions were made by Tittleboom et al. [7] in which small 

change in transmission time was observed when crack width of 0.3 mm was healed 

with cement grout. It can be concluded that, although the cracks appeared to be 

covered on the surface, but the ultrasonic technique could reveal that it is not healed.  

 

4.2.3 Treatment of corrosion cracks 

 

Figure 3.17 presents the ultrasonic signals before cracking (uncracked), after cracking 

(cracked) and after grout treatment (treated) for the corrosion cracked specimen. A 

gain of 40 dB is maintained for the specimens before cracking and after treating with 

grout. For the cracked specimen before treatment the signal recorded at 40 dB was 

below the noise level. Thus, a gain of 60 dB was applied for the cracked specimen.  

 

Figure 3.17:Ultrasonic transmission through corrosion cracked specimen: before 

cracking (uncracked), after cracking (corrosion crack) and after treatment (treated). 

It can be seen that there is a marginal transmission of the pulse for corrosion cracked 
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through the crack faces. Presumably, only a small fraction of the pulse transmits 

through the reinforcing bar as depicted in the record. Unlike the tension cracked 

specimen, in case of corrosion cracked specimen the grout treatment showed a marked 

increase in pulse transmission through the crack faces. The cracks are as wide as a few 

millimetres thus, the present grout could easily penetrate through the depth of the 

crack. The recorded waveform for the treated specimen was close to that of uncracked 

specimen.  

 

Figure 3.18 illustrates the effect of the treatment in the two crack types. In case of the 

tensile crack, the treatment resulted in a marginal shift in the wave velocity or wave 

attenuation. Thus, the present grout was unable to penetrate the thin crack. Significant 

reduction in attenuation could be seen in the corrosion crack specimen after healing of 

the wider crack caused due to corrosion. To a lesser extent, the velocity had increased 

too. Clearly, the voids were filled with the healing material leading to a significant 

recovery in the signal strength. Thus, evidence of recovery of the specimen due to the 

treatment could be seen. These results reveal that monitoring signal attenuation during 

healing is likely to be more effective than change in the arrival time/velocity. This 

experiment demonstrates that it is possible to discern healed cracks from the unhealed 

cracks using the present ultrasonic technique.  
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Figure 3.18: Velocity and attenuation variations for tensile and corrosion crack before 

and after treating 

 

4.2.4 Progressive healing 

After the grout treatment, the ultrasonic measurements were performed at regular 

intervals. The resulting waveforms are presented in Figure 3.19. Time “0 hour” 

corresponds to the time just after the cracked specimen was filled with cementitious 

grout and healing has just initiated. There was no perceptible change in the waveform 

until nearly two hours after the pour: this is the initial setting time of the grout. At four 

hours there was a significant increase in pulse transmission. Evidently, the hardening 

process of the grout has initiated. Sharma and Mukherjee [60, 61] observed that the 

setting process of concrete can be monitored by the guided ultrasonic waves. 

According to their experiment, the initial setting time is around 3 hours for vibrated 

concrete and 6 hours for self-compacting concrete. The present results corroborate 

well with their observation. In 24 hours, the signal was close to that of the uncracked 

sample indicating nearly full recovery. Monitoring of the sample was continued even 

after 24 hours but no significant change was observed. Gliozzi et al. [6] on the other 

hand, observed full recovery after 7 days when healed with sodium silicate solution. 
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Understandably, the time of healing significantly varies with the healing material. 

However, the transmitted ultrasonic pulse embodies the signature of the extent of 

healing for all materials. 

 

 

Figure 3.19: Healing stages of corrosion cracked specimen at different time intervals. 

 

  

5. Conclusions 

 

This paper presents the performance of the ultrasonic technique to monitor healing of 

cracks in concrete. A numerical technique is developed to predict the healing 

characteristics in terms of ultrasonic signals for concrete slab specimens. Based on the 

results of the numerical analysis, an experimental program for monitoring healing of 

tensile and corrosion cracks is reported.  

The numerical results demonstrate that the transducer configuration is paramount in 

discerning damages and healing in concrete. For the present sample, the reflected 

signal from the crack was overwhelmed by the near field effects and boundary 

reflections. The cracks could be discerned clearly by monitoring the pulse transmitted 

through the crack. The pulse was characterised by both arrival time and signal 

attenuation. It is noted that the signal attenuation is generally more sensitive to 
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cracking and healing than transmission time. However, the reliability of measured 

signal is subject to the quality of the coupling of the transducers. The numerical study 

also revealed the relationship between the acoustic impedance of the crack filler and 

the transmitted pulse. This is useful in monitoring the progression of healing of the 

crack. The present ultrasonic technique was also able to identify partially filled cracks 

and locate the voids through comparison of the arrival time and signal attenuation at 

different positions of the crack.   

 

The experimental technique explored the efficacy of the ultrasonic technique in 

discerning healing from its failure. For this purpose, a tensile crack (thin) and a 

corrosion crack (thick) were treated with a cementitious grout. The viscosity of the 

grout allowed it to fill the thick crack but not the thin crack. The ultrasonic technique 

was able to clearly classify the success from the failure of healing. When the crack 

was filled by the grout, its hardening process could be monitored by the present 

technique. The initial setting and the extent of hardening was characterized by 

variation in the signal attenuation. Finally, the signal resembles closely with that of 

the uncracked specimen, indicating near complete healing. 

 

Research is underway to devise a healing system suitable for healing thin cracks. A 

bacterial healing fluid is very promising. The authors are also exploring other types of 

transducers such as piezo patches and their configurations to generate others form of 

waves (Rayleigh waves, for example) to discern more detailed information of the fate 

of healing cracks in concrete.  
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Abstract 

Cracks in concrete are inevitable and they can adversely affect the service life of 

structures.  An efficient method to heal the cracks coupled with a reliable monitoring 

technique is of paramount importance. Standard crack healing materials are unable to 

penetrate thin cracks (1). This paper presents an experimental demonstration of 

healing of fine cracks of around 0.6 mm using the bacterial based healing technique. 

Simultaneously, the evidence and efficiency of bacterial healing is investigated using 

advanced monitoring techniques. Ultrasonic signals passing through the healing area 

have been recorded and the waveform has been studied to interpret the condition of 

the crack. It has been validated through a series of water-tightness tests. The bacterial 

technique was able to heal the crack to the extent that no water was seen to permeate 

through the crack. The evidence of bacterial healing was confirmed through scanning 

electron microscopy and X-ray dispersion spectrum. It was found that the ultrasonic 

technique is able to monitor the progression of healing.  

Keywords: concrete; ultrasonic monitoring; healing; bacteria; calcium carbonate 

precipitation 
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1. Introduction  

Concrete is the most widely used construction material throughout the world. 

However, a major concern is its susceptibility to damage in the form of cracking that 

can occur due to thermal stress, creep, drying shrinkage, or general loading under 

serviceability conditions. Cracks provide pathways for migration of fluids and 

aggressive chemicals that may trigger corrosion of embedded steel. As the crack 

formation is unavoidable during structure’s service life, crack healing is necessary. 

Crack healing is a phenomenon in which chemical or physical processes result in 

formation of solid products inside the crack, thereby blocking the pathway for ingress 

of aggressive agents. In general, concrete is observed to have a natural ability to 

autogenously heal cracks of a certain extent, of around  ~50μm width (2, 3) by 

hydration of unhydrated cement particles in presence of water (4, 5). However, this is 

not enough for most damages and external assistance for healing is warranted. Success 

of healing is influenced by three aspects: the healing material for filling the cracks; the 

delivery system for transporting healing material inside the crack; and the monitoring 

technique to ensure healing (6, 7). Figure 4.1 illustrates a paradigm for healing 

structures. The non-destructive monitoring system identifies damage in the structure 

and informs the controller to trigger the healing system. The non-destructive system 

monitors the extent of healing achieved. It asks the controller to stop the healing when 

the target is reached.  

 

 

 

 

Figure 4.1: The healing-monitoring loop  
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The healing material can be based on cement or resins. The key factor of healing 

material is its ability to flow into the cracks and solidify to prevent moisture ingress. 

We have reported methods of healing with cement grout (1). It was noted that although 

cement grout was effective in filling relatively wide cracks of width of a few 

millimetres, it was unable to penetrate fine cracks of width less than a millimetre. A 

system of healing for fine cracks and pores is essential to prevent deterioration of 

concrete. Recently, bacteria-based system, also known as biocementation has been 

proposed for healing of concrete cracks. Biocementation is a process in which 

naturally occurring microorganisms such as bacteria, through their metabolic activities 

are able to precipitate calcium carbonate at the cracked zone, thus preventing harmful 

substances.  

Several bacterial species are known to precipitate calcium carbonate through different 

metabolic routes (8-10). Owing to the high alkalinity of concrete the alkaliphilic 

strains (Bacillus group) are expected to function in concrete environment. For crack 

remediation enzymatic hydrolysis of urea is popular because of its high urease activity. 

Bacteria produce an enzyme, urease, which catalyses the hydrolysis of urea into 

ammonium (NH4
+) and carbonate ions (CO3

2−). At this point, when calcium ions are 

added, calcium carbonate is formed (11, 12).    

There are several methods of applying material to repair the crack (Figure 4.2). It can 

be applied externally on the crack  (13, 14) or it can be positioned inside concrete and 

activated at the occurrence of damage (9, 15). Pre-existing cracks necessitate manual 

repair but in case of intrinsic healing, the healing system must be placed inside 

concrete at the time of construction. For intrinsic healing, the material can be dispersed 

in the concrete matrix in capsules (Figure 4.2b) (16-18). Polyurethane or silica gel (17, 

18), hydrogel (19), and expanded clay (3) have been used for encapsulation. A 
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vascular system where the healing fluid is delivered at the point of damage through 

capillaries or hollow channels has also been reported (Figure 4.2c) (9, 20, 21).  

 

 

 

   

 

Figure 4.2: Methods of applying healing material 

 

Apart from healing material and its transport mechanism, a reliable evaluation 

technique to monitor healing is of paramount importance. An account of the evaluation 

techniques is available in (6) and (22). Microstructural analysis through Scanning 

Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), X-ray 

diffraction (9, 10, 23-28) or X-ray computed tomography (29) have been reported. The 

sealing of the damages have been examined by the sorptivity (30, 31) and permeability 

tests (27, 28, 32). The mechanical properties can be analysed through strength tests 

(33). However, these techniques cannot be adopted in the continuous non-destructive 

monitoring scheme as shown in Error! Reference source not found.. Wave based t

echnologies are more suitable for continuous monitoring. Two such techniques are 

acoustic emission (34-38) and ultrasonic waves (22). While acoustic emission 

technique may be able to detect the damage it is not capable of monitoring healing. 

Ultrasonic technique has both these capabilities. The monitoring can be performed by 

measuring a number of ultrasonic parameters. Ultrasonic pulse velocity (UPV) 

measurement is based on the time of flight and the simplest one to measure (20, 39). 

However, UPV is not found to be very sensitive to cracks. In our previous work, 

(a) Manual (b) Encapsulation (c) Vascular 
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ultrasonic pulse attenuation was found to be more effective in monitoring healing (1). 

However, pulse amplitude can vary with other parameters such as the extent of 

coupling achieved. The frequency content of the signal can be analysed to obtain 

deeper insights. Waveform analysis in various flavours such as surface-wave 

transmission (40); ultrasound diffusivity (41); non-linear ultrasonics (38); coda wave 

interferometry (42-44) and more recently, direct wave interferometry (45) have been 

reported. A more recent technique based on Short Time Fourier Transform (STFT) 

retains both time and frequency information (46). This technique has not been applied 

hitherto in monitoring of concrete. 

 

This paper explores several advancements over our previously reported research. We 

attempt to heal cracks that could not be repaired by cement grout by a bacterial cement. 

The healing process is monitored in a number of ways: 1) visual, 2) chemical, 3) 

mechanical and 4) hydraulic. The state of the crack is monitored through successive 

visual imaging. Through chemical mass balance relationships, the rate of deposition 

of calcium carbonate is estimated. The ultrasonic pulse method is used to inspect the 

progress of healing. The ultrasonic signal has been processed further using an 

advanced STFT technique to obtain a nuanced observation of the crack healing 

process. Simultaneously, the hydraulic flow through the crack is monitored to estimate 

the degree of sealing achieved by the healing treatment. At the termination of the 

healing treatment, Scanning Electron Microscopy (SEM) coupled with Energy 

Dispersive X-ray Spectroscopy (EDS) spectrum has been performed to ensure that 

calcium carbonate has indeed filled the cracks.  
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2. Experimental program 

2.1 Preparation of test specimens and damage introduction 

Concrete slab specimens of size 500mm (length) x 250mm (width) x 150mm (height) 

with an embedded plain mild steel bar 24 mm diameter were cast as shown Figure 

4.3a. The bar was protruded by 200mm on both sides for easy handling of the 

specimen. Ordinary Portland cement, fine aggregates (medium-sized natural/river 

sand) and coarse aggregates with nominal size of 10 mm was used in concrete. The 

ratio of cement: sand: coarse aggregate was 1: 1.6: 3.4 and water to cement ratio was 

0.5. The specimens were demoulded after 24 hours of casting and moist cured for 28 

days. The resulting strength of concrete after 28 days was 41 MPa. 

 

Figure 4.3: Layout of experimental plan (front view) 

 

For evaluating healing response, damage was induced on the specimen.  The slab 

specimens were loaded in three-point bending configuration as shown in Figure 4.3b, 

resulting in the formation of a crack in the middle of the slab as shown in Figure 4.3c. 

The stress in the reinforcement was well within its yield limit. Loading was stopped, 

on appearance of a visible crack. Due to the elastic recovery of the reinforcement after 

removing the load, the crack width reduced considerably. After unloading, crack width 
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was measured at different locations along the crack length using a crack measuring 

scale. The crack width was in the range 0.5 – 0.7 mm.  

 It is evident that a crack produced by three- or four-point bending has a width that 

varies along its depth. The crack being widest at its mouth and narrowing towards the 

tip. These bending cracks are generally discovered beams and plate elements. [6]. 

2.2 Bacteria-based healing treatment for cracks  

After crack formation, the specimens were subjected to the healing treatment. The 

crack was in the face-up position. The bacteria-based healing treatment comprised of 

two components: bacterial fluid and cementing fluid. The precipitation of calcium 

carbonate (CaCO3) results from the combination of carbonate ions (CO3 
2−) from the 

hydrolysis of urea (CO (NH2)2) and the calcium ion (Ca2+) supplied in the cementing 

solution, as described in the following chemical reactions: 

CO(NH2)2  +  2H2O 
Bacterial urease
→             2NH4

+ + CO3
2−                                             (4.1)  

Ca2+ + CO3
2−  → CaCO3                                                                                                  (4.2)  

From reactions (4.1) and (4.2), the amount of hydrolysed urea provides an indirect 

estimation of calcium carbonate deposit. One mol of urea gets converted to two mol 

of ammonia and one mol carbonate ions. Thus, the amount of calcium supplied gives 

an indirect measure of calcium carbonate deposit. In our previous publication, the 

consumption of urea and calcium was investigated. It was noticed that equal amounts 

of urea and calcium were utilised to precipitate calcium carbonate (47, 48). 

Sporosarcina Pasteurii (ATCC® 11859™) was used due to its high urease activity and 

popularity in remediation of concrete (49). The medium for culturing comprised of 

ammonium sulphate (NH4)2SO4, yeast extract, and Tris buffer (pH=9) (47, 50). All 

liquid media were sterilized by autoclaving for 20 min at 121°C. The bacterial culture 

was incubated aerobically at 35°C for 24 hours and shaken at 250 rpm. Growth of 
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bacterial culture was checked regularly by measuring the optical density (OD) at 

600nm with spectrophotometer. The average OD value was 1.2. Cementing fluid was 

prepared by dissolving equimolar urea and calcium chloride at 0.5M concentration in 

distilled water.  

The treatment was performed at room temperature of 25± 1° C. The sealing was 

attempted through periodic pouring of the healing fluid on the surface of the crack. 

First, 20 ml bacterial fluid was poured into the crack and allowed to rest, followed by 

20 ml cementing fluid. The cementing fluid was poured twice a day for three days. 

Bacterial fluid was replenished at an interval of three days. This cycle was repeated 

until the monitoring system reported that the target healing is achieved.  

2.3 Ultrasonic investigation 

Ultrasonic technique was used for recording pulse transmission through the crack at 

designated points. The experimental set-up for ultrasonic data acquisition is presented 

in Figure 4.4Error! Reference source not found..  

 

 

 

 

 

 

 

Figure 4.4: Set-up for ultrasonic data acquisition 

In this method, the transmitter and the receiver were placed on the opposite faces of 

the slab to measure the pulse transmitted through the crack. A pair of GC200-D25 

Ultran piezoelectric transducers of diameter 25mm with central frequency 200 kHz at 
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were used to generate compressional waves. The transducers were attached to a JSR 

DPR 300 pulser-receiver system to generate a pulse at 40dB. The received signal was 

digitized using Pico Scope 6 version 6.4.64.0 and a modular oscilloscope.  

 

For recording the ultrasonic signals, transmitting and receiving points were marked on 

the specimen as shown in Figure 4.5. Two sets of points at the two sides of the slab 

were chosen. To avoid edge effects, the transducers were placed away from the edges 

of the slab. The surface of concrete was cleaned, and a petroleum based greased 

coupling agent was used to securely attach the transducers to the concrete surface. All 

readings were taken by the same persons and repeated at least three times for each 

measuring point (Figure 4.5). It was observed that the readings were consistent and 

repeatable. 

 

 

 

 

Figure 4.5: Specimen showing placement of transducers at different locations 

 

2.4 Watertightness Test 

Water permeability measurements were performed onto the crack at regular intervals 

while the healing treatment was on. To saturate the specimen, water was poured on it 

until water freely drips from the specimen. A 100ml measuring cylinder was 

adhesively attached on the top of the cracked surface of the specimen. The cylinder 

was filled with water. It was made sure that no water leaks through the adhesive joint. 

The level of water was observed at regular intervals. The test was performed at 

different locations of the crack. The flow rate was calculated based on the time taken 
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for 10 ml of water to drain. Each test was conducted three times. The test was 

terminated when the flow was below measurement least count. 

2.5 Microstructural analysis 

After completing the healing treatment, a slice was carefully cut from the specimen 

that includes the area of the crack. The slice was prepared for examination using 

scanning electron microscope (SEM). The material deposited in the crack was imaged. 

Moreover, an EDS analysis was performed to create an elemental map of the deposited 

material.  

3. Results and discussion 

The healing has been monitored by a number of means. The extent of healing has been 

measured by the quantity of calcium carbonate deposition. Simultaneously, the water 

flow through the crack has been measured.  

3.1 Visual monitoring 

The width of the crack has been measured at every 10 mm along the crack once in 

seven days throughout the period of healing.  Figure 4.6 shows the initial and the 

healed crack. Clearly, it can be seen that the crack has been sealed. 

 

 

 

 

 

Figure 4.6: Visible calcite deposition seen on the surface post healing 
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The area marked in red in Figure 4.6b is seen in close up in Figure 4.7. The healing 

was considered 100% when the flow through the crack was below measurement level. 

Time for the treatment was 40 days. The amount of calcium carbonate deposited at 

that time was considered to be 100%. The healing at the intermediate stages were 

calibrated against the final amount of deposition as shown in Figure 4.7. and Figure 

4.8.  

The measured crack widths have been indicated in Figure 4.7a. It is seen that even at 

73% healing, the crack at the surface is open although other measurements indicated 

that healing has been happening. This result indicates that the deposition has happened 

inside the crack first before the surface was sealed. From this point, deposition started 

appearing at the surface of the crack.Figure 4.7b shows the crack at 83% healing. 

Clearly, the crack mouth has been partially sealed, but it is still open at most locations.  

At 91% healing, most of crack mouth is sealed (Figure 4.7c). Finally, the entire crack 

was covered with calcium carbonate as seen in Figure 4.7d and no water could pass 

through the crack. It can be concluded that continuous microbial activity resulted in 

precipitation inside the crack finally reaching the surface. The bacterial treatment 

resulted in the depositions of calcium carbonate that could cover the entire crack. 
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Figure 4.7: Visual observations of the crack at different stages of deposition (Note: 

these are the close-up images of the portion of the crack marked red in Figure 4.6b) 

 

3.2 Chemical monitoring 

The amount of cementation solution poured on the crack for each batch was recorded. 

As the crack gets filled, the volume of cementation fluid that can enter the crack is 

reduced. Figure 4.8 presents the distribution of both healing fluid and the accumulated 

volume of calcium carbonate at different stages of healing. Until 48% healing, 40 ml 

of solution could be absorbed by the crack. During this time, the calcium carbonate 

deposit builds up linearly. Beyond this period, the capacity of the crack to absorb the 

fluid reduced gradually. In the end, only 8 ml of fluid could be absorbed. As the 



84 

 

volume of cementation fluid was reduced, the rate of deposition of calcium carbonate 

also reduces. The total volume of calcium carbonate inside the crack is estimated to 

be between 20 and 25 cc, which is comparable with the volume of the crack. 

Comparing Figure 4.7 and Figure 4.8 it can be seen that even when 73% of the crack 

is filled, there is marginal deposit at the crack mouth. The final 25% deposition 

achieves the sealing of the crack.  

 

Figure 4.8: Rise in volume of calcium carbonate and reduction in healing fluid with 

healing progression. 

 

3.3 Microstructural study 

After the healing was completed, samples were collected from the surface of the 

healed area for microstructural analysis. Calcite crystals were clearly visible inside the 

crack in SEM images.  It is noticed from Figure 4.9a, that bacterial treatment resulted 

in prominent presence of crystalline deposits. In addition, the elemental composition 

of minerals was also analysed by EDS. The presence of peaks of calcium, carbon and 

oxygen Figure 4.9b) confirmed calcium carbonate as the precipitation within the 

cracks.  
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Figure 4.9: (a) SEM images of the precipitates after healing treatment (b) EDS analysis 

of the crystals. 

 

3.4 Ultrasonic tests 

3.4.1 Waveform analysis 

Figure 4.10 presents the recorded waveforms of the uncracked specimen along with 

that at different healing stages for points marked 1 to 6 on the specimen (Figure 4.5). 

The variation of amplitude (y-axis) with time (x-axis) of the transmitted pulse is 

observed. It is noted that there was a significant drop in signal amplitude due to 

cracking. A consistent pattern of recovery was observed with the progression of 

healing. The signal amplitude increased considerably at all the locations.  In the end, 

the signal at all the locations was very close to that before cracking. However, points 

1, 2 and 3 show higher initial amplitudes (corresponding to 0% healing) as compared 
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to points 4, 5 and 6. It may be recalled that the crack was created by bending the slab. 

As the load was withdrawn there was considerable recovery and the width of the crack 

went down. Therefore, it is likely that there is internal contact between the crack faces 

on the left side of the slab while the right side is not in contact.  Thus, the wave would 

travel with less resistance through points 1, 2 and 3 while at points 4, 5 and 6 it 

encounters separation of the crack faces. 

With the progress of healing the signal amplitudes at all points have shown an 

increasing trend. This is because the acoustic barrier has come down as the cement is 

deposited inside the crack bringing the faces closer. Thus, the wave would now travel 

with less resistance through the closed crack. The signal amplitudes can vary subject 

to the local condition therefore it is seen that the signal amplitudes are slightly higher 

for some healed specimens as compared to uncracked specimens. Thus, ultrasonic 

pulse transmission is a reliable method for monitoring healing with biocement. The 

signal amplitude at points 1, 2 and 3 are consistently higher than that in points 4, 5 and 

6. At 100% healing, the signal amplitude at 1, 2 and 3 reached 2V. While at points 4, 

5 and 6 it remained in around 1V. It shows that although biocement has filled the crack 

the acoustic mismatch between the parent concrete and cement is not completely 

removed. However, a clear trend of significant increase in signal amplitude was 

noticed with the progress of healing in all cases. Thus, it is possible to calibrate the 

signal amplitude with the extent of healing using the initial amplitude of the 

corresponding point as baseline. 
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Figure 4.10: Recorded waveforms at different healing stages 
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The pulse velocities and the ratio of amplitudes between healed and uncracked signals 

have been presented in Figure 4.11. The velocity did not change appreciably due to 

cracking and healing. It was also noticed in our previous investigation (1). As the crack 

is thin, the crack faces often form irregular contacts letting some energy to pass 

through but most of the energy is reflected. Thus, there has been significant variation 

in the amplitude ratios. The ratio fell dramatically from 1 to 0.2 due to cracking. 

However, it recovered consistently with healing. At the end of the treatment the 

amplitude ratio was very close to that of uncracked specimen, confirming that healing 

has indeed been achieved. Thus, further results have been presented using the signal 

amplitude only.  

 

 

 

Figure 4.11: Velocity and amplitude ratio for point 1 measured at different healing 

percentage 

 

It is noticed earlier that the signal amplitudes can vary subject to the local condition 

and there is internal contact between the crack faces Thus, the signal amplitudes have 

been plotted in Figure 4.12 as ratios of the initial values. It can be seen that all 
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amplitudes went up with healing. At the final stage, the amplitude ratio varied between 

3 and 5. This is considerable signal amplification; thus, it would be possible to 

calibrate the extent of healing with the amplitude ratios. Comparing Figure 4.10 and 

Figure 4.12 it can be seen that the relative gain is lower at points where the initial 

amplitude is relatively high, for example points 2 and 3. These points were possibly 

in contact right from the beginning. Thus, healing did not change the signal amplitude 

considerably, however, the amplitude ratios at points with lower initial amplitude did 

gain considerably.  

 

Figure 4.12: Amplitude ratios at different stages of healing 

 

3.4.2 Time-Frequency Analysis 

In the above methods, the time component of the signal is viewed. Fundamental 

observations about the changes in the system can be made by noting the frequency 

spectra of the signals. In a more advanced analysis, the frequency spectra at different 

time windows are obtained to observe the variations of frequency spectra with time. 

A technique called S-Transform is adopted here. It consists of convoluting a time 

delayed window with the time signal while performing a Fourier Transform. S-

Transforms can be considered as an improved version of Short Time Fourier 

Transform (STFT) where the windowed function is Gaussian. This Gaussian function 
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is varied in proportion to the frequency contents of interest (46). Our previous 

publication contains a detailed account of the method (51). 

 

 

 

 

 

 

Figure 4.13: (a) Typical time-frequency spectra of the received signal for point 1 (b) 

spectral contour corresponding to the window (marked in red). 

 

The time frequency spectral plot for a typical signal for point 1 is presented in Figure 

4.13. The plot depicts the relative intensities of the signal at different times and 

corresponding to the frequencies. It can be seen that the signal intensity is concentrated 

at 100-140µs with a frequency of 150-300 kHz. Therefore, all other components are 

negligible. A zoomed view of the time-frequency window is presented in Figure 4.13b. 

The aggregate signal intensity in this region is estimated by integrating the signal 

intensity over the selected time-frequency window. These values are plotted in Figure 

4.14 for all six points with advancing healing. It can be seen that all the points show 

an increase in signal intensity at an exponential rate. An exponential curve has been 

fitted through the data points: 

𝐼 = 𝐼0ℎ
𝑛                                             (4.3) 

Where I is the signal intensity; I0 is the initial signal intensity; h is the percentage of 

healing; and n is the exponent of healing. It may be noted that I0 depends on the initial 

damage state. While n is the measure of the rate of healing. The values of n are 

tabulated for the six points in Table 1. The healing rates are in the range of 0.3 and 

(A) (B) 
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0.4. The average n for Points 1, 2 and 3 is lower than that for points 4, 5 and 6. It may 

be recalled that Points 1, 2 and 3 are from the area of the beam where the initial signal 

was stronger indicating relatively sound condition in comparison to Points 4, 5 and 6. 

Thus, the area corresponding to Points 4, 5 and 6 has healed relatively at a higher rate. 

From this investigation we can conclude that S-Transform is a reliable measure of 

healing of cracks in concrete. Eqn. 4.3 can be used to calibrate the non-destructive 

parameter, ultrasonic signal intensity, with the healing achieved.  

 

Figure 4.14: Plot of values corresponding to spectral contour at different healing stages 

Table 1: Healing rate for all points 

 

3.5 Water tightness tests 

Regain in water tightness is another important aspect for evaluating crack closure. This 

test consists of measuring the water flow through the cracked specimen during the 

progression of healing. Water flow was measured at different locations marked A, B, 

C, and D along the surface of the crack as shown in Figure 4.15. 

 

Healing 

rate (n) 

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 

0.355 0.298 0.392 0.334 0.399 0.362 

Average (n) 0.348 0.365 
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Figure 4.15: Locations and set-up for water flow test. 

 

 

Figure 4.16: Water flow through different locations of the crack 

 

Figure 4.16 presents the water flow for the locations marked on the specimen. Initially, 

as expected, the water flows freely through the crack. However, with the evolution of 

healing, decrease in water flow through the crack was observed. The initial reduction 

in water flow was negligible. This is expected, as biocement fills the crack in layers 

and until a substantial thickness is built up, the gap between the crack faces does not 

close. After 73% healing, significant recovery in water tightness was seen for locations 

B and C as compared to locations A and D. At 91% healing, the flow was negligible 

at all the four points. The evidence of near closure of the crack was obtained. At 100% 

healing, complete recovery in water tightness could be seen as there was no 

A 
B 
C 
D 

Side view                                  

25Ø, 100 mL cylinder 

Top view of the crack                              

250mm 150m

m 
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measurable flow through the crack. These observations support well with Figure 4.7, 

in which visible deposition could be seen on the cracked surface at different stages of 

healing.  

4. Conclusions 

This paper demonstrates the performance of bacterial healing system for healing 

cracks of around 0.6 mm width that could not be filled with the conventional cement 

grout. In addition, a method of non-destructive monitoring ultrasonic technique, 

simultaneously as healing progresses has been reported. An advanced signal 

processing technique for calibrating healing with the ultrasonic records has been 

developed. The extent of healing has been validated with water tightness checks. 

Deposition of calcium carbonate inside the crack has been visualised.  

  

It is observed that the bacterial treatment resulted in deposition of calcium carbonate 

inside the crack, possibly forming a layer on both the crack faces in each cycle. The 

crack was sealed when the layers from the opposite faces of the crack touched each 

other. Initially, there was no visual evidence of sealing of the crack, but finally there 

was abundant surface deposition. This demonstrates that the sealing starts from the 

crack tip reaching the crack mouth in the end.  

 

Ultrasonic technique was capable of monitoring the progression of healing. The extent 

of healing is characterized by an increase in signal amplitude. Periodic monitoring of 

the transmitted pulse, throughout the healing period revealed that signal amplitude can 

be correlated with the extent of healing. It is noted that signal amplitude is more 

sensitive than pulse velocity that has been used hitherto.  
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The advanced S-Transform of the signal helped us to identify the time-frequency 

window that captures the change in the signal with healing. The signal intensity within 

that time window showed an exponential increase with the progress of healing. An 

exponential curve was fitted to the data to and calibrated to obtain the initial condition 

and the healing rate. It was noticed that the healing rate is in the range of 0.3 and 0.4 

for all the points sampled. Thus, the present technique was found to be reliable and 

repeatable for evaluating healing. This information will be useful in future research on 

non-destructive monitoring of healing.   

 

Ultrasonic results were augmented by water tightness and SEM/EDS analysis. It was 

noticed that the water tightness is achieved after a significant level is healing has taken 

place. Thus, water tightness of the sample would be a useful check for ensuring a high 

level of healing. Complete recovery in water tightness could be seen at around 90% 

healing. SEM/EDS analysis has confirmed the hypothesis that carbonate crystals are 

formed in layers on the crack faces. The crack is closed and water tightness is achieved 

when the layers from the opposite faces of the crack touch each other with no gaps 

left. At that instant, the crack is completely sealed.  
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Abstract 

In concrete, cracks are unavoidable, and they may have a negative impact on the 

structure's service life. In a previous investigation, the authors have demonstrated 

healing of cracks with Microbially-induced calcium carbonate precipitation (MICP) 

with calcium chloride (CaCl2) as the source of calcium. However, there is a concern 

that CaCl2 may induce corrosion in the steel reinforcement bars. This paper is an 

attempt to assess the effect of calcium source on corrosion of bars during healing of 

cracks. Two different calcium sources, calcium chloride and calcium acetate, have 

been used. The healing performance with both sources has been reported. Various non-

destructive parameters such as visual examinations, ultrasonics and water permeability 

tests were carried out to evaluate healing. Watertightness tests validated the extent of 

healing. Corrosion potential has been assessed with electro-chemical techniques as 

well as guided wave ultrasonics. After healing, the bars have been extracted to assess 

them destructively. It is noted that the electrochemical tests give somewhat misleading 

results due to the presence of electrolytes in the healing fluid. There is a good 

correlation between the ultrasonic transmission and corrosion.   
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1. Introduction 

Cracks are one of the key factors that affect the service life of concrete because they 

provide pathways for aggressive agents to enter and cause corrosion of embedded steel 

bars. Corrosion is a form of damage which is often hidden until reaching a catastrophic 

failure. It is, therefore, essential to repair the cracks and promote healing at an early 

stage to enhance durability and increase service life of structures. Recently, the authors 

demonstrated a process of healing cracks through biocementation [1]. In the process 

of biocementation, naturally occurring bacteria and calcium-based nutrients combine 

to form calcium carbonate in the cracked zone, stopping harmful substances from 

entering that zone. Calcium carbonate is highly compatible with cement-based 

materials which makes it a promising and healing technique. Bio-cementation has 

demonstrated encouraging results in the healing of cracks because of its reaction time 

and lower viscosity [2-4]. 

Biocement consists of bacteria and a source of calcium. Inside the crack, bacteria 

convert the soluble calcium into an insoluble form causing sealing of the crack. 

Calcium carbonate is precipitated by several bacterial species via several metabolic 

pathways [5-7]. The alkaliphilic strains (Bacillus group) are known to work effectively 

for crack restoration because of the high alkalinity of concrete. Urease is a bacterial 

enzyme that catalyses the hydrolysis of urea to create ammonium (NH4
+) and 

carbonate ions (CO3
2−). The interaction of carbonate ions (CO3 

2-) produced by the 

hydrolysis of urea (CO (NH2)2) and the calcium ion (Ca2+) provided in the cementing 

solution results in the precipitation of calcium carbonate (CaCO3), as explained in the 

chemical processes below [8, 9]:    

CO(NH2)2  +  2H2O 
Bacterial urease
→             2NH4

+ + CO3
2−                                              (5.1)  
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Ca2+ + CO3
2−  → CaCO3                                                                                                (5.2)  

From reactions (5.2), it is evident that an electrolyte is needed to supply Ca2+. 

Generally, calcium chloride is used as a calcium source. However, chlorides are 

perceived as the main cause of corrosion in concrete. Thus, other sources of calcium 

such as calcium acetate, calcium lactate, calcium glutamate, and calcium nitrate are 

explored [10]. Jonkers et al. [11] selected Bacillus pseudofirmus and B. cohnii and 

calcium lactate for self-healing purposes. Farrugia et al. [12] selected Lysinibacillus 

sphaericus as a bacterial strain and calcium chloride and calcium acetate as calcium 

sources for healing of mortar specimens. Zheng et al. [13] selected Bacillus 

alcalophilus  and calcium nitrate and calcium lactate as calcium sources for healing. 

The calcium sources were mixed in mortar specimens and then cured for self-healing 

efficiency. Lapeyrusse et al. [14] studied the effect of calcium gluconate and calcium 

lactate in mortar specimens. Vijay and Murmu [15] mixed bacillus subtilis with 

concrete along with calcium lactate to study the effect of compressive strength and 

self-healing capability of concrete. It is noted that in most of the studies bacteria or 

calcium source are added directly into concrete or mortar. However, their role in 

corrosion of bars embedded in concrete is yet unexplored.  

Corrosion begins by attacking the protective coating on embedded steel bars, and once 

that layer is destroyed, the concrete becomes highly reactive or ionised, allowing the 

electrochemical corrosion process to begin. Attempts have been made to incorporate 

autonomous healing of cracks with encapsulated polymers. Belleghem et al. [16] used 

encapsulated polyurethane for autonomous healing of cracks. Wet and dry cycling of 

the healed specimens in saline environment revealed that self-healed specimens 

suffered a lower mass loss due to corrosion in comparison to the untreated ones. It was 

also concluded that autonomous healing performed better than manual injection of 
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polymer. Feiteira et al. [17] studied healing of cracks under dynamic loading. They 

noted that a low viscosity polymer was able to self-heal cracks that are opening up to 

50%. It is also noted that shelf life of polymer-based capsules is only about a year. Use 

of MICP for healing cracks is attractive due to extremely low viscosity of the healing 

fluid. In Achal et al. [18], a specially isolated bacterium has been used in the concrete 

mix along with calcium chloride and it was observed that the bacterial concrete has 

better corrosion resistance than the control concrete. Wang et al. [19] used hydrogel 

encapsulated bacterial spores for self-healing of concrete and observed that cracks 

treated with nutrients and bacterial hydrogel healed more quickly than cracks in 

prepared with nutrients and non-bacterial hydrogel. Self-healing with encapsulated 

bacterial fluid is also reported. Xu et al. [20] used ceramsite particles as a carrier for 

bacterial healing agent embedded in concrete. Crack width upto 450 µm was healed 

and was observed that reinforcement corrosion was controlled by the crack closure 

from microbial precipitation. However, as the bacterial healing fluid contains 

electrolytes, there is a concern that it may initiate corrosion in the reinforcement.  

Hitherto, reports of corrosion study during bacterial healing of cracks is unknown to 

the authors.  

 

This investigation is a systematic study of possible corrosion in reinforcement during 

the bacterial healing of cracks in concrete. A crack has been created in concrete and 

healed using the biocementation process. The healing agent was injected through the 

cracked surface of the concrete. Two calcium sources namely calcium chloride 

(CaCl2) and calcium acetate (Ca (CH3COO)2) were used for biocementation. Healing 

performance of both calcium sources have been observed through visual, chemical, 

ultrasonic and water flow tests. Simultaneously, corrosion has been monitored using 



107 

 

the conventional electrochemical techniques as well as the ultrasonic guided wave 

method. Finally, destructive tests have been performed to assess any loss of strength 

of the reinforcing bars due to the healing process.    

2. Materials and Methods 

 

Reinforced concrete slab specimens have been cast. After curing, bending load was 

applied on the samples to develop a crack. The crack was then healed with 

biocementation. Two different sources of calcium, calcium chloride (CL) and calcium 

acetate (CA), have been used to evaluate any possible effect of the calcium source on 

corrosion of the steel bar. Healing has been monitored by both water permeability and 

ultrasonic wave techniques. Corrosion has been monitored by electro-chemical 

methods and guided wave technique. 

2.1 Preparation of reinforced concrete specimen and cracking 

Concrete slab specimens with dimensions of 500mm long, 250mm wide, and 150mm 

high were cast. Ordinary Portland cement, fine aggregates (medium-sized), and coarse 

aggregates (nominal size of 10 mm) were used in the concrete casting process. A 

standard plain mild steel reinforcement bar with a nominal diameter of 24 mm and a 

length of 900mm was used. Water-cement ratio was 0.5 and cement-to-sand-to-coarse-

aggregate ratio was 1: 1.62:3.4. The specimens were demoulded after 24 hours of 

casting and wet cured for 28 days.  The concrete compressive strength was 43 MPa. 

The bar was protruded 200mm on both sides for electrochemical and ultrasonic 

connections. 

A three-point bending system was used to load concrete specimens, causing a crack to 

form in the middle of the slab. Stress on the reinforcement was close to the limit of its 
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yielding capacity. The loading was stopped as soon as a visible crack was seen. After 

removal of load, the crack width was significantly reduced as a result of the 

reinforcement's elastic recovery. After unloading, all specimens had their crack width 

measured using a crack measuring scale at various points along the crack length. The 

crack width was between 0.3 and 0.5 mm.  

2.2 Microorganism and culture medium 

Sporosarcina Pasteurii (ATCC® 11859TM) was chosen because of its high urease 

activity and widespread use in concrete remediation. Ammonium sulphate 

(NH4)2SO4, yeast extract, and Tris buffer (pH=9) was used to cultivate the bacteria. 

All liquid media were autoclaved for 20 minutes at 121°C. The bacterial culture was 

shaken at 250 rpm for 24 hours in an aerobic environment. The optical density (OD) 

of the bacterial culture was measured on a regular basis using a spectrophotometer at 

a wavelength of 600nm. The average OD value was 1.2.  

2.3 Preparation of cementing fluids 

Two types of healing fluids were prepared for biocementation. Type1 was prepared 

by dissolving 0.5M urea and 0.5M calcium chloride in distilled water and was named 

as CL (chloride healed) and Type2 was prepared by dissolving 0.5M urea and 0.5M 

calcium acetate in distilled water and was named as CA (acetate healed).  

2.4 Healing Treatment 

The specimens were given healing treatment after the cracks had formed. There were 

two parts to the treatment: bacterial fluid and cementing fluid. The procedure was 

carried out at a temperature of 25°± 1° C. The crack was sealed by pouring healing 

fluid on the surface of the crack on a regular basis. The cementing fluid was poured 

twice a day for three days. Every three days, the bacterial fluid was replenished. This 
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cycle was continued until the monitoring system showed that the healing target had 

been achieved. 

2.5 Watertightness test  

Water permeability measurements were taken on the crack at regular intervals 

throughout the healing process. Water was placed on the specimen to soak it until 

water freely dripped from it. On top of the cracked surface, a 100ml measuring 

cylinder was adhered using super glue and silicon. Water was poured into the cylinder. 

No water was allowed to leak through the adhesive junction. At regular intervals, the 

water level was checked. The test was carried out at several points along the crack. 

Each test was repeated three times. When the flow was below the measuring least 

count, the test was terminated. 

2.6 Ultrasonic measurements 

2.6.1 Ultrasonic measurements through concrete 

At specific sites, an ultrasonic method was utilised to record pulse transmission 

through the crack. Figure 5.1 shows the experimental setup for ultrasonic data 

gathering. In this technique, the transmitter and receiver were positioned on opposite 

sides of the slab. Piezoelectric transducers (GC200-D25) of 25mm diameter and 

200kHz central frequency were utilised to create compressional waves. The 

transducers were connected to a JSR DPR 300 pulser-receiver system to generate a 

pulse at 40dB. The received signal was digitised using Pico Scope 6 version 6.4.64.0 

and a modular oscilloscope.  
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Figure 5.1: Set-up for ultrasonic data acquisition 

 

Figure 5.2 shows the locations of the transmit and receive points on the specimen that 

were used to capture the ultrasonic waves. The transducers were placed at a distance 

from the slab's edges in order to eliminate edge effects. The concrete surface was 

cleaned, and the transducers were securely attached to the surface with a petroleum-

based greased coupling agent. Each measurement point had its measurements taken a 

minimum of three times. The readings were found to be consistent and repeatable. 

 

 

 

 

 

Figure 5.2: Specimen showing different locations of transducers 

2.6.2 Ultrasonic measurements through steel bar 

To study the behaviour of steel with respect to healing fluids, the specimens were 

monitored by ultrasonic guided wave modes. Figure 5.3 depicts the ultrasonic data 

collection setup. A pair of Warsash Scientific piezoceramic patches with diameter 10 

mm and thickness 0.5 mm were used to generate guided waves in rebar. The resonance 
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frequency of piezoceramic patches was around 250 kHz.  The patches were connected 

to the rebar such that the excitation wave mode from the transmitter T travels through 

the rebar to its opposite surface where the receiving transducer R is placed.  A function 

generator (RIGOL DG1035) was used to generate ultrasonic signal and the signal was 

amplified with a power amplifier (Ciprian HVA 400 A). The received signal was 

digitized using a Picoscope version 6.4.64.0 and recorded by a computer. All signals 

were repeated at least three times for each specimen. It was observed that the readings 

were repeatable. 

 

Figure 5.3: Set-up for ultrasonic measurements through steel bar 

2.7 Electrochemical measurements 

2.7.1 Half-cell measurements 

Both specimens were monitored daily during healing process to detect the corrosion 

potential of embedded reinforcing bars in concrete relative to a reference half-cell 

placed on the concrete surface. The reinforcement potentials were recorded by voltage 

measurements between a reference electrode and the working electrode every 24 hours 

for the entire duration of the experiment. The reference half-cell used in the present 

study was a standard copper/copper sulphate (CSE) electrode and the rebar as working 

electrode. The CSE electrode was placed on the concrete surface and potentials were 

measured by means of a voltmeter. The rebar was connected to the positive terminal 

and CSE electrode to the negative terminal of the voltmeter. The concrete functions 
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as an electrolyte and a wetted conductivity sponge was placed underneath the 

reference electrode to have proper electrical contact. As shown in Figure 5.4, the 

measured potential difference can be used to predict the risk of corrosion of 

reinforcement at the test site. ASTM C876 - 91 Standard Test Method was followed 

for Half-Cell Potentials of uncoated reinforcing steel in concrete. 

 

Figure 5.4: Half-cell Potential set-up 

 

2.7.2 Linear Polarisation Resistance (LPR) measurements  

Linear Polarisation Resistance (LPR) measurements were recorded daily during 

healing progression for both specimens to estimate the corrosion rate of steel in 

concrete. Potentiostat was used to record the corrosion current and corrosion potential 

which gives an indication of how steel is corroding. The LPR test was conducted using 

three electrode system with Copper/copper sulphate (CSE) electrode as reference 

electrode (RE), stainless steel plate as counter electrode (CE) and the rebar as working 

electrode (WE). To perform the test, a wet sponge was placed on surface of concrete 

to maintain the contact between electrodes. A schematic representation of the setup is 

shown in Figure 5.5. 
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Figure 5.5: Potentiostat set-up 

 

A constant potential was applied and the change in current was measured. 

Extrapolating the linear sections of the anodic and cathodic branches (Tafel areas) of 

the curves from the potentiodynamic plots, the corrosion potential and current were 

calculated. The corrosion current Icorr is determined by the intersection of the two 

extrapolated lines. 

2.8 Mass loss and tensile strength of rebars 

To examine the difference in mechanical characteristics in all specimens due to 

exposure to healing fluids, destructive tests such as mass loss and tensile strength were 

performed. The specimens were broken and the reinforcing bar for each specimen was 

cleaned as per ASTM G1-90 with deionized water to remove any adhered corrosion 

products. They were then weighed to assess how much mass had been lost owing to 

corrosion. After that, the specimens were put through a uniaxial tensile test using a 

universal testing equipment (UTM). During the tensile test, the applied load and 

deformation plots were recorded to better understand how the specimen's mechanical 

properties changed. 
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3. Results and Discussion 

The results of monitoring healing as well as possible corrosion are presented in this 

section. A comparison between CL and CA has been made all through. 

3.1 Monitoring healing 

Healing is monitored through visual inspection as well as instrumentally. The extent 

of healing was measured by the quantity of calcium carbonate deposition. Time for 

the treatment was 40 days. The amount of calcium carbonate deposited at that time 

was considered to be 100%. The healing at the intermediate stages (Figure 5.7 and 

Figure 5.8) were calibrated against the final amount of deposition.  

With gradual healing, the water flow rate across various areas of the crack was also 

monitored. Finally, a fast and implementable method of assessing healing using 

ultrasonic signals has been demonstrated.   

3.1.1 Visual monitoring 

Figure 5.6 and Figure 5.7 shows various stages of healing for CL and CA healed 

specimens respectively. The crack has been sealed in both specimens, which can be 

seen clearly. The area marked in red in Figure 5.6a for CL specimen is seen in close 

up in Figure 5.6b, c and d. It is seen that at 50% healing (Figure 5.6c), although the 

crack opening has been partially sealed, it remains open at the specimen's corner 

(Figure 5.6c). This indicated that healing initiates from the centre of the specimen and 

progresses to the corners. Figure 5.6d shows the crack at 100% healing. Clearly, the 

crack opening was completely sealed, and no water could pass through it. The 

deposition for CA specimen can be seen in Figure 5.7. It can be inferred that microbial 

activity was present inside the crack, which caused precipitation to build up and 



115 

 

eventually reach the surface. The use of calcium chloride and calcium acetate as 

calcium sources led to calcium carbonate deposits that could cover the whole crack. 

 

Figure 5.6: Stages of crack healing for CL specimen 

 

Figure 5.7: Stages of crack healing for CA specimen  

3.1.2 Chemical monitoring 

The amount of cementation solution poured on the crack for CL and CA healed 

specimens was recorded. Figure 5.8 presents the volume of healing fluid that could be 

poured in the crack. It can be seen that with time the volume of cementation fluid that 

can enter the crack has reduced. The accumulated volume of calcium carbonate with 

progression of healing is also presented.  At the start of healing of the CL specimen, 

28 ml of solution could be absorbed by the crack. This continued until 35% healing. 

The calcium carbonate deposit grows in a linear fashion during this time. After this 

time, the crack's ability to absorb fluid gradually decreased. In the end, just 8 millilitres 
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of liquids were able to be absorbed. As the amount of cementation fluid is decreased, 

the rate of calcium carbonate deposition reduces. The estimated amount of calcium 

carbonate in the crack is 15 cc. The CA specimen could absorb 28 ml of solution at 

the commencement of healing. This continued until 47% healing and then reduced 

gradually. Finally, the crack could absorb just 5 ml of fluid. It should be noted that 

since the crack was generated by bending the slab, the interior pattern may vary across 

samples. However, in the present case, both samples healed nearly at the same rate. 

Initially, the CA sample took a little longer to kick start healing although the duration 

for total healing was similar. 

 

 

Figure 5.8: Rise in volume of calcium carbonate and reduction in fluid intake with 

progression of healing. 
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3.1.3 Watertightness tests 

Another essential way for measuring crack closure is the re-establishment of water 

tightness. In this test, water flow through the cracked specimen was measured as it 

was being healed. A, B, C, and D are the locations along the crack's surface where 

water flow was measured (Figure 5.9). 

 

 

 

 

 

 

Figure 5.9: Water flow test set-up 

 

For the locations indicated on the specimen CL and CA, Figure 5.10 (a) and (b) show 

the water flow. The water flows freely through the crack at first. However, as the crack 

healed, there was less water flowing through it. The initial drop in water flow was 

insignificant. This is to be expected, as biocement fills in the crack layer by layer, and 

the gap between the crack faces doesn't close until enough biocement has been built 

up. After 50% healing for specimen CL, the water tightness of locations B and C had 

a huge improvement compared to locations A and D, which had a small improvement. 

At 92% healing, there was no flow in locations B and C, but there was a lot of flow at 

the corners. Visually it was observed that the crack started to fill up from the central 

region. At 100% healing, there was no measurable flow through the crack and even 

the corners became totally watertight.   

A 
B 
C 
D 

Side view                                  

25Ø, 100 mL cylinder 

Top view of the crack                              

250mm 
150mm 
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Figure 5.10: Water flow through different locations of the crack for (a) specimen CL 

and (b) specimen AC 

For specimen CA, after 50% healing, the watertightness of locations B and D had a 

big improvement compared to locations A and D. At 92 percent healing, the flow was 

much less in all locations. This indicated that the crack was almost completely sealed. 

There was no flow through the crack at 100% healing, which meant that watertightness 

had been restored. Thus, with both CL and CA full recovery of watertightness could 

be achieved. 
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3.1.4 Ultrasonic monitoring through concrete 

CL and CA specimens at different stages of healing are shown in Figure 5.11 and 

Figure 5.12. They show the waveforms that are sent through the specimen at the points 

marked 1 to 6. (Figure 5.2). The change in amplitude (y-axis) with time (x-axis) of the 

pulse that is sent is shown. With the process of healing, a consistent pattern of recovery 

was seen. The signal amplitudes increased considerably at all the locations. As evident 

the cement is placed within the crack, the acoustic barrier breaks down, bringing the 

faces closer together. This was seen for both CL and CA healed specimen. Thus, 

ultrasonic pulse transmission is an effective way to monitor the progress of concrete 

crack healing. A similar pattern of considerable rise in signal amplitudes was detected 

with the process of healing at all points (point 1-6).  
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Figure 5.11: Amplitudes for points 1-6 for CL specimen at different stages of 

healing. 
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Figure 5.12: Amplitudes for CA specimen at different stages of healing 

 

 

3.2 Monitoring of corrosion 

Corrosion in concrete is usually monitored using the electro-chemical techniques. 

However, efficacy of these methods in case of healing with chlorides and acetates 

needs to be examined as they depend on ionic flux. Therefore, simultaneously 

ultrasonic guided wave technique has also been employed.   

It is widely known that once chloride penetrates into concrete depassivation and 

electrochemical corrosion of the steel bars will occur, which affects the durability of 

the reinforced concrete. Calcium acetate is a more appropriate calcium source than 

calcium chloride for the application of MICP in reinforced concrete structures because 

it avoids the corrosion of steel bars caused by chloride ion. The use of calcium chloride 

and calcium acetate in various approaches is discussed and compared in the sections 

below. 
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3.2.1 Electrochemical Measurements  

Figure 5.13 represents the electrochemical results for specimens during healing 

progression. Figure 5.13 (a) shows the half-cell potential vs CSE results. It was 

observed that for both CL and CA specimens the initial observed potential was -

112mV and -218mV respectively, which indicated that the steel was in passive 

condition and no corrosion was occurring. According to ASTM C876-09, if the half-

cell potential is more positive than -200mV, there is 90% probability of no corrosion.  

As the healing continues, drop in potential was seen and both specimens followed 

same trend. At 100% healing the potential was -500mV for CL specimen and -427mV 

for CA specimen.  This indicated that the corrosion has initiated, and the specimens 

have reached active state of corrosion. It may be recalled that half-cell method only 

gives the probability of corrosion and various factors such as temperature, humidity 

or moisture content might affect the results. 

Figure 5.13 (b) and (c) represent the LPR measurements for specimens during healing 

progression. Figure 5.13 (b) shows the corrosion potential.  It was observed that both 

CL and CA specimens followed similar pattern. The initial observed corrosion 

potential was around -400mV for both specimens and a consistent drop was seen 

during healing progression. The final potential was -590mV for CL and -515mV for 

CA specimen.  The corrosion current was seen from Figure 5.13 (c) and it was 

observed that there was significant increase in corrosion current for CL specimen as 

compared to CA specimen. This indicates that the rate of corrosion is likely to be 

higher in case of CL in comparison to CA. Although these techniques indicate 

likelihood of corrosion, a quantitative estimate of corrosion is elusive.  
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Figure 5.13: Electrochemical readings for specimens during healing. (a) Half-cell vs 

CSE values; (b) Current vs time; (c) Potential vs time 
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>90% probability of active corrosion 
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3.2.2 Ultrasonic guided wave measurements 

Efficacy of ultrasonic guided waves in monitoring corrosion is already reported [21]. 

This method is applied for studying the effect of healing fluids on embedded 

reinforcement corrosion. The ultrasonic characteristics of the waveguide was recorded 

by permanently attaching piezo patches to the steel bar (Figure 5.3). The specimens 

were monitored using a sweeping-frequency guided wave. The received waveform 

was analysed to investigate the state of corrosion in the bar. A frequency sweep was 

conducted from 240 kHz to 400 kHz at an interval of 20 kHz to determine the best 

excitation frequency. The strongest signal was found to be for 300 kHz frequency. The 

results for 300 kHz frequency are therefore presented in this paper. A 20-cycle 

Hanning-window tone burst signal was used to excite the guided waves: 

sin 2πft × (
1

2
+
1

2
cos(2π(

t−tmax

tmax
)))                                                                 (5.3) 

tmax = n ×
1

f
                     (5.4) 

Where f is the central excitation frequency; t is the time domain of the waveform; tmax 

is the maximum time of the waveform and n is the number of cycles.  

Figure 5.14 presents the received signals in time domain for CL and CA specimen for 

0 and 100% healing. A decrease in signal amplitudes was observed for both specimens 

at 100% healing. This indicates that there has been some effect on the bar or its 

surroundings. Variation of ultrasonic signal with progressive corrosion has been 

explained in [21]. It is noted that at the initial stage, a thin layer of corrosion product 

on the surface of the bar improves the bond between the steel bar and the surrounding 

concrete. Thus, energy leaks through the steel-concrete interface resulting in the 

attenuation of the signal. The signal regains amplitude when the surface layer breaks 

down resulting in a loss of bond. Thus, the bars are likely to have developed a thin 
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surface layer at this stage. To study the variation in the signal, the energy of the 

transmitted wave is calculated during healing of the specimens.  

 

 

Figure 5.14: Transmission index for specimens CL and CA during healing 

progression for 300 kHz frequency. 

 

The norm of the transmitted energy is determined by recording the transmitted time 

signals sequentially. Fast Fourier Transform is applied on the time signals as: 

A(𝐹𝐼) = FFT(f(x))         (5.5)  

Where A(Fi) is the Fast Fourier Transform of the ith time signal f(t)i 

The norm of energy is computed over a frequency window ω ± B/2. 
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𝐸𝑖 = ∑ 𝐴(𝐹𝑖)
𝜔+𝐵/2
𝜔−𝐵/2         (5.6) 

Where ω is the excitation frequency and B is the bandwidth. 

The transmission index is calculated as 1’s complement of the ratio of the ith energy 

norm (Ei) and the initial energy norm E0. 

𝑇𝐼(𝑖) = 1 −
𝐸𝑖

𝐸0
        (5.7)  

Figure 5.15 presents TI for specimens CA and CL during healing progression. It was 

observed that TI for CA specimen were fluctuating with a decreasing trend during 

entire healing period. This indicated the formation of the pits, leading to the 

deterioration of the bar. The surface of bar becomes irregular that reduces the energy 

of the transmitted signal. The TI for CL specimen shows decreasing trend upto 45% 

healing which indicates the steel-concrete interface starts to debond but 

simultaneously there is a build-up calcium carbonate inside the crack due to the 

presence of healing fluids. The TI then remains steady until 100% healing. Previous 

studies show that such variations in signal indicates thin surface corrosion. This was 

confirmed through destructive tests after the completion of the exposure period. 
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Figure 5.15: Transmission index for different frequencies for specimens CA and CL 

 

3.7 Destructive tests 

The rebars were visually examined after healing. Figure 5.16 shows the condition of 

rebar for both CL and CA specimens. Only a marginal amount of corrosion on the 

surface of the bars was noted. However, in case of CL specimens, corrosion was more 

concentrated in the region of the crack than the CA specimen. For CA specimens small 

patches were spread all along the embedded length of the bar. The mass loss for CL 

and CA was 0.19% and 0.12% respectively. The stress-strain curves for the healed 

specimens are presented in Figure 5.17 along with that of a fresh bar. It is noted that 

all the bars had very similar graphs. CA followed the curve of the fresh bar except in 

the end. The strain at failure was slightly reduced. CL too showed a close agreement 

with other bars. However, its yield point and the maximum strain was marginally 

lower. This is likely due to the localised corrosion observed in case of CL. Evidently, 

the corrosion in the bar due to the use of the electrolytes in the healing fluid is marginal 

both for CL and CA.  

 

 

Figure 5.16: Visual inspection of rebar 
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Figure 5.17: Stress-strain curves 

 

4. Conclusions 

This paper investigates the corrosion of steel bars in reinforced concrete due to the use 

of bacterial healing of cracks. Two discern the effect of different electrolytes, calcium 

chloride and calcium acetate have been used as calcium source. The novelty of the 

investigation is to simultaneously monitor corrosion using both electrochemical 

methods as well as ultrasonic guided wave technique. Calcium carbonate deposition 

inside the crack has been visually observed. Water tightness assessments and 

ultrasonic techniques were used to confirm the level of healing. 

It was observed that the bacterial treatment resulted in deposition of calcium carbonate 

inside the crack. The healing fluids prepared using calcium chloride and calcium 

acetate were able to seal the crack and deposition could be seen on the surface of the 

crack. Water flow tests also indicated the sealing as no water was seen to permeate 

through the crack. 
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Ultrasonic signals through concrete were able to capture various stages of healing. A 

rise in signal amplitude indicated the level of healing. As a result, the ultrasonic 

approach was able to track the healing process. 

Due to the presence of electrolytes in the healing fluid, as expected, the 

electrochemical monitoring indicated the probability of corrosion during the healing 

process. In contrast, the guided wave technique examines the physical the physical 

condition of the bar; thus, it gives more nuanced information. It indicated that the bars 

have developed a thin interfacial layer of corrosion products at the steel-concrete 

interface that has strengthened the bond. The destructive tests confirmed this 

prediction as a thin layer of rust was visible. In case of CL it was more concentrated 

in the central region while in case of CA, it was distributed in small patches along the 

length of the bar. The tension test of the bars showed that the effect of corrosion is 

negligible. This investigation demonstrates that bacterial healing of cracks in concrete 

may marginally affect the bar; however, its effect on the overall performance of the 

reinforced concrete member is negligible.  

In this investigation, only a small number of specimens have been tested. It is 

necessary to perform the test with a large ensemble of samples to quantitively estimate 

the performance of the reinforced concrete samples, especially in the long term. Such 

a test program is underway. 
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Abstract 

Bacterial biocementation has been shown to have the unique capability of healing of 

cracks in concrete. However, there is a concern that the materials used in biocement 

may cause corrosion. This paper reports performance of bacterially healed reinforced 

concrete when exposed to chloride induced reinforcement corrosion. Cracks in 

reinforced concrete specimens were healed using two different calcium sources. After 

healing, the samples were subjected to 3.5% sodium chloride exposure to salt water 

for 120 days. The state of corrosion was assessed through standard electrochemical 

techniques such as half-cell and linear polarisation methods as well as ultrasonic 

guided waves. After the exposure period, the bars were extracted out of concrete and 

mass loss and tensile tests were conducted. It was found that electrochemical 

measurements indicated corrosion activity in the cracked specimens, but the 

uncracked specimen did not indicate corrosion during the entire exposure period. 

Presence of electrolytes in the healing fluid seems to have influenced the 

electrochemical measurements and gave a misleading indication of corrosion. The 

ultrasonic guided waves that assess both effects of corrosion, loss of metal and bar-

concrete interfacial debonding, was found to realistically assess the state of corrosion 

in all the samples. The rate of corrosion had slowed down significantly as a result of 

healing. 
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1. Introduction 

Reinforced concrete (RC) members are generally designed as cracked sections 

wherein concrete is allowed to crack in the tension zone. Although such cracks do not 

affect strength, but they can severely affect durability as cracks provide pathways for 

water and other aggressive agents such as chlorides to reach the reinforcements 

embedded inside concrete. As a result, corrosion of rebars may occur (Stratfull 1968, 

Shao-feng et al. 2011). Onset of corrosion accelerate deterioration of concrete as 

formation of rust which occupies volume 6 -10 times the volume of original steel 

(Broomfield 2003, Montemor et al. 2003). This in turn produces internal stresses and 

leads to widening of cracks, resulting in accelerated deterioration of concrete (Neville 

1995, Song and Saraswathy 2007). Thus, healing the cracks to stop ingress of chlorides 

can greatly alleviate the problem corrosion and increase the service life of concrete 

structures. 

 Research to heal the cracks in concrete with materials such as cement grouts 

(Anagnostopoulos 2014, Panasyuk et al. 2014, Kaur et al. 2018), polymers  (Panasyuk 

et al. 2014) and biocement (De Belie and Wang 2016, Kaur et al. 2020) have been 

reported. Bacteria based healing system known as Microbial Induced Calcite 

Precipitation (MICP) has been found to be particularly effective in healing thin cracks 

in concrete due to its lower viscosity (Achal et al. 2015, Kaur et al. 2020). MICP is a 

process in which naturally occurring microorganisms such as bacteria, through their 

metabolic activity induce precipitation of calcium carbonate from a healing fluid 

containing calcium and carbon ions (Dhami et al. 2012, Dhami et al. 2013). Several 

types of bacterial metabolic pathways for healing have been investigated in the last 

decade. Aerobic respiration of bacteria is among the first to be applied in crack self-

healing. In this method spores and nutrients are added in concrete and precipitation 
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can be induced by bacterial oxidation of organic matters (Jonkers et al. 2010). Other 

pathway known as enzymatic urea hydrolysis, has been used in concrete other than 

self-healing. In this method, urea is catalysed into ammonium and carbonate by urease 

that is produced by bacteria resulting in increase of pH, and precipitation  (Stocks-

Fischer et al. 1999). Carbon dioxide sequestration with carbonic anhydrase pathway 

has also been explored (Qian et al. 2015). Recently, denitrification via bacteria was 

proposed as another pathway in which precipitation can be induced by biological 

nitrate reduction with additional corrosion inhibiting effect (Erşan et al. 2016, Erşan 

et al. 2016). In terms of the concrete healing, ureolytic pathway is preferred because 

of its high precipitation rate (Wang et al. 2016, Dubey et al. 2022). Despite the high 

efficiency in precipitation, there have been concerns that presence of chloride ions in 

the healing may have an undesirable effect of inducing corrosion in steel. 

Typically, calcium chloride is used as the source of calcium.  Some studies have 

reported the use of alternate sources of calcium (De Muynck et al. 2008, Jonkers et al. 

2010, Wang et al. 2014, Erşan et al. 2016, Ling and Qian 2017). Various calcium 

sources such as calcium chloride, calcium lactate, calcium glutamate, calcium acetate 

and calcium nitrate are available (Xu et al. 2015). Jonkers et al. (Jonkers et al. 2010) 

selected Bacillus pseudofirmus and B. cohnii and calcium lactate for self-healing 

purposes. Farrugia et al. (Farrugia et al. 2019) selected Lysinibacillus sphaericus as a 

bacterial strain and calcium chloride and calcium acetate as calcium sources for 

healing of mortar specimens. Zheng et al. (Zheng et al. 2020) selected Bacillus 

alcalophilus  and calcium nitrate and calcium lactate as calcium sources for healing. 

The calcium sources were mixed in mortar specimens and then cured for self-healing 

efficiency. Lapeyrusse et al. (Ducasse-Lapeyrusse et al. 2017) studied the effect of 

calcium gluconate and calcium lactate in mortar specimens. Vijay and Murmu (Vijay 
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and Murmu 2019) mixed bacillus subtilis with concrete along with calcium lactate to 

study the effect of compressive strength and self-healing capability of concrete. It is 

noted that in most of the studies bacteria or calcium source are added directly into 

concrete or mortar for self-healing purposes. 

To determine the efficacy of healing, it is important to realistically assess the state of 

corrosion over the period of exposure. Traditionally, corrosion has been assessed by 

the electrochemical methods (Broomfield 2003, Sharma and Mukherjee 2011, 

Poursaee 2016). Among the various electrochemical methods, potential measurement 

is widely used for detecting corrosion activity in embedded steel bars. These 

measurements only provide information for corrosion probability (Song and 

Saraswathy 2007).  Half-cell potential measurement has been standardised in ASTM 

C 876 for in situ detection of corrosion. However, the measurements can be affected 

by many site conditions such as temperature, humidity, moisture content, degree of 

polarisation, and cover depth (Elsener 2002, Assouli et al. 2008). In the case of 

bacterially healed concrete, presence of electrolytes in the form of source of calcium 

may affect the measurement. Linear Polarisation Resistance (LPR) technique has also 

been widely used for determining the corrosion rate measurement of reinforcing steel 

in concrete. These measurements provide a valuable insight into the instantaneous 

corrosion rate, thus giving more detailed information than potential measurements. 

However, these measurements too are affected by the presence of the calcium source 

in the healing fluid. These methods indicate the ongoing electrical activity but do not 

assess the physical condition of either the bar or its interface with concrete. An 

alternative method that is able to assess the physical condition of the bar may be more 

reliable.  
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In the last few decades, ultrasonic techniques such as wave propagation through the 

rebar has been used for detecting corrosion in concrete (Sharma and Mukherjee 2011, 

Lu et al. 2013, Trtnik and Gams 2014, Rodrigues et al. 2020, Majhi et al. 2021). 

Ultrasonic technique is based on the wave signals that reflect information along the 

wave path. Based on wave signals, the pulse velocity is frequently used to examine 

the damaged state. In a corroded RC structure, the scattering phenomenon of waves 

by cracks and the reduction of transmitted wave due to a change in acoustic impedance 

caused by the rust on the concrete-rebar interface results in additional amplitude 

attenuation when compared to an undamaged state (Popovics et al. 1990, Yeih and 

Huang 1998, Shiotani and Aggelis 2009). Sharma and Mukherjee (Sharma and 

Mukherjee 2014) monitored the solidification process of freshly poured concrete using 

the rebar as a wave guide. The technique was also demonstrated for monitoring rebar 

corrosion (Sharma and Mukherjee 2011, Sharma et al. 2015). Using specific core and 

surface seeking wave modes, they were able to discern even the type of corrosion 

(Sharma and Mukherjee 2013, Sharma and Mukherjee 2015). Aggelis and Shiotani 

(Aggelis and Shiotani 2007) used a combination of Rayleigh and longitudinal waves 

to study the effectiveness of using epoxy for filling the cracked bridge decks.  

Although the bacterial system is greatly effective in healing cracks (Kaur et al. 2020), 

its efficacy in impeding reinforcement corrosion is not evaluated.  This paper reports 

performance of bacterial healed samples when exposed to accelerated corrosion. 

Healed samples have been compared with samples in undamaged and damaged states.  

Several corrosion parameters have been monitored in this investigation. The search 

for the ideal parameter to study the efficacy of healing in impeding reinforcement 

corrosion has been reported in this paper. 
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2. Experimental Program 

The objective of the experiment is to assess the healing ability of the bacterial 

technique and its effect on long term exposure to harsh corrosive environment. To 

address the concern of presence of chlorides in the healing agent, two calcium sources 

in the form of chloride and acetate have been used. Both electrochemical and 

ultrasonic measurements have been performed for monitoring corrosion. The 

experimental programme was carried out in following steps: 

1. Casting of reinforced concrete specimens and cracking 

2. Healing with bacterial fluid and simultaneous monitoring 

3. Subjecting the uncracked, cracked and healed specimens to sodium chloride 

solution   ponding and simultaneous monitoring 

4. Determining mass loss and tensile strength of rebar 

Four types of specimens were prepared. Undamaged or pristine specimen was denoted 

as “UD”; Damaged/cracked specimen was denoted as “D”; Specimen with a 

damage/crack and healed using calcium chloride + urea as cementation solution was 

denoted as “DHC” and specimen with a damage/crack and healed using calcium 

acetate + urea as cementation solution was denoted as “DHA”. 

2.1 Preparation of test specimens and cracking 

Reinforced concrete specimens were prepared using Ordinary Portland cement, fine 

aggregates (medium-sized) and coarse aggregates (nominal size of 10 mm). A 

standard plain mild steel reinforcing bar of 24 mm nominal diameter and 900mm 

length and was used. The ratio of cement: sand: coarse aggregate was 1: 1.62: 3.4. 

Slab specimens of size 500mm (length) x 250mm (width) x 150mm (height) with an 

embedded steel bar were cast. The water-cement ratio was 0.5 and the resulting 
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compressive strength of concrete after 28 days was 43 MPa. The bar was protruded by 

200mm on both sides for making electrochemical and ultrasonic connections. All 

specimens were demoulded after 24 hours from casting and moist cured for 28 days. 

The slab specimens were loaded in three-point bending configuration resulting in the 

formation of a crack in the middle of the slab. After unloading, crack width was 

measured at different locations along the crack length using a crack measuring scale. 

The crack width was in the range 0.25 – 0.45 mm. 

2.2 Preparation of healing fluids and treatment 

The bacterial strain used in this study was Sporosarcina Pasteurii (ATCC® 11859™) 

due to its high urease activity (Dubey et al. 2022). The bacteria were cultured in liquid 

medium comprising of ammonium sulphate (NH4)2SO4, yeast extract, and Tris buffer 

(pH=9). All liquid media were sterilized by autoclaving for 20 min at 121°C. The 

bacterial culture was incubated aerobically at 37°C for 24 hours and shaken at 250 

rpm. Growth of bacterial culture was checked regularly by measuring the optical 

density (OD) at wavelength of 600nm with spectrophotometer. The average OD value 

was 1.2.  

Two types of cementing fluids were prepared for biocementation. Type1 was prepared 

by dissolving equimolar urea and calcium chloride at 0.5M concentration in distilled 

water and Type2 was prepared by dissolving urea and calcium acetate at 0.5 M 

concentration in distilled water. 

The treatment was performed at room temperature of 25± 1° C. The sealing was 

attempted through periodic pouring of the healing fluid on the surface of the crack. 

First, bacterial fluid was poured into the crack and allowed to rest, followed by 

cementing fluid. The cementing fluid was poured twice a day for three days. Bacterial 
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fluid was replenished at an interval of three days. This cycle was repeated until 

complete healing was achieved. 

2.3 Corrosion monitoring and exposure regime  

All specimens were exposed to corrosive environment and monitored daily for a 

period of 120 days. A 3.5% NaCl solution was ponded on top of the specimens to 

induce chloride ion ingress through the cracked zone as shown in Figure 6.1. 

Specimens were inspected daily by visual monitoring, electrochemical tests such as 

Half-cell and Linear Polarisation resistance (LPR) technique as well as guided wave 

measurements. After 120 days exposure, specimens were broken to retrieve the entire 

bar for mass loss and tensile strength testing. 

 

Figure 6.1. Specimen exposure to salt water 

 

2.4 Half-cell measurements 

In the present study, all specimens were monitored daily to detect the corrosion 

potential of embedded reinforcing bars in concrete relative to a reference half-cell 

placed on the concrete surface. The reinforcement potentials were recorded by voltage 

measurements between a reference electrode and the working electrode every 24 hours 

for the entire duration of the experiment. The reference half-cell used in the present 

study was a standard copper/copper sulphate (CSE) electrode and the rebar as working 

electrode. The CSE electrode was placed on the concrete surface and potentials were 

measured by means of a voltmeter. The rebar was connected to the positive terminal 
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and CSE electrode to the negative terminal of the voltmeter. The concrete functions 

as an electrolyte and a wetted conductivity sponge was placed underneath the 

reference electrode to have proper electrical contact. The risk of corrosion of the 

reinforcement in the immediate region of the test location may be related empirically 

to the measured potential difference as shown in Figure 6.2. ASTM C876 - 91 

Standard Test Method was followed for Half-Cell Potentials of uncoated reinforcing 

steel in concrete. 

 

 

Figure 6.2. Half-cell Potential set-up 

 

2.5 Linear Polarisation Resistance (LPR) measurements 

Linear Polarisation Resistance (LPR) measurements were recorded daily for all the 

specimens for the entire exposure period to estimate the corrosion rate of steel in 

concrete. Potentiostat was used to record the corrosion current and corrosion potential 

which gives an indication of how steel is corroding. The LPR test was conducted using 

three electrode system with Copper/copper sulphate (CSE) electrode as reference 

electrode (RE), stainless steel plate as counter electrode (CE) and the rebar as working 

electrode (WE). To perform the test, a wet sponge was placed on surface of concrete 

to maintain the contact between electrodes. A schematic representation of the setup is 
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shown in Figure 6.3. A constant potential was applied and the change in current was 

measured. Extrapolating the linear sections of the anodic and cathodic branches (Tafel 

areas) of the curves from the potentiodynamic plots, the corrosion potential and current 

were calculated. The corrosion current Icorr is determined by the intersection of the 

two extrapolated lines. 

 

Figure 6.3. Potentiostat set-up 

 

2.6 Guided wave inspection of reinforced bar 

All the specimens were monitored by ultrasonic guided wave modes. Set-up for 

ultrasonic data acquisition system is shown in Figure 6.4. A pair of Warsash Scientific 

piezoceramic patches with diameter 10mm and thickness 0.5mm were used to generate 

guided waves in rebar. The patches were connected to the rebar such that the excitation 

wave mode from the transmitter T travels through the rebar to its opposite surface 

where the receiving transducer R is placed.  A function generator (RIGOL DG1035) 

was used to generate ultrasonic signal and the signal was amplified with a power 

amplifier (Ciprian HVA 400 A). The received signal was digitized using a Picoscope 

version 6.4.64.0 and recorded by a computer. All signals were repeated at least three 

times for each specimen. It was observed that the readings were repeatable. 
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Figure 6.4. Set-up for ultrasonic data acquisition 

 

2.7 Mass loss and tensile strength of rebars 

Destructive tests such as mass loss was conducted to observe the specimens due to 

corrosion. The reinforcing bar for each specimen was cleaned as per ASTM G1-90 

with deionized water to remove any adhered corrosion products. They were then 

weighed to determine mass lost due to corrosion.  

3. Results And Discussion 
 

3.1 Half-cell Potential Measurements 

Figure 6.5 shows the results for half-cell potential for all specimens. ASTM C876-09 

states that if the half-cell potential is more positive than -200mV, there is 90% 

probability of no corrosion. For UD specimen (Figure 6.5a) the initial observed 

potential was -98mV which implies that the steel was in passive condition and no 

corrosion was occurring. After one week of ponding, there was drop in potential to -

141 mV and maintained a stable potential of about -150 mV throughout the entire 
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duration of the experiment. This indicated that no active corrosion was detected in the 

UD specimen.  

Specimen D (Figure 6.5a) on the other hand had initial observed potential of -151 mV. 

This indicated that the steel was in passive condition before the exposure to NaCl 

solution. After 7 days of exposure to NaCl solution, the potential reached -180 mV. 

This indicated that NaCl solution has entered inside the crack and steel has now gone 

to active corrosion state. A sudden drop in potential to -251 mV was noticed after 14 

days which then continued to decrease at a slow rate as shown in Figure 6.5 (a). The 

potential observed at termination of experiment was -571.3 mV indicating 90 % 

probability of corrosion (ASTM standards). This would be further compared with the 

actual condition of the rebar after breaking the specimen. 

The healed specimens (Figure 6.5b), on the other hand, showed active state of 

corrosion already at the commencement of exposure. The initial observed potential for 

DHC and DHA specimen was -290 mV and -365 mV respectively. As per ASTM, this 

indicated high probability of corrosion. It may be noted that both specimens have been 

exposed to calcium salts at the time of healing. Thus, half-cell measurement is likely 

to be affected due to the presence of the healing fluid in these specimens. With time, 

the potential continued to be on more negative for both specimens at a slow rate for 

entire duration of the experiment. The final potential at the termination of the 

experiment for DHC was – 537 mV and for DHA was – 567 mV.   
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Figure 6.5. Half-cell measurements with time for (a) UD and D specimen (b) DHC 

and DHA specimen 

 

3.2 LPR Measurements 

The LPR measurements were recorded daily for all specimens throughout the 

exposure period.  The potentiodynamic scans were analysed by extrapolating the Tafel 

plots. Corrosion current (Icorr) and corrosion potential (Ecorr) were obtained by 

intersection of linear portions of the anodic and cathodic branches of the Tafel curves. 

Figure 6.6 presents the results for Icorr and Ecorr for all specimens. As seen from 

Figure 6.6a and 6.6b, UD specimens maintained low and stable corrosion current 
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values in the range 124 µA and 137 µA and corrosion potential values in the range -

268 mV and -419 mV throughout the exposure period. Icorr in the D specimen started 

from a similar value as in case of UD specimen. However, at 14th day there was a 

sudden jump in the current to 600 µA indicating initiation of corrosion. Thereafter Icorr 

remained in the vicinity of 600 µA. The initial Ecorr was -425 mV. It rose -625 mV and 

remained in the vicinity for the entire period of exposure. Clearly, LPR measurements 

are a good indicator of corrosion. The presence of crack in the D sample has a great 

influence on corrosion. The crack allows easy access of chlorides that cause corrosion. 

These observations are consistent with the half-cell measurements for D specimen. 

Clearly, this experiment could discern different rates of corrosion of UD and D 

specimens.  

The Ecorr and Icorr for healed specimens is presented in Figure 6.6c and 6.6d. As in half-

cell measurements, the Ecorr at the commencement of exposure was already -400 mV 

indicating active corrosion. With exposure, the Ecorr went down further and reached 

around -600 mV on the 40th day and remained at that level. The Icorr started at around 

200 µA for both DHA and DHC. However, while it rose gradually in DHA, for DHC 

rose more sharply reaching 400 µA on 22nd day. Clearly, the electrochemical trends 

for the healed samples showed likelihood of corrosion albeit at a slower rate than the 

D sample but considerably higher than the UD sample. It may be recalled that the LPR 

measurement is likely to be affected due to the presence of the electrolytes in the 

healing fluid in these samples.  These results would be compared with the guided wave 

measurements that directly examine the physical condition of the bar rather than the 

presence of chemicals. Moreover, destructive tests have been conducted by extracting 

the rebar out of specimens after termination of the experiment to determine the effect 

on the physical properties of the bar. 
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Figure 6.6. Linear polarisation measurements 

 

3.3 Guided wave inspection of reinforced bar 

Throughout the exposure period, the specimens were monitored at regular intervals by 

ultrasonic guided waves passing through the steel bar. The ultrasonic time response of 

the waveguide was recorded by attaching piezo patches to the steel bar (Figure 6.4). 

A Hanning windowed sine waveform was applied as excitation. The frequency of 

excitation was varied within a broad range to arrive at the most suitable value. The 
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wave is received at the other end of the bar. The received waveform is analysed to 

investigate the state of corrosion in the bar.  

The signals were recorded using frequency sweep from 240 kHz to 400 kHz at an 

interval of 20 kHz to determine the best excitation frequency. The strongest signal was 

found to be for 300 kHz frequency. The results for 300 kHz frequency are therefore 

presented in this paper. A 20-cycle Hanning-window tone burst signal was used to 

generate the guided waves: 

sin 2πft × (
1

2
+
1

2
cos(2π(

t−tmax

tmax
)))                                                                    (6.1) 

tmax = n ×
1

f
                        (6.2) 

Where f is the central excitation frequency, t is the time domain of the waveform, tmax 

is the maximum time of the waveform and n is the number of cycles.  

Figure 6.7a presents the received signals in time domain for the UD specimen at days 

0 and 120. Clearly, there is very little difference in the signals. At day 120 the signal 

had a small attenuation that indicates a marginal change in the waveguide. The D 

specimen (Figure 6.7b), on the other hand, had a significant attenuation in signal, 

indicating major change in the waveguide. Thus, the D sample is likely to have 

suffered much higher level of corrosion than the D sample. Thus, the ability of the 

guided wave system in monitoring corrosion is established. These signals are further 

analysed for quantifying the rate of corrosion.  
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Figure 6.7. Time domain signals for (a) UD and (b) D specimens for day 0 and day 

120. 

One of the straightforward measures for monitoring the condition of the waveguide is 

the energy of the transmitted wave. The magnitude of the transmitted energy can be 

greatly influenced by the deterioration of the steel-concrete interface bond as well as 

the distortion of the reinforcing bar due to corrosion. As the specimens are exposed to 

corrosion, the norm of the transmitted energy is determined by recording the 

transmitted time signals sequentially. Fast Fourier Transform is applied on the time 

signals as: 

A(𝐹𝐼) = FFT(f(x))         (6.3)  

Where A(Fi) is the Fast Fourier Transform of the ith time signal f(t)i 
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The norm of energy is computed over a frequency window ω ± B/2. 

𝐸𝑖 = ∑ 𝐴(𝐹𝑖)
𝜔+𝐵/2
𝜔−𝐵/2         (6.4) 

Where ω is the excitation frequency and B is the bandwidth 

The transmission index is calculated as 1’s complement of the ratio of the ith energy 

norm (Ei) and the initial energy norm E0. 

𝑇𝐼(𝑖) = 1 −
𝐸𝑖

𝐸0
        (6.5)  

 

Figure 6.8. Transmission index for UD & D specimens 

 

Figure 6.8 presents TI for the UD and D specimens with time of exposure to corrosion. 

The UD specimen has a TI close to 1 indicating no corrosion throughout the exposure. 

The TI of the D specimen, on the other hand, was widely varying. It had a sudden drop 

at about the 10th and the 14th day.  It may be recalled that the electrochemical methods 

too detected a sharp increase in corrosion activity in the D specimen during this period. 

However, the TI went up considerably since then until the 75th day. This phenomenon 

has been reported by Sharma and Mukherjee (Sharma and Mukherjee 2010, Sharma 
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and Mukherjee 2011). Unlike the electrochemical systems that indirectly determine 

the rate of corrosion by the electrical activity, the guided wave system examines the 

physical condition of the bar. At the initial stage of corrosion only the surface of the 

bar experiences corrosion. The corrosion product has a higher volume than steel. Thus, 

it applies out an outward pressure on the concrete. As a result, a contact pressure is 

generated between the bar and the surrounding concrete that lets more wave energy to 

leak into concrete. Thus, less energy is transmitted to the receiving end. This is the 

initial phase of corrosion. As corrosion progresses, more corrosion products 

accumulate. Eventually, the corrosion products breakdown due to the excessive 

contact pressure. As a result, the leakage into concrete goes down and TI goes up 

again. At the 70th day, the bar enters the third phase of corrosion, when there is metal 

loss that distorts the waveguide. As a result, the wave energy scatters from those 

locations and the TI goes down once again. From that point onwards the TI goes down 

continuously. It is at the third phase of the corrosion the bar strength gets affected. 

Clearly, the guided wave system is able to generate a more nuanced information about 

the state of corrosion than the electrochemical method. As it examines the physical 

state of the bar, it is unlikely to be misled by the presence of the healing fluid.  
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Figure 6.9 shows the TI for the two healed specimens. The TI for these specimens was 

between the UD and the D specimens. However, these specimens did not exhibit the 

wide fluctuations in TI as in the D specimen. The TI went down at a slower rate than 

the D specimen. The reduction in the TI indicates that there is some distortion in the 

bar due to corrosion; however, it is likely to remain restricted in a small area.  

 

Figure 6.9. Transmission index the healed DHC and DHA specimens 

 

A measure of the rate of corrosion in the bars can be obtained from the recorded TIs 

at the third phase of corrosion, between days 80 and 120. Table 1 presents the rates. 

The UD sample shows no reduction in TI. In case of the D specimen, the reduction is 

TI is about 5×10-3/day. Although the healed samples exhibit a reduction in TI, but at 

a considerably slower rate. The DHA and DHC specimens show only 10% and 20% 

rate of reduction in TI in comparison to D. This indicates that there is a considerably 

slower rate of corrosion in the healed samples. This is further examined through 

destructive tests at the completion of the corrosion exposure.  
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Table 1. Rate of TI with corrosion exposure 

Sample TI 

Rate per day 

Day 80 Day 120 

UD 0.995 0.995 0 

D 0.4 0.2 -5×10-3 

DHA 0.44 0.42 -0.5×10-3 

DHC 0.78 0.74 -1.0×10-3 

 

3.4 Mass loss and tensile strength of rebars  

The rebars were dug out, cleaned, and visually examined after the completion of the 

experiment. Figure 6.10 shows the condition of rebar after 120 days. The rebar for UD 

specimen showed no visible corrosion, while clear signs of corrosion was visible in 

the D specimen in the zone of the crack.  The DHC and DHA specimens also showed 

some corrosion albeit restricted to a smaller area than the D specimen.  

 

Figure 6.10. Visual inspection of rebar 

 

The mass loss was calculated for all specimens after extracting the rebar. The UD 

specimen did not show any mass loss. D specimen exhibited a mass loss of 0.37%. 

The mass loss for DHC and DHA specimens was 0.29% and 0.25% respectively.  

The specimens were subjected to uniaxial tensile test in a universal testing machine.  



 

156 

 

The specimens were placed between the two jaws (140 mm) and clamped firmly to 

perform the tension test. The jaws are pulled apart to apply tension on the sample. The 

loading speed was 5mm/minute.  The tension was applied to the sample until it reached 

the fracture point. The fracture pattern is shown in Figure 6.11 for all specimens. The 

UD specimen showed a typical symmetric cup and cone failure pattern. The D sample 

failed at a location of corrosion and the symmetry in the fracture plane was lost. This 

is because of the eccentricity in loading created due to uneven corrosion in the bar. 

The healed sample too showed a failure pattern similar to that of D specimen. Thus, 

the healed samples too had developed some eccentricity due to corrosion.   

 

Figure 6.11. Fracture morphology for all specimens after tensile testing 
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The stress-strain curves are presented in Figure 6.12. The UD sample exhibited the 

stress-strain behaviour close to that of a fresh bar. The D sample too had a similar 

stress-strain behaviour until the load reached close to the point of failure. However, 

the strain at failure was significantly reduced from 0.26 to 0.18.  Thus, as a result of 

corrosion, the bar has lost ductility. The healed bars too had a strain at failure that is 

lower than that of the UD specimen but higher than that of the D specimen. The loss 

in ductility in the DHC specimen was higher than that in the DHA specimen.  

 

Figure 6.12. Stress-strain curves of the bars 

 

Conclusions  

This paper demonstrates the performance of bacterially healed specimens in impeding 

reinforcement corrosion. The specimens were cracked and healed with two different 

sources of calcium. They were subjected to natural corrosive environment for 

continuous 120 days. Electrochemical tests, ultrasonic tests and visual inspection of 

the specimens was conducted throughout the period of exposure. At the end of the 

exposure period, the bars were dugout and destructive tests were conducted.   
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It was observed that the electrochemical techniques are suitable in discerning the onset 

of corrosion. They are suitable for the specimens without the healing fluid. However, 

their results were somewhat misleading for the healed samples. The presence of 

electrolytes within the healing fluid means that these methods indicate the likelihood 

of corrosion due to the presence of the healing fluid.  

The guided wave ultrasonic technique is suitable for monitoring corrosion in the 

healed samples. This technique examines the physical condition of the corroding bar 

rather than the electrochemical activity. Thus, a nuanced information about the state 

of corrosion can be obtained through this technique. A transmission index through the 

bar is developed that can be calibrated with the rate of corrosion. It is noted that the 

undamaged sample suffered little corrosion. The rate of corrosion in the cracked 

sample was significantly higher. Healing of the crack has dramatically reduced the 

rate of corrosion. With calcium acetate it was 10% and with calcium chloride 20% of 

that of the unrepaired sample. Thus, healing of cracks is very effective in impeding 

corrosion.  

The destructive tests revealed that cracking in concrete significantly accelerates the 

rate of corrosion. Healing of the crack considerably impedes the corrosion although it 

does not eliminate it. Within the period of exposure, the corrosion did not cause any 

loss of strength. The ductility, however, was significantly affected by corrosion. 

Healing treatment could reduce the loss of mass and ductility of the bar.  

This investigation demonstrates that healing of cracks in concrete slows down the rate 

of corrosion. There is a marginal effect of the choice of healing agent. Healing with 

calcium acetate showed a lower rate of corrosion than the calcium chloride. However, 

calcium chloride results in faster healing. Thus, there is a trade-off in the choice of 
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healing agent. In all the samples there was no perceptible loss in strength of the bars 

due to corrosion. This is because the limited corrosion exposure to the bars. A longer-

term corrosion exposure of the healed samples would be necessary for enumeration of 

the rate of loss of strength and the effect of healing thereof.  
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Chapter 7 Conclusions and recommendations 

 

One of the major concerns in Civil infrastructure, especially for reinforced concrete 

structure is its vulnerability to cracking. Durability and service life of concrete 

structures is greatly affected by cracking of concrete, resulting in premature 

deterioration of concrete and reinforcement corrosion. It is therefore imperative to heal 

these cracks. A significant number of healing technologies have been developed by 

the researchers in recent years such as cementitious grout, epoxy, resins or bacterial 

based. Several investigations recently have focused on the use of bacteria based self-

healing techniques for reinforced concrete structures [1]. However, to determine the 

efficacy of healing, it is important to realistically assess the state of corrosion over the 

period of exposure. The main focus of this study was to monitor the efficacy of 

bacterial healing for remediation of cracks in concrete over a period of 120 continuous 

days. For the first time, this thesis will report long term monitoring of bacterial healing 

subjected to natural corrosion.  

 

The key objectives of the research were as follows: 

● To investigate the efficacy of conventional healing techniques for concrete 

cracks and potential of ultrasonic monitoring techniques  

● To investigate the efficacy of bacterial healing technique with simultaneous 

monitoring 

● To investigate the impact of different calcium sources in bacterial induced 

carbonate precipitation and crack healing 

● Long term monitoring of efficacy of bacterial healing in impeding 

reinforcement corrosion  
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These objectives have been achieved and the findings along with key conclusions have 

been reported in Chapters 3 to Chapter 6 and summarised below. 

 

Chapter 3: is a published work in the journal as ‘Kaur, et al., Healing and 

Simultaneous Ultrasonic Monitoring of Cracks in Concrete. Material Today 

Communications, 2018’ https://doi.org/10.1016/j.mtcomm.2018.10.022. This chapter 

investigates the healing of cracks of different widths in concrete and illustrates the 

ability of the ultrasonic techniques to monitor the progression of healing. A numerical 

technique based on two-dimensional finite difference time domain (FDTD) has also 

been used to determine the potential of the ultrasonic stress waves in monitoring 

healing. It has been reported that the ultrasonic technique is able to discern the 

progressive healing process. Signal attenuation was found to be most suitable for 

monitoring healing. 

 

Chapter 4 is a published work in the journal as ‘Kaur, et al., Healing Fine Cracks in 

Concrete with Bacterial Cement for an Advanced Non-destructive Monitoring. 

Construction and Building Materials, 2020’ 

https://doi.org/10.1016/j.conbuildmat.2020.118151. This chapter investigates the 

healing of fine cracks using the bacterial based healing technique. The evidence and 

efficiency of bacterial healing is investigated using advanced monitoring techniques. 

The ultrasonic signal has been processed further using an advanced STFT technique 

to obtain a nuanced observation of the crack healing process. The evidence of bacterial 

healing was confirmed through visual inspection, scanning electron microscopy and 

X-ray dispersion spectrum and water tightness tests. 

 

https://doi.org/10.1016/j.mtcomm.2018.10.022
https://doi.org/10.1016/j.conbuildmat.2020.118151
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Chapter 5 reports the efficacy of using various calcium sources for bacterially 

induced carbonate precipitation and crack healing of concrete. The evidence of healing 

is investigated using advanced monitoring techniques. Simultaneously, an attempt has 

been made to monitor the rebar through electrochemical measurements and guided 

wave technique to study the efficacy of healing in impeding corrosion. 

 

Chapter 6 reports the long-term performance of healed samples subjected to chloride 

induced reinforcement corrosion. The healed samples were subjected to salt water 

ponding for 120 days. They were monitored through various electrochemical and 

ultrasonic guided wave techniques. After ponding, the samples were broken to visually 

examine the rebar condition. Mass loss and tensile tests were carried out to get insights 

of rebar condition.  

 

7.1 Recommendations for future research 

 

● Although small amount of bacterial fluid is utilized for crack healing 

applications, production of ammonia during hydrolysis of urea poses 

environmental concerns. Further investigation is required to overcome this 

problem.  

● In the construction sector, any new idea or improvement to an existing 

methodology necessitates extensive practical investigation. Bacterial based 

healing technology appears to be the most promising solution for long-lasting 

constructions. Although, lot of research has been conducted at laboratory scale, 

very few projects have been carried out in real life concrete applications to test 

this new technology's appropriateness at a large scale [2-5]. However, its long-

term impact needs to be explored.  
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● The bacterial healing needs further investigation and design of appropriate 

monitoring methods to evaluate its effect on reinforcement corrosion.   

● Further investigations on the depth of chloride penetration needs to be done. 
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