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ABSTRACT 

Self-healing efficiency of cement-based materials has so far been evaluated mostly through 

the healing of surface cracks, without adequately capturing the dominant effects of 

environmental exposure or accurately quantifying the volume of cracks healed. In addition, 

the effects of diverse additions such as silica-based materials, swelling agents, 

superabsorbent polymers, and carbonating minerals on self-healing performance under 

different environmental exposure, remain largely unexplored. 

In this dissertation,  multiple test methods were used to investigate self-healing of cracks 

in cement mortar incorporating metakaolin, bentonite, fly ash, superabsorbent polymers, 

and calcium carbonate microfiller under different environmental exposure (i.e. cold and hot 

temperatures, high and low humidity, wet and dry cycles, and continuous underwater 

submersion). Change in crack width was monitored using optical microscopy. Scanning 

electron microscopy coupled with energy disperse X-ray analysis was used to identify 

healing compounds. Mercury intrusion porosimetry and water absorption were employed 

to assess porosity. X-ray computed micro-tomography (X-ray µCT) with 3-dimensional 

image processing was used to segment and quantify cracks before and after healing.  The 

findings should stimulate concerted research efforts to bridge the gap between ideal 

laboratory conditions and realistic field exposure in future self-healing research endeavors.  

Furthermore, an attempt was made to develop a hybrid artificial intelligence-based model 

to accurately predict the ability of concrete to heal its own cracks. A comprehensive 

database of concrete crack healing was created and used to train the proposed GA–ANN 

model. The results showed that the proposed GA–ANN model can capture the complex 

effects of various self-healing agents (e.g. biochemical material, silica-based additive, 

expansive and crystalline components) on the self-healing performance in cement-based 

materials. This could allow tailoring self-healing strategies for enhancing the durability 

design of concrete, thus leading to reduced maintenance and repair costs of concrete civil 

infrastructure.  

 

Keywords:  Crack; Self-healing; X-ray computed tomography; Environmental exposure; 

Image processing; Model; Artificial intelligence. 
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SUMMARY 

Concrete is the second most used material on earth after water. The vast majority of the 

built civil infrastructure (i.e. bridges, tunnels, dams, etc.) is made of concrete. Although it 

is cost-effective and able to carry relatively high compressive loads, concrete is vulnerable 

to cracking. Therefore, harmful substances can easily penetrate into the concrete matrix, 

leading to premature damage. In addition, periodic inspection and maintenance of concrete 

structures is time consuming and often not effective.  

Recently, inspired by the healing process of wounded skin, the concept of designing self-

healing concrete has become an area of great interest. Self-healing of concrete implies that, 

without human intervention, cracks in concrete structures can automatically be filled. If 

successful, this could save billions of dollars in maintenance and repair costs, helping to 

build sustainable and more resilient infrastructure. 

Despite the advent of abundant literature on the self-healing of concrete, there is currently 

lack of information on the effect of environmental exposure on the self-healing of concrete. 

Therefore, in the present study, the self-healing behavior of concrete incorporating various 

additives under different environments (i.e. cold and hot temperatures, high and low 

humidity, wet and dry cycles, and continuous underwater submersion) was investigated. In 

addition, several techniques such as CT scan, non-destructive mechanical testing, and 3D 

image analysis were used to evaluate and quantify the extent of self-healing in concrete. 

Moreover, an artificial intelligence-based model was developed to accurately predict the 

concrete’s capability to heal its own cracks. This approach could exploit existing 

experimental findings for developing a predictive tool, which ultimately could form a basis 

for developing guidelines for the design and prediction of self-healing concrete. 
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CHAPTER ONE 

1 Overview 

 

 

1.1 Status of Current Infrastructure 

Concrete is the world’s most widely used construction material. Although it is cost-

effective and able to carry relatively high compressive loads, it is susceptible to micro-

cracks, which can jeopardize the durability of civil infrastructure, inflicting multibillion 

dollar losses in premature degradation. Several factors can lead to crack formation in a 

concrete matrix, including mechanical load, restrained shrinkage or thermal 

deformation, differential settlement, poor construction methods and faulty 

workmanship. Therefore, harmful substances such as chloride ions, sulfates, and carbon 

dioxide can easily ingress into to the concrete matrix, leading to reinforcing steel 

corrosion and concrete damage. Moreover, conventional concrete repairing and 

rehabilitation techniques are time-consuming and often not effective. According to 

Herbert and Li (2013), the cost of repair and rehabilitation of existing civil 

infrastructure, especially in developed countries, has exceeded the cost of building new 

infrastructure.  

 

Figure 1.1:  Proportion of Canadian civil infrastructure that is in (fair to very poor) 

physical condition. 
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For instance, Figure 1.1 shows the recent percentage of Canadian civil infrastructure 

with an average physical condition of fair to very poor. According to the 2019 Canadian 

Infrastructure Report Card, the state of Canada’s public infrastructure is at risk, which 

require immediate attention. In the USA alone, the infrastructure deficit was estimated 

to reach $US 3.6 trillion by year 2020. Indeed, the deteriorated civil infrastructure not 

only drains financial resources, but also has social and environmental implications. 

1.2 Recent Research on Self-healing of Concrete  

Recently, the self-healing behavior of cement-based materials has received increasing 

attention as a promising tool to mitigating damage inflicted to concrete civil 

infrastructure (e.g. Van Tittelboom and De Belie, 2013; Edvardsen 1999; Şahmaran et 

al., 2008; Azarsa et al., 2019; Wu et al., 2012; Snoeck and De Belie, 2015; Ferrara et 

al., 2014; Kempl and Çopuro, 2016; Huang et al., 2013; Huang et al., 2014; Jonkers et 

al., 2010; Wiktor and Jonkers, 2011; Van Tittelboom et al., 2010; Wang et al., 2014). 

Several studies have reported that surface cracks in concrete can self-heal autogenously.  

For instance, Edvardsen (1999) investigated the autogenous self-healing in concrete 

using a water permeability test. Results showed that formation of calcite in cracks is 

the sole cause for the autogenous healing. Huang et al., 2013 characterized and 

quantified the autogenous crack healing in concrete using techniques such as back-

scattered electron (BSE), Fourier transform infrared spectroscopy (FTIR), and 

thermogravimetric analysis (TGA). However, in their study, instead of generating real 

cracks, artificial planar gaps were made to characterize the self-healing products. All 

specimens were submerged in water prior to testing.  Experimental results showed that 

crystal and gel like minerals formed as healing product mainly consisting of calcium 

hydroxide CH and calcium silicate hydrate C-S-H. In addition, it was found that the 

percentage of CH formed as a healing product was much higher than that of C-S-H. 

Other studies also showed that autogenous self-healing of cracks in concrete can be 

improved using agents capable to promote further hydration or carbonation (e.g. Van 

Tittelboom and De Belie, 2013; Rahmani and Bazrgar, 2015; Termkhajornkit et al., 

2009; Sisomphon et al., 2012; Ferrara et al., 2016; Qureshi and Al-Tabbaa, 2016; 

Huang et al., 2014; Jonkers et al., 2010; Wiktor and Jonkers, 2011; Wang et al., 2014). 

For instance, Rahmani and Bazrgar (2015) investigated the effect of using coarse 

cement particles on the autogenous self-healing of concrete submerged in tap water. 
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Coarse cement particles were added to the mixtures as a self-healing agent. Their results 

showed that, after 12 weeks of curing, the use of coarse cement particles decrease the 

water passing rate in the cracked specimens by 100%. 

Sisomphon et al. (2012) studied the influence of both expansive and crystalline 

additives on the self-healing of cracks in cement-based mortars. In their study, mortar 

specimens were pre-cracked and subsequently immersed in water. Results showed that 

surface cracks with width of around 400 µm exhibited complete healing in cement 

mortars incorporating expansive and crystalline additives, whereas in the case of 

control specimens, the maximum crack width that fully self-healed was 150 µm. It was 

concluded that calcium carbonate (CaCO3) was the main healing product filling surface 

cracks. Similar results were reported by Azarsa et al., (2019) when they studied the 

self-healing and durability parameter of concrete incorporating crystalline admixtures 

and portland limestone cement. Jonkers et al., (2010) investigated the feasibility to use 

a specific group of alkali-resistant spore-forming bacteria related to the genus Bacillus 

as a self-healing agent in concrete. In their study, bacterial spores were directly added 

to the cement paste mixture. Their results showed that specimens incorporating bacteria 

produced significantly more crack-plugging minerals than the control specimens. 

However, continuous decrease in pore size due to cement hydration has limited the 

lifespan of the bacterial spores. In order to protect and increase the service life of 

bacterial spores, Wiktor and Jonkers (2011) implemented two-component bio-chemical 

self-healing agent into concrete, consisting of a mixture of bacterial spores and calcium 

lactate in expanded clay particles. They found that applying two-component of 

biochemical self-healing agent in pores expanded clay particles prior to addition to 

concrete mixtures could promote and improve the self-healing of surface cracks. 

Similarly, their results showed that CaCO3 was the main healing product filling cracks.  

Incorporating supplementary cementitious materials further enhanced the autogenous 

self-healing of concrete (e.g. Van Tittelboom et al., 2012; Termkhajornkit et al., 2009; 

Huang et al., 2014; Şahmaran et al., 2008; Hung and Su, 2016; Özbay et al., 2013). For 

instance, Huang et al. (2014) investigated the effect of activated blast furnace slag on 

the self-healing of microcracks in cementitious materials. Their results showed that 

cement paste containing a high percentage of slag had a higher potential of self-healing 

than that of portland cement paste. Van Tittelboom et al. (2012) investigated using both 
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blast furnace slag and fly ash and found that they can enhance the autogenous healing 

of cracked mortar and cement paste submerged in water. Similarly, Özbay et al. (2013) 

reported improved healing of cracked engineered cementitious composites 

incorporating high volume fly ash. Termkhajornkit et al. (2009) investigated the effect 

of incorporating different percentages of fly ash on the self-healing efficiency of cement 

paste. Although no cracks were generated in their experiments, the self-healing was 

interpreted through changes of mechanical strength, porosity, effective chloride 

diffusion coefficient, and hydrated products upon increasing the fly ash content.  

1.3 Research Needs and Motivation  

Despite abundant literature on self-healing of cement-based materials, there is dearth 

of information on how environmental exposure affects self-healing. For example, in the 

above studies, self-healing was essentially explored through surface crack and mostly 

under submerged conditions. However, The self-healing of (a) internal cracks, (b) the 

effects of exposure to realistic curing conditions that better mimic field environmental 

conditions on the effectiveness of self-healing, (c) the effects of diverse additions such 

as silica-based materials, swelling agents, superabsorbent polymers, and carbonating 

minerals on self-healing performance under different environmental exposure, and (d) 

the depth of the self-healing effect remain largely unexplored.   

Furthermore, an extensive survey of pertinent studies in the open literature shows that 

self-healing in cement-based materials has been mainly investigated from a durability 

prospective, particularly considering crack closure behavior, chloride ions diffusion, 

and recovery of liquid and gas tightness. On the other hand, mechanical strength 

recovery due to self-healing has been less reported (Ferrara et al., 2014; Li et al., 2017).  

According to Li et al. (2017), the self-healing mechanism is a localized phenomenon 

on a micro-scale level that can hardly be captured through conventional destructive 

testing methods. Therefore, it requires a non-destructive technique that is sufficiently 

sensitive to detect strength recovery specifically due to self-healing.  

Finally, there has been so far no attempt to develop a model that can predict the crack 

self-healing due to autogenous and improved autogenous self-healing in cement-based 

materials. This warrants further research to bridge the gap between laboratory findings 

on self-healing and actual field performance of ageing civil infrastructure. 
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1.4 Specific Research Objectives  

This research investigates the self-healing behaviour of concrete incorporating different 

additives and exposed to various environmental conditions. The specific objectives of 

the current thesis address the research needs identified in section 1.3 and include: 

 Finding the healed width and depth of cracks in concrete incorporating various 

additives and exposed to diverse environmental conditions.  

 Investigating the effects of various additives (i.e., silica-based materials, 

swelling agents, superabsorbent polymers, and carbonating minerals) on the 

self-healing performance of concrete under realistic field exposure.  

 Identifying the main healing product formed within cracks via scanning electron 

microscopy (SEM) coupled with energy dispersive X-ray analysis (EDX). 

 Studying the effect of microstructure densification due to ongoing hydration on 

the self-healing of cracks in cement-based materials.   

 Employing X-ray computed micro-tomography (X-ray µCT) with 3-D image 

processing to visualize cracks before and after healing.   

 Segmenting and quantifying the change in crack volume owing to self-healing 

through using 3D rendering software. 

 Determining the variation in permeability and water absorption of cracked 

concrete specimens due to self-healing under different environmental exposure.  

 Measuring the mechanical strength recovery due to self-healing of cementitious 

materials exposed to various environments by using a non-destructive shear 

wave velocity technique. 

 Developing a hybrid artificial intelligence-based model to accurately predict the 

ability of concrete to heal its own cracks. 

1.5 Original Contributions  

To reap real benefits from the emerging studies on self-healing of cement-based 

materials, there is need to accurately quantify the healing of both surface and internal 

cracks, along with delineating the effects of variable curing conditions and 

environmental exposure on the effectiveness of self-healing. While in previous studies, 
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self-healing efficiency was essentially evaluated through the change of crack width on 

the surface of specimens mostly submerged in water, the current research demonstrates 

that precise segmentation of cracks is essential to characterize the self-healing 

efficiency of cement-based materials. Thus, visualizing and quantifying the combined 

influence of adding various minerals under variable environmental exposure conditions 

on the change in size of the entire crack volume owing to self-healing, while identifying 

the main healing compound, is novel in this thesis and should be pursued further.  

Another novel aspect of the current thesis is to investigate the self-healing efficiency in 

terms of mechanical strength recovery and the associated effects of varying the 

environmental exposure conditions using shear wave velocity measurements. The 

results should stimulate a new critical look into the state-of-the-art of self-healing 

testing protocols and highlight the need for capturing the dominant effects of 

environmental exposure, and the relationship between the rate of mechanical strength 

recovery and the crack closing mechanism due to self-healing.  Finally, this study 

provides a novel approach to predicting the self-healing in concrete using a hybrid 

genetic algorithm–artificial neural network. 

1.6 Thesis Structure 

The present thesis has been structured and organized according to the integrated-article 

format predefined by the Faculty of Graduate Studies at Western University, London. 

Ontario, Canada. It consists of seven chapters covering the scope of this study:                    

Self-healing of concrete under diverse environmental exposure. Substantial parts of the 

current thesis have been published, accepted for publication, or submitted for possible 

publication in peer-reviewed technical journals and conference proceedings.   

 Chapter 1 presents an overview of the current status of Canadian and U.S. 

infrastructure. It also reviews recent research on self-healing concrete and provides the 

research needs and motivation along with the objectives and original contributions of 

the present thesis.  

Chapter 2 investigates the effects of environmental exposure on autogenous 

self-healing of cracked cement-based materials. 
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Chapter 3 discovers the effects of various additions (i.e., silica-based materials, 

swelling agents, and carbonating minerals) on the self-healing performance of 

cementitious materials under different environmental exposure. 

Chapter 4 explores the mechanical strength recovery of cement-based 

materials induced by self-healing using shear wave velocity under different 

environmental exposure. 

Chapter 5 examines the self-healing behaviour of cementitious materials 

incorporating superabsorbent polymers under simulated field conditions 

Chapter 6 presents an approach to predicting the self-healing in concrete 

using a hybrid genetic algorithm–artificial neural network (GA–ANN).  

Finally, Chapter 7 summarizes the conclusions drawn from the research and 

recommends future research directions.  
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* A version of the current chapter was published in Cement and Concrete Research Journal   2018 

CHAPTER TWO 

 

2 Effect of Environmental Exposure on Autogenous 
Self-Healing of Cracked Cement-Based Materials*  

 

 

 

2.1 Introduction 

In this chapter, the self-healing of both surface and interior cracks and the effects of 

different curing conditions on the self-healing of cracks were duly explored. Pre-

cracked mortar specimens were submerged in water, while identical specimens were 

exposed to cyclic temperature and relative humidity. Change in crack width was 

examined using optical microscopy. SEM coupled with energy dispersive X-ray 

analysis was used to identify healing compounds. Mercury intrusion porosimetry, water 

absorption and permeability were employed to assess porosity. X-ray computed 

tomography was deployed to explore healing of internal cracks. 

2.2 Experimental Program  

2.2.1 Materials and Specimen Preparation  

Mortar specimens were made with ordinary portland cement compliant with CSA 

A3001 and ASTM C150 standards, along with 20% CSA A3000 Type CI fly ash 

(ASTM C618 Class C) to promote autogenous self-healing. Water-to-cementitious 

materials ratio (w/cm) of 0.35 and sand-to-cementitious materials mass ratio (s/c) of 2 

were used. The physical and chemical properties of the cement fly ash and sand are 

summarized in Tables 2.1 and 2.2. The specimens were cast in 10 cm diameter and 5 

cm height plastic containers reinforced with a galvanized steel mesh (6 mm × 6 mm 

with Ø = 1 mm), which was embedded at the centre of the tested (100 diameter and 50 

mm height) mortar specimens. After demolding at 1-d, specimens were cured for 28-d 

in a moist room at RH ≥ 95% and T = 21 ± 1°C. The curing was carried out according 
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to ASTM C511 (Standard Specification for Mixing Rooms, Moist Cabinets, Moist 

Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and 

Concretes).  At the age of 28-d, specimens were removed from the moist room and 

cracked, as displayed in Figure 2.1. 

 

Table 2.1: Physical and chemical properties of cement and fly ash 

Components /Property 
Cement 

Type (10) 

Fly ash 

CI 

Silicon oxide (SiO2) (%) 19.6 42.4 

Aluminum oxide (Al2O3) (%) 4.8 21.2 

Ferric oxide (Fe2O3) (%) 3.3 7.1 

Calcium oxide (CaO) (%) 61.50 16 

Magnesium oxide (MgO) (%) 3.0 - 

Sulfur trioxide (SO3) (%) 3.50 2.40 

Loss on ignition (%) 1.90 1.60 

Insoluble residue (%) 0.44 - 

Equivalent alkalis (%) 0.7 - 

Tricalcium silicate (C3S) (%) 55 - 

Dicalcium silicate (C2S) (%) 15 - 

Tricalcium aluminate (C3A) (%) 7 - 

Tetracalcium aluminoferrite (C4AF) (%) 10 - 

Blaine fineness (m2/kg) 371 - 

Autoclave expansion (%) 0.09 - 

Compressive strength 28 days (MPa) 40.9 - 

Specific gravity 3.15 2.60 

Time of setting (min) Vicat Initial  104 - 

Pozzolanic activity index (%) - 100 

 

 

Table 2.2: Physical and chemical properties of sand 

 

 

 

 

 

 

 

 

Property  Value  

Absorption (%) 1.09 

Specific gravity (apparent) (%) 2.72 

Specific gravity (dry) (%) 2.65 

Specific gravity (SSD) (%) 2.68 

Unit weight (kg/m3) 1512  

Materials finer than 75-μm (sieve # 200) (%) 2.10 
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All 100 x 50 mm cylindrical specimens were pre-cracked (longitudinal crack) at the age 

of 28 days by means of a splitting test at a constant loading rate of 0.01 mm/s. The crack 

width was controlled during the splitting test via a calibration ruler as per the method 

described by Roig-Flores et al. (2015).  For each environmental condition, three groups 

of specimens with three different values of crack width were tested. The first group 

consisted of three specimens with an average crack width in the range of 50 – 150 µm. 

For the second and third groups, the average crack widths were 150 – 300 µm and 300 

– 500 µm, respectively. 

 

Figure 2.1:  Cracking of specimens using MTS machine. 

2.2.2 Environmental Exposure  

The effect of environmental exposure on the development of self-healing in mortar 

specimens was investigated. Cracked specimens were divided into two groups. 

Specimens of the first group were fully submerged in deionized water at a constant 

temperature of T = 19°C. Barnstead easypure rodi water purification system model was 

used as shown in the (Fig. 2.2). The second group of specimens was placed inside a 

walk-in environmental chamber and exposed to cyclic temperature ranging from 10°C 

to 40°C and relative humidity in the range of 20% to 90% (Table 2.3 and Fig. 2.3). 

 

Table 2.3: Duration of each temperature/humidity cycle 

Cycle # Relative Humidity % Temperature (C°) Duration (days) 

1 90 20 4 

2 20 -10 4 

3 60 40 4 
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Figure 2.2:  Water purification system. 

 

 

Figure 2.3:  Test specimens in environmental chamber. 
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(a) 

(b) 

(b) 

2.2.3 Mercury Intrusion Porosimetry (MIP) 

Fragments from the cracked specimens (before and after self-healing) were retrieved 

and dried inside a desiccator until reaching a constant mass as shown in the                          

(Fig. 2.4 (a)). The pore size distribution for each specimen was determined using a 

Micrometrics AutoPore IV 9500 Series porosimeter allowing a range of pressures from 

0 to 414 MPa as shown in the (Fig. 2.4 (b)). The assumed surface tension of mercury 

was 0.484 N/m at 25°C according to ASTM D4404 (Standard Test Method for 

Determination of Pore Volume and Pore Volume Distribution of Soil and Rock by 

Mercury Intrusion Porosimetry).  

 

 

 

 

 

 

 

 

  

 

Figure 2.4:  (a) desiccator and (b) illustration of MIP test apparatus. 
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2.2.4 Water Absorption Test 

The rate of water absorption of the cracked specimens was measured according to 

ASTM C-1585 (Standard Test Method for Measurement of Rate of Absorption of 

Water by Hydraulic Cement Concretes). Before the test, specimens were oven-dried at 

a temperature of T = 50 °C until constant mass. Subsequently, the side surface of each 

specimen was sealed with a silicone and placed in contact with water to a depth of 3 to 

5 mm.  Only one surface of each tested mortar specimen was allowed to be in contact 

with water. The water absorption rate was measured before cracking, upon cracking, 

and after exposing to controlled environmental conditions. Water absorption before 

cracking represents the absorption rate of uncracked specimens at the age of 28 days. 

The specimens were then cracked via a splitting test and divided into groups based on 

their average crack width. The absorption rate was measured again thereafter. The mass 

of specimens versus time was recorded. Absorption was calculated using Eq. (2.1). The 

sorptivity coefficient, S was estimated as the slope of the best fit line between 

absorption, I and the square root of time, t as per Eq. (2.2).  

𝐼 =
𝑚𝑡

𝑎 × 𝛿
 (2.1) 

𝑆 =
𝐼

√𝑡
 

(2.2) 

Where; mt = change in specimen mass in grams at the time t; a = exposed area of the 

specimen in mm2; and 𝛿 = density of the water in g/mm3. 

 

2.2.5 Permeability Test   

Water passing through cracked specimens was measured before and after healing. The 

RILEM Test Method II.4 (Measurement of Water Absorption under Low Pressure) was 

adopted (Fig. 2.5) to estimate the water permeability coefficient, k (cm/s) based on         

Eq. (2.3). To evaluate the self-healing efficiency in cracked specimens, the relative 

permeability coefficient was calculated based on Eq. (2.4), where; ki = initial water 

permeability coefficient (cm/s); kt = water permeability coefficient after certain time 

(cm/s). 
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𝑘 =
𝑎1 × 𝐿

𝐴 × 𝑡
 ln [

ℎ1

ℎ2
] 

(2.3) 

 

𝑅𝑐 =
𝑘𝑡

𝑘𝑖
  

(2.4) 

Where; a1 = cross-sectional area of the pipe (cm2); L = specimen thickness (cm);                          

A = cross-sectional area subjected to flow (cm2); t = time (s); h1 = initial water head 

(cm); h2 = water head (cm).  

 

 
 

Figure 2.5:  Water permeability test. 

 

 

 

2.2.6 SEM and EDX analysis 

The morphology of the healing products formed in the surface cracks was investigated 

using scanning electron microscopy (SEM) coupled with energy dispersive X-ray 

analysis (EDX) using a Hitatchi SU-3500 Field Emission SEM housed in Surface 

Science Centre at the University of Western Ontario (Fig. 2.6). Specimens for SEM 

analysis were dried using a desiccator and then coated with osmium or gold before 

testing.  
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Figure 2.6:  SEM coupled with energy dispersive X-ray analysis EDX. 

 

2.2.7 Optical Microscopy 

The change in surface crack width of mortar specimens owing to self-healing was 

monitored using a Carton 40x microscope as shown in the (Fig. 2.7). For each 

environmental exposure, the width of surface cracks was measured over a period of one 

year. The crack healing capacity was evaluated based on measurements of the crack 

width change, similar to previous studies by Ferrara et al. (2016; 2017) and Borg et al. 

(2018).  The crack sealing index was calculated based on the following equation: 

 

𝐶𝑆𝐼 = 1 −
𝐶𝑤𝑡 

𝐶𝑤𝑖
 

(2.5) 

  

Where; CSI = crack sealing index; Cwi = initial crack width; and Cwt = crack width at 

time t. 
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Figure 2.7:  Optical Microscopy. 

2.2.8 X-ray Computed Tomography 

Several studies have explored the self-healing of internal cracks indirectly using non-

destructive techniques, such as ultrasonic pulse velocity (UPV), diffusion in ultrasound, 

coda wave interferometry, and acoustic emission (AE) (e.g. Ferrara et al., 2014; Van 

Tittelboom et al., 2010; Liu et al., 2016; Tsangouri et al., 2016). For instance, Liu et 

al. (2016) evaluated self-healing of internal cracks in biomimetic mortar using coda 

wave interferometry. Their results indicated that cracked mortar specimens exhibited 

strength development and higher relative velocity change. Another study by Ferrara et 

al. (2014) used UPV to investigate the effects of self-healing of cracks on the recovery 

of stiffness and load bearing capacity in pre-cracked concrete. Tsangouri et al. (2016) 

used eight AE sensors attached on concrete surface to investigate crack healing. Their 

results showed that transmitter localization loses its accuracy in the presence of 300 µm 

wide crack and improves as the crack heals. Although these techniques provide useful 

information regarding the internal self-healing process, they do not measure change in 

the crack width. In the present study, X-ray computed microtomography (X-ray µCT), 

a non-destructive technique, was used to investigate the change in internal crack width 

with progress of self-healing. 

To evaluate the self-healing of internal cracks, a Nikon XT-H-225-ST µCT scanner 

housed at Sustainable Archaeology, Western University, was deployed as shown in the 
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Figure 2.8. The X-ray computed tomography scanner generates micrometer scale high 

resolution 3D and 2D images of both the sample’s interior and exterior. The X-ray 

images are subsequently deployed to reconstruct the exterior and interior of the sample 

via computed tomography.  X-ray µCT provides non-destructively detailed 3D images 

of the internal structure of material by combining a series of cross-sectional images. In 

the 3-D image, resolution was 62.26u voxel size. Parameters of the scan were defined 

as follows: - 225 kVp -100 µA-22.5 watts; panel gain = 24; 3141 images; 150 

frames/projection on shading correction; panel at -116.517; 2.5mm Cu filter - fast CT - 

53 min scan. 

 

Figure 2.8:  X-ray µCT scanning. 

2.3 Results and Discussion 

2.3.1 Optical Microscopy 

Surface cracks in mortar specimens before and subsequent to self-healing were 

investigated using optical microscopy. For specimens submerged in water (Figure 2.9), 

surface cracks with different widths were filled with self-healing products. The 

maximum width of cracks healed in specimens submerged in water was 300 µm. 

However, for identical cracked specimens exposed to cyclic T and RH, no healing 

products in cracks were observed (Figure 2.10). Figure 2.11 represents the crack 

sealing index of specimens exposed to different environments.  The results are plotted 

in terms of evolution of the crack sealing index over time. Submerged specimens with 

maximum crack width 300 µm feature complete crack closing after 60 days from 
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cracking. However, cracks with width larger than 300 µm did not exhibit crack closing 

up to a one year. 

 

                                      

                                       
 

Figure 2.9:  Surface cracks before and after water submersion showing self-healing. 

 

 

250 µm  

150 µm  

50 µm  

50 µm  
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Figure 2.10: Surface cracks before and after exposure to cyclic T and RH showing no 

significant healing. 
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Figure 2.11: Change in surface crack width of specimens exposed to different 

environments with initial crack width (a) 50-150 µm; (b) 150-300 µm;                               

and (c) 300-500 µm. 

 

 

 

(a) 
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2.3.2 MIP and Pore Structure Results 

The evolution of pore structure with time was assessed using MIP. Specimens from 

each environmental exposure were tested at ages of 28, 45, 60, 270, and 360 days. The 

results were then cross-checked with the crack sealing index, as shown in the Figure 

2.12. Figure 2.13 shows the cumulative mercury intrusion curves as a function of the 

pore diameter for cracked mortar specimens before and after each environmental 

exposure. It can be observed that in both exposures, cracked specimens exhibited 

reduction in and refinement of pore size after 2 months. For example, the volume of 

pores with diameters from 2 µm to 0.05 µm was noticeably decreased compared to that 

of specimens before exposure. In addition, the percentage of pores with diameter 

smaller than 0.05 μm increased, indicating a refinement of pore structure. For those 

specimens submerged in water, the percentage of pores with diameter smaller than 

0.015 μm increased in comparison to that of identical specimens exposed to cyclic T 

and RH. Figure 2.14 illustrates the cumulative intruded pore volume vs. pore diameter 

for submerged specimens at different ages. It can be observed that specimens fully 

submerged in water continued to exhibit reduction in porosity, leading to 

microstructural densification, likely owing to ongoing cement hydration and pozzolanic 

reactions of fly ash. 

 

 
Figure 2.12: Crack closure index vs. pore volume. 
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Figure 2.13: Cumulative intruded pore volume vs. pore diameter for cracked 

specimens exposed to different environments for a period of 2 months. 

 

 

Figure 2.14: Cumulative intruded pore volume vs. pore diameter for submerged 

specimens at different ages. 

 

 

 

2.3.3 Capillary Water Absorption 

Figures 2.15 to 2.18 show capillary water absorption results of cracked mortar 

specimens before and after each environmental exposure.  
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Figure 2.15:  Change in water absorption of cracked specimens exposed to different 

environments for a period of 15 days with average crack width (a) 50-150 µm; (b) 

150-300 µm; and (c) 300-500 µm. 
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Figure 2.16:  Change in water absorption of cracked specimens exposed to different 

environments for a period of 1 month with average crack width (a) 50-150 µm; (b) 

150-300 µm; and (c) 300-500 µm. 
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Figure 2.17:  Change in water absorption of cracked specimens exposed to different 

environments for a period of 2 months with average crack width (a) 50-150 µm; (b) 

150-300 µm; and (c) 300-500 µm. 
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Figure 2.18:  Change in water absorption of cracked specimens exposed to different 

environments for a period of 1 year with average crack width (a) 50-150 µm; (b) 150-

300 µm; and (c) 300-500 µm. 
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The rate of water absorption was measured before, upon, and after cracking. The results 

were then cross-checked with the crack sealing index, as shown in the Figure 2.19. 

Results showed that water sorptivity coefficient increase apparently due to crack 

formation. For instance, for the first group, the sorptivity index of the uncracked 

specimens was 0.0035 mm/√sec, whereas at cracking was 0.015 mm/√sec as shown in 

the Figure 2.15. In addition, as the crack width increases, the sorptivity index increases. 

Hence, the value o the crack width significantly alters the transport property of the 

tested specimens.  

Results also indicated that cracked specimens that were fully submerged in water 

exhibited higher reduction in absorption compared to that of identical specimens placed 

inside a walk-in environmental chamber and exposed to cyclic T and RH.  For instance, 

after one year, the sorptivity index of the submerged specimens was 0.0021 mm/√𝑠𝑒𝑐 

, whereas that of specimens with similar initial crack width and exposed to cyclic T and 

RH was 0.0109 mm/√𝑠𝑒𝑐.  It is believed that the reduction in absorption for submerged 

specimens reflects the observed microstructure densification owing to the development 

of hydration products and possibly self-healing of cracks. Interestingly, in both 

environments, specimens with initial crack width larger than 300 µm did not exhibit 

significant reduction in absorption in comparison to specimens with crack widths 

smaller than 300 µm. 

 

Figure 2.19  Crack closure index vs. sorptivity index. 
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2.3.4  Water Permeability 

Figure 2.20 exhibits the change in relative permeability of the pre-cracked mortar 

specimens submerged in water. It can be observed that the permeability coefficient of 

the cracked specimens dropped by up to 71% when they were fully submerged in water 

for 60 days. However, only 6% reduction in permeability was observed for the pre-

cracked specimens exposed to cyclic T and RH. Again, this can be attributed to coupled 

microstructure densification through portland cement hydration and pozzolanic 

reactions of fly ash and formation of self-healing products that sealed cracks in the case 

of complete water submerging. Previous study by Jiang et al. (2015) reported that pre-

cracked mortar specimens exposed to cyclic drying and wetting did not exhibit decrease 

in permeability, which could be related to the formation of microcracks upon exposing 

pre-cracked specimens to cyclic drying and wetting.  

 

 

Figure 2.20  Change in relative permeability coefficient of cracked specimens with 

average crack width (150 to 300 µm) exposed to different environments for a period 

of 2 months. 

 

 

Roig-Flores et al. (2015) found that the permeability of pre-cracked concrete specimens 

incorporating a crystalline admixture decreased significantly when specimens were 

fully submerged in water in comparison to pre-cracked specimens exposed to constant 

RH (either 40% or 95 ± 5%). Another study by Wang et al. (2014) (a) investigated self-

healing using microencapsulated bacteria spores in concrete. Their results showed that 

specimens with bio-microcapsules had decreased water permeability by about 10 times 

compared to that for specimens with no bacteria spores, but only when specimens were 

0 0.2 0.4 0.6 0.8 1

After water submerging

After cyclic T and RH

At cracking

Relative permeability cofficient ( Rc = ki /kt)  



Chapter Two                                                                                                                            32 

 

 

exposed to liquid water. However, both specimens with and without bacteria indicated 

no self-healing when exposed to up to 95% RH. Therefore, the presence of liquid water 

appears to be essential to promoting self-healing in cement-based materials. 

2.3.5 SEM and EDX Analyses 

Figure 2.21 shows typical SEM image and EDX analysis for the healing product 

formed in surface cracks. SEM and EDX analyses were used to explore the 

microstructure and analyze the composition of self-healing products. The initial crack 

opening of the healed crack shown was 50 ± 10 µm. It can be observed that the self-

healing product had multiple-shaped and irregular crystals including trigonal, cubical, 

and rectangular shapes. Energy-dispersive X-ray spectroscopy revealed that the healing 

products at the crack surface were mainly composed of calcium with some carbon and 

oxygen, indicating that it consists mainly of CaCO3. Formation of CaCO3 as a healing 

product is mainly due to the leaching and re-deposition of calcium ions Ca2+ from the 

cementitious matrix and diffusion of carbonates into cracks (e.g. Jiang et al., 2015; 

Sisomphon et al., 2012).  

 

Figure 2.21  SEM micrograph with EDX pattern of products in self-healed cracks. 

 

2.3.6 X-ray Computed Tomography 

Figure 2.22 shows X-ray tomography images of specimens after 3 months of healing. 

Only specimens submerged in water with crack width in the range (150 – 300 µm) were 

selected for X-ray µCt analysis since they exhibited visible crack healing in optical 

microscopy analysis.  
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Figure 2.22  X-ray µCT scan images show cracks at (a) surface, and (b) inside at the 

middle of the healed specimen. 

 

 

It can be observed that images from the surface of specimens had higher density in the 

crack region, indicating complete healing of surface cracks. CT scan images showed 

that the maximum crack depth which exhibited self-healing was 340 ± 30 µm from the 

surface of the cracked specimens. Images from deeper inside the specimens indicated 

low density (dark color in the crack region), suggesting that no significant healing 

occurred. The long-term change in interior crack width owing to self-healing was also 

investigated. Specimens were re-immersed in water for 9 months and then scanned 

(b) 

15mm  



Chapter Two                                                                                                                            34 

 

 

using X-ray µCt. Images from X-ray µCt scans indicate that the crack width at the 

interior of specimens remained unchanged, as shown in Figure 2.23.  

  

Figure 2.23  X-ray µCT scanning images show internal cracks at 400 µm depth 

below the surface of the self-healed specimen after 9 months of water submersion. 

 

 

This suggests that complete self-healing was mostly localized at the top surface of 

cracked specimens. Sealing of cracks by healing products could be responsible for 

halting the self-healing mechanism from reaching deeper inside healed cracks. Similar 

results were found by Wang et al. (2014) (b) in bacterial-based self-healing of concrete. 

In their study, X-ray µCt analysis showed that the healing product was mostly 

distributed in the surface layer and had a sharp decrease in the subsurface layer deeper 

inside samples. According to Sisomphon et al. (2012), locations near the surface of a 

cracked cement-based material contained significant amounts of both calcium and 

carbonate ions that formed calcium carbonate (CaCO3) as a healing product. 

Accordingly, large amounts of CaCO3 can form and heal surface cracks. 

2.3.7 Environmental Exposure and Self-healing 

Optical microscopy and SEM observations showed evidence of self-healing of surface 

cracks in specimens fully submerged in water. However, no crack healing was observed 

in identical specimens exposed to cyclic T and RH. This suggests that autogenous or 

improved autogenous self-healing of a cementitious material primarily depends on the 

surrounding environment. For instance, previous study by Roig-flores et al. (2015) 
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showed that specimens with a similar composition (i.e. concrete incorporating 

crystalline admixture) exhibited different self-healing tendencies when exposed to 

different environmental conditions including water immersion, water contact, and a 

humidity chamber at constant T = 20 °C and RH = 95 ± 5%. In addition, they found 

that no self-healing occurred for all specimens exposed to constant T and RH.  Özbay 

et al. (2013) also found that no crack width change occurred for engineered 

cementitious composites (ECC) exposed to continuous air in comparison to similar 

specimens exposed to either continuous submersion in water or cyclic submersion and 

drying.  Similarly, studies by Luo et al. (2015) and Wang et al. (2014) (a) reported that 

the self-healing efficiency of cracks in a bacteria-based concrete depended solely on 

the surrounding environment since, for both studies, no self-healing was found in 

specimens exposed to constant RH. Therefore, in the current study, cracked specimens 

exposed to cyclic T and RH showed no self-healing, which further reinforces the fact 

that the presence of water in a liquid state in cracks is an essential factor for promoting 

self-healing in cementitious materials. 

2.3.8 Microstructural Densification and Self-healing 

In the present study, MIP analysis demonstrated that submerged specimens exhibited 

considerable reduction in porosity. Decrease in porosity occurred primarily due to the 

presence of capillary liquid water, which promotes further hydration, leading to 

microstructural densification. However, combining results of X-ray µCt, SEM/EDX, 

and MIP analysis indicates that further hydration and pozzolanic reactions may play 

insignificant role in crack closing. For instance, although MIP results underlined 

continuous reduction in porosity as cement hydration reactions proceeded from 28-d to 

1 year, X-ray µCt images revealed that interior crack widths remained unchanged. 

SEM/EDX analysis confirmed that carbonation was a primary healing mechanism at 

the surface of cracked specimens. Hence, reduction in porosity due to hydration and/or 

pozzolanic reactions primarily designates microstructural densification of the original 

space of un-hydrated cement. These findings agree with previous study by Huang et al. 

(2013) who investigated the self-healing of microcracks via further hydration of un-

hydrated cement paste and found that the percentage of calcium hydroxide (CH) 

forming in cracks was much higher than calcium silicate hydrate (C-S-H). According 

to Huang et al. (2013), on crack surfaces, un-hydrated cement particles exposed to 

water form inner hydrated products that occupy the original space of the un-hydrate 
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cement particles and has negligible contribution in filling cracks. Accordingly, further 

cement hydration and continuous pozzolanic reactions had little contribution to self-

healing of cracks.  

2.4 Conclusions 

In the present study, the self-healing of surface and interior cracks in a cement mortar 

exposed to different environmental curing conditions was investigated. Based on the 

experimental findings, the following conclusions can be drawn: 

 

 No self-healing could be demonstrated for specimens exposed to cyclic T and 

RH. 

 Cracks in a cement-based material exhibited self-healing primarily when the 

curing environment was conducive to contact with liquid water. 

 X-ray computed tomography showed that self-healing was mainly restricted to 

surface cracks. The maximum crack depth that exhibited self-healing was 340 

± 30 µm from the surface of the cracked specimens. The maximum crack width 

healed in the tested specimens submerged in deionized water in this study was 

only 300 µm for the tested one year period. 

 The main healing product formed in surface crack was CaCO3. 

 Both further cement hydration and pozzolanic reactions had negligible 

contribution to filling cracks and crack healing. 

 There is strong indication that the effectiveness of autogenous self-healing of 

cracks in cement-based materials significantly depends on the surrounding 

environment.  
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CHAPTER THREE 

 

3 Visualization and Quantification of Crack Self-Healing 
in Cement-Based Materials Incorporating Different 
Minerals*  

 

 

3.1 Introduction 

In this chapter, multiple test methods were used to investigate self-healing of cracks in 

cement mortar incorporating metakaolin, bentonite, and calcium carbonate microfiller 

in different environmental exposure. Change in crack width was monitored using 

optical microscopy. Backscattered electron microscopy coupled with energy disperse 

X-ray analysis was used to identify healing compounds. Mercury intrusion porosimetry 

and water absorption were employed to assess porosity. X-ray computed micro-

tomography (X-ray µCT) with 3-dimensional image processing was used to segment 

and quantify cracks before and after healing. 

3.2 Experimental Program 

3.2.1 Materials and Specimen Preparation  

Mortar specimens were made with ordinary portland cement (OPC) compliant with 

requirements of CSA A3001 and ASTM C150. Water-to-cementitious materials ratio 

(w/cm) of 0.35 and sand-to-cementitious materials mass ratio (s/c) of 2 were used. 

Three different mineral additions including high-reactivity metakaolin (MK) as a silica-

based material, granular bentonite (BN) as a swelling agent, and fine calcium carbonate 

powder (CC) as a carbonate mineral were used. Physical and chemical properties of the 

OPC, MK, BN, and CC are summarized in Table 3.1. The mixture design of mortars is 

reported in Table 3.2. A polycarboxylate-based high-range water reducing admixture 

(HRWRA) as per ASTM C494 was used to adjust workability. PVA fiber at a dosage 

of 1% by volume fraction was added to the mortar mixtures. Disk specimens (50 mm 
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diameter and 25 mm height) were prepared for acquiring high resolution X-ray µCT 

images.  All specimens were cured for 28-d in a moist room at RH ≥ 95% and T = 21 

± 1°C as per ASTM C511 (Standard Specification for Mixing Rooms, Moist Cabinets, 

Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and 

Concretes).   

Table 3.1: Physical and chemical properties of materials used 

Components /Property MK BN CC 

Assay percent range (%) - - >99 

Montmorillonite (%) - 85.0 - 

Quartz (%) - 5.0 - 

Calcium oxide (CaO) (%) 0.20 - - 

Calcium  - 1 - 

Fledspars (%) - 5.0 - 

Silicon oxide (SiO2) (%) 53.50 - - 

Cristobalite (%) - 2.0 - 

Aluminum oxide (Al2O3) (%) 42.50 - - 

Ferric oxide (Fe2O3) (%) 1.90 - - 

Sulfur trioxide (SO3) (%) 0.05 - - 

Loss on ignition (%) 0.50 - - 

Specific gravity 2.60 2.50 2.70 

Surface area (m2/kg) 15000 - - 

Time of setting (min) Vicat Initial  - - - 

 

 

 Table 3.2: Mixture design of mortars by mass ratio 

 

 

 

 

Mix Description OPC MK BN CC Sand Water 

1 OPC 100 - - - 200 35 

2 MK15 85 15 - - 200 35 

3 BN8 92 - 8 - 200 35 

4 CC8 92 - - 8 200 35 
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Crack was created at the age of 28 days using a screw jack as shown in the (Fig. 3.1). 

The crack width was controlled during the screwing process via a calibration ruler.  For 

each environmental exposure, three groups of specimens with three different values of 

crack width were tested. The first group consisted of three specimens with an average 

crack width in the range of 50 – 150 µm. For the second and third groups, the average 

crack widths were 150 – 300 µm and 300 – 500 µm, respectively. 

 

Figure 3.1 Cracking of specimens using screw jack.   

 

3.2.2 Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) 

Ions leached out from the pre-cracked mortar specimens were analysed using a Varain 

Vista Pro apparatus, as shown in (3.2). The wavelength range was 167-785 nanometer 

with Peltier cooled CCD detection. Before the test, pre-cracked mortar specimens were 

immersed into de-ionized water to allow the ions to leach out of the specimens. 

 

Figure 3.2 ICP-AES system. 
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3.3 Experimental Results and Discussion 

3.3.1 Self-healing of Surface cracks  

Surface cracks of mortar specimens prior to and after the self-healing process were 

investigated using optical microscopy at 40x magnification. For specimens exposed to 

cyclic T and RH, no self-healing was observed (Fig. 3.3). However, for identical 

cracked specimens exposed to continuous water submersion (Figs. 3.4 to 3.7), surface 

cracks having different widths were filled with self-healing products. This suggests that 

self-healing of a cementitious material primarily depends on both the original crack 

width and surrounding environment. For instance, previous study by Jiang et al. (2015) 

found that mortar specimens exposed to still water curing exhibited a larger decrease in 

crack width compared to that of identical specimens cured in flowing water. Wang et 

al. (2014) reported that the self-healing efficiency of cracks in a bacteria-based concrete 

depended primarily on the surrounding environment. Other studies by Sahmaran et al. 

(2013), Zhang and Zhang (2017), Zhu et al. (2012), and Qian et al. (2010) showed that 

the self-healing ability of engineered cementitious composites (ECC) highly depended 

on the exposed environment. Accordingly, in the current study, cracked specimens 

exposed to cyclic T and RH exhibited no self-healing, which further reinforces the 

argument that the presence of water in a liquid state in cracks is an essential factor for 

promoting self-healing of cement-based materials. 

Results also showed that CC8 specimens exhibited best healing potential where the 

surface crack up to about 330 µm was completely sealed. In comparison, MK15 

specimens showed the least self-healing in terms of crack closing. The maximum crack 

width healed in MK15 specimens was 240 µm. For OPC and BN8 specimens, the 

maximum crack width healed was 290 µm and 260 µm, respectively. Hence, the ability 

of crack healing was in the order of CC8 > OPC >BN8 >MK15. Figure 3.8 illustrates 

the crack sealing index of specimens after on year of water submersion.  The results are 

plotted in terms of evolution of the crack sealing index over time. The self-healing 

behaviour of each specimen can be explained from the ICP-AES results. As observed 

in Table 3.3, the higher Ca2+ ions released from specimens, the higher was the self-

healing ability.  According to Sisomphon et al. (2012) and Jiang et al. (2015), more 
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Ca2+ ions released from cracked specimens would promote self-healing due to 

precipitation of calcium carbonate on the surface cracks. 

 

Table 3.3: Duration of each temperature/humidity cycle 

 

 

 

 

 

 Before After 

OPC 

  

MK 15 

  

CC 

  

BN8 

  

 

Figure 3.3 Surface cracks before and after exposure to cyclic T and RH showing no 

self-healing. 

Specimen Ca2+ concentration (mg/l) 

OPC 9.2010 

MK15 1.2118 

BN8 2.6820 

CC8 10.7705 
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Figure 3.4 Surface cracks in OPC specimens before and after water submersion 

showing self-healing. 
 

 

 

 

 

Figure 3.5 Surface cracks in MK15 specimens before and after water submersion 

showing self-healing. 

290 µm  

220 µm  

200 µm  

40 µm  100 µm  
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Figure 3.6 Surface cracks in BN8 specimens before and after water submersion 

showing self-healing. 

 

  

  

Figure 3.7 Surface cracks in CC8 specimens before and after water submersion 

showing self-healing. 
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 Figure 3.8 Change in surface crack width of specimens submerged in water with 

initial crack width (a) 50-150 µm; (b) 150-300 µm; and (c) 300-500 µm. 
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3.3.2  Pore and Microstructure Change  

The evolution of pore structure with time was investigated using MIP. Only specimens 

that exhibited self-healing were tested. Figure 3.9 displays the cumulative mercury 

intrusion curves as a function of the pore diameter for cracked mortar specimens before 

and after water submersion.  

 

 

 

 

Figure 3.9 Cumulative intruded pore volume vs. pore diameter for cracked specimens 

(a) at 28 days, and (b) one year after water submersion.   
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All cracked specimens exhibited reduction in and refinement of pore size after one year. 

It can be observed that although the MK15 specimens showed the least crack self-

healing after one year of water submersion, they exhibited the highest reduction in 

porosity compared to that of other specimens, even those that exhibited better crack 

self-healing. This is likely due to the ongoing pozzolanic reaction of metakaolin. 

Results from ICP-AES analysis showed that the concentration of Ca2+ in the water used 

to cure MK15 specimens was less than that in water used to cure CC8, OPC, and BN8 

specimens. Ca2+ ions released from specimens would promote the precipitation of 

calcium carbonate, which was identified as the primary self-healing compound. 

Therefore, ongoing pozzolanic reactions seem to play insignificant role in crack 

closing, while they appear to be predominant in pore reduction and refinement. 

Previous study by Huang et al. (2013) reported that the percentage of calcium 

hydroxide (CH) forming in cracks was much higher than calcium silicate hydrate (C-

S-H). Similarly, Sisomphon et al. (2012) and Jiang et al. (2015) showed that the more 

Ca2+ released from cracked specimens, the more self-healing occurs.  Therefore, further 

cement hydration or continuous pozzolanic reactions seem to have little or negligible 

contribution to self-healing of cracks. 

3.3.3  SEM and EDX Analyses  

Figure 3.10 shows typical SEM-BSE images and EDX analyses for healing products 

formed within surface cracks. Elemental EDX analysis at different locations revealed 

that the healing products at crack surfaces in all specimens were mainly composed of 

calcium with some carbon and oxygen, indicating that it primarily consists of CaCO3. 

Only small amounts of Si were found at the crack surfaces, suggesting limited 

formation of calcium silicate hydrate (C-S-H) gel as a healing product. Several previous 

studies have also shown that CaCO3 was the main healing product filling cracks in 

concrete incorporating different additives (e.g. Sahmaran et al., 2013; Jiang et al., 2015; 

Sisomphon et al., 2012; Roig-Flores et al., 2015; Wang et al., 2014; Wiktor and 

Jonkers, 2011). For example, Jiang et al. (2015) investigated the effect of four types of 

mineral additives including silica-based components, chemical expansive agents, 

swelling minerals and crystalline materials on the self-healing of concrete.  
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Figure 3.10 SEM-BSE micrograph with EDX pattern of products in self-healed 

cracks of specimens (a) MK15; (b) BN8; and (c) CC8. 
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Their results showed that CaCO3 was the main healing product formed in surface 

cracks. Similarly, Wang et al. (2014) found that CaCO3 was the main healing product 

formed in cracks for concrete with hydrogel encapsulated bacterial spores. Formation 

of CaCO3 as a healing product is mainly due to the leaching and re-deposition of 

calcium ions Ca2+ from the cementitious matrix and diffusion of carbonates into cracks 

(e.g. Jiang et al., 2015; Sisomphon et al., 2012). Therefore, the main self-healing 

product in the present study was calcium carbonate, in agreement with previous 

research. 

3.3.4 Crack Quantification Using X-ray Computed Tomography 

X-ray computed tomography is an imaging technique where digital geometry 

processing can be used to generate 3D-images of scanned specimens. In the present 

study, only specimens submerged in water with crack width in the range of 150 to 300 

µm were selected for X-ray µCT analysis since they exhibited visible crack healing in 

optical microscopy analysis. The selected specimens were scanned before and after 

water submersion.  To quantify the change in crack volume owing to self-healing, two 

datasets representing the condition before and after self-healing were input into a 3D 

rendering software (Dragonfly 3.5), which is an application used for 3D data 

visualization and image processing analysis. The software can import data of different 

types, sizes, and scales to measure and quantify objects within multi-region of interests, 

such as fibers, pores, and vesicles.  

Figure 3.11 displays 3D-images of a typical crack profile (in blue color) before and 

after self-healing. For the same specimen, the crack was segmented and its total volume 

was measured. Accordingly, the amount of healing product can be quantified by 

subtracting the volume of crack before and after self-healing. Table 3.4 reports the 

results of segmentation and quantification analysis of cracks before and after self-

healing. Results show that the healing efficiency was 32.26%, 27.27%, 25.6%, and 

24.1% for the CC8, OPC, BN8, and MK15 specimens, respectively. The self-healing 

efficiency improved with the increase of Ca2+ released from the cracked specimens. In 

addition, images from X-ray µCT scans indicate that complete self-healing was mostly 

concentrated at the surface of the mortar specimens. Sealing of cracks against liquid 

water by healing products could be the reason for stopping the self-healing mechanism 
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from reaching deeper inside the specimen. Recent studies have shown similar results in 

concrete with a different binder. For instance, Snoeck et al. (2016) investigated the self-

healing of cementitious materials promoted by superabsorbent polymers. Their results 

showed that most of the healing product was formed at the surface of cracks, while 

fewer healing products were found deeper in the interior of the tested samples. Similar 

findings were reported by Wang et al. (2014) when they studied the self-healing 

behaviour of concrete specimens incorporating bio-hydrogels (hydrogel encapsulated 

bacterial spores). Although specimens incorporating bio-hydrogels distinctly improved 

the self-healing efficiency compared to that of the reference specimens, complete self-

healing was mainly restricted to surface cracks. This is likely because locations near 

the surface of cracked cement-based materials contain significant amounts of both 

calcium and carbonate ions that can form calcium carbonate (CaCO3) as a healing 

product (Sisomphon et al., 2012). 

 

Table 3.4: Segmentation and quantification of cracks before and after self-healing 

 OPC MK15 BN8 CC8 

Before 

Healing   
 

V = 167,195,668,403.68 

(µm³) 

 

 
 

V = 160,304,407,584.47 
(µm³) 

 

 
 

V =144,004,409,504.02 
(µm³) 

 

 
 

V = 165,091,401,765.79 
(µm³) 

 

After 

Healing  
 

V = 120,857,968,631.44 

(µm³) 
 

 

 
 

V = 121,681,452,585.80 

(µm³) 

 

 
 

V = 106,823,819,309.56 

(µm³) 

 

 
 

V = 111,816,441,002.71 

(µm³) 

 

Healing 

Efficiency  
27.7% 24.1% 25.6% 32.2 % 
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(a) (b) 

 

 

 

Figure 3.11 X-ray µCT scan images showing (a) before self-healing, and (b) after 

self-healing. 
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3.4 Conclusions  

In this chapter, the self-healing of cracks in cement-based materials incorporating 

various minerals (i.e., metakaolin as a pozzolanic material, bentonite as a swelling 

agent, and limestone microfiller as a carbonate mineral) was explored using a portfolio 

of test methods. Based on the experimental findings, the following conclusions can be 

drawn: 

 

 Self-healing of cement-based materials depends, to a large extent, on the 

moisture conditions prevailing around the tested specimens. While no 

significant self-healing could be identified in cement-based mortar specimens 

exposed to cyclic T and RH, cracks in identical specimens exhibited self-healing 

primarily when the curing environment was conducive to direct contact with 

liquid water. 

 Mobilizing multiple test methods such as MIP, optical microscopy, SEM-EDX 

and X-ray µCT can yield synergistic information that better illustrates the 

existence, extent and quantity of self-healing in cement-based materials. 

 X-ray µCT coupled with powerful 3-dimentional image analysis and processing 

can offer an effective tool for quantifying self-healing in cracked cement-based 

materials. 

 X-ray µCT showed that self-healing was restricted to cracks near the surface of 

specimens. Thus, concreted research efforts are needed to better dissociate self-

healing as a mechanism for sealing the surface of cement-based materials to 

enhance its durability, from that intended to fully close cracks aiming to re-

establish structural integrity and mechanical performance. 

 The maximum crack width healed for specimens submerged in deionized water 

over the one-year test period in the present study was about 330 µm, 290 µm, 

260 µm, and 240 µm for specimens incorporating limestone microfiller, 

ordinary portland cement, bentonite, and metakaolin, respectively. Longer term 

testing is needed to define whether this behaviour can change further over time.   

 The main crack healing product formed in cement mortar specimens was 

CaCO3. 

 Based on the quantification analysis, the healing efficiency was 32.26%, 

27.27%, 25.6%, and 24.1% for specimens with limestone microfiller, ordinary 

portland cement, bentonite, and metakaolin, respectively. 
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CHAPTER FOUR 

4 Exploring Mechanical Strength Recovery of Cement-
Based Materials Induced by Self-healing Using Shear 
Wave Velocity  

 

 

 

4.1 Introduction 

Portland cement, the main ingredient of concrete, is the most consumed commodity on 

earth after water, and its production continues to grow. According to the U.S. 

Geological Survey (2018), the United States produced 86.3 million metric tons of 

cement in 2017 in comparison to only 67.2 (MT) in 2010.  China’s cement production 

in 2017 amounted to 2.4 billion metric tons, nearly half the total world’s production. 

According to Cao et al. (2016), from 1978 to 2010, China’s cement consumption and 

cement related CO2 emissions have increased from 65.24 to 1879.19 Mt and from 8.87 

to 255.68 Mt, respectively. By 2030, the global cement production is expected to reach 

5 billion metric tons. Since cement production involves the consumption of large 

amounts of energy and raw materials, its environmental footprint is colossal.  

Likewise, concrete structures continue to deteriorate prematurely around the world, 

inflicting enormous economic loss and environmental damage. Concrete structures are 

vulnerable to cracking due to mechanical loading and environmental exposure. Hence, 

deleterious substances can easily ingress through cracks, leading to corrosion of the 

steel reinforcement and degradation of the cementitious matrix (e.g. Aldea et al., 1999; 

Basheer et al., 2001; Wang et al., 1997). In Canada, for example, the current 

infrastructure deficit has been valued at more than $US 570 billion. In most parts of the 

world, existing civil infrastructure continues to age and deteriorate, leading to 

overwhelming financial crises that threaten to stifle economic prosperity.  
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To mitigate infrastructure deterioration, researchers around the world have been 

recently investigating the development of self-healing cement-based materials. These 

can preserve this infrastructural maintenance and repair budgets, reduce carbon dioxide 

emissions, and produce more sustainable structures. Accordingly, different techniques 

have been used to evaluate the efficiency of self-healing in cement-based materials (e.g. 

Van Tittelboom and De Belie, 2013; Şahmaran et al., 2008; Tang et al., 2015; Wu et 

al., 2012; Snoeck and De Belie, 2015; Ferrara et al., 2014; Kempl and Çopuro, 2016; 

Huang et al., 2013 & 2014; Jonkers et al., 2010; Wiktor and Jonkers, 2011; Van 

Tittelboom et al., 2012; Wang et al., 2014; Borg et al., 2018; Cuenca et al., 2018).  

For instance, Gagné and Argouges (2012) evaluated the autogenous self-healing of 

cement mortars using air-flow measurements and scanning electron microscopy (SEM). 

Both techniques showed evidence of self-healing of surface cracks in cement mortars 

exposed to a high humidity environment. Wang et al. (2014) used a high-resolution X-

ray computed microtomography (X-ray µCT) to investigate the self-healing behaviour 

of concrete specimens incorporating bio-hydrogels (hydrogel encapsulated bacterial 

spores). Their results showed that incorporating bio-hydrogels into cement mortars 

improved the healing efficiency in terms of crack closure behavior. Termkhajornkit et 

al. (2009) indirectly investigated the self-healing performance of cement pastes 

incorporating fly Ash. They reported that the self-healing ability of cement pastes 

increased as the rate of fly ash replacement for cement increased. Sahmaran et al. (2013) 

used optical microscopy and rapid chloride penetrability testing (RCPT) and found that 

the self-healing efficiency of cementitious composites could differ depending on the 

type of fly ash used. Another study by Jiang et al. (2015) used permeability and water 

absorption testing to indicate that the self-healing efficiency can be improved using 

combination of minerals. 

An extensive survey of pertinent studies in the open literature shows that self-healing 

in cement-based materials has been mainly investigated from a durability prospective, 

particularly considering crack closure behavior, chloride ions diffusion, and recovery 

of liquid and gas tightness. On the other hand, mechanical strength recovery due to self-

healing has received less attention (Ferrara et al., 2014; Li et al., 2017).  According to 

Li et al. (2017), mechanical strength recovery due to self-healing can hardly be captured 

through conventional destructive testing methods since the healing mechanisms are 
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normally local and on microscale level. Therefore, it requires a non-destructive 

technique that is sufficiently sensitive to measure strength recovery due to self-healing. 

The shear wave velocity technique (SWV) is a non-destructive technique that has been 

employed in several fields including the geotechnical, structural, and medical science 

fields. For example, Mehta and Antich (1997) assessed the biomechanical competence 

of bone using SWV techniques. Cortez et al. (2016) used SWV measurements to detect 

musculoskeletal abnormalities. Liu et al. (2014), Birgül (2009), An et al. (2009), 

Soliman et al. (2015), and Zhu et al. (2011) evaluated different properties of concrete 

using SWV testing. Other studies used SWV to investigate the properties of different 

soils and rocks (e.g. L’Heureux and Long 2017; Rajabi and Sharifipour 2017;  Karray 

et al., 2015; Liu et al., 2016; El Takch et al., 2016).Therefore, in the present chapter, 

mechanical strength recovery of cement-based materials was investigated via the SWV 

technique.  

4.2 Experimental Program  

4.2.1 Materials and Specimen Preparation  

Mortar specimens were made with ordinary portland cement (OPC) compliant with 

requirements of CSA A3001 and ASTM C150. Water-to-cementitious materials ratio 

(w/cm) of 0.35 and sand-to-cementitious materials mass ratio (s/c) of 2 were used. Four 

different mineral additions including granular bentonite (BN) as a swelling agent, fine 

calcium carbonate powder (CC) as a carbonate mineral, and high-reactivity metakaolin 

(MK) and fly ash (FA) as silica-based materials were used. A polycarboxylate-based 

high-range water reducing admixture (HRWRA) as per ASTM C494 was used to adjust 

workability. PVA fiber at a dosage of 1% by volume fraction was added to the mortar 

mixtures. To determine shear wave velocity, 50 mm cubic specimens were prepared for 

each mixture according to ASTM C109 (Standard Test Method for Compressive 

Strength of Hydraulic Cement Mortars). After demolding at 1-d, specimens were cured 

for 28-d in a moist room at RH ≥ 95% and T = 21 ± 1°C. The curing was carried out 

according to ASTM C511 (Standard Specification for Mixing Rooms, Moist Cabinets, 

Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and 

Concretes).  At the age of 28-d, specimens were removed from the moist room and 

cracks were induced as displayed in Fig. 4.1. The maximum applied load on the 
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specimens was set as the first crack value according to the method described by Pang 

et al. (2016). The cracked specimens were then placed in different environmental 

conditions. 

 

 

 

Figure 4.1 Cracking of specimens using MTS machine.   

 

4.2.2 Shear Wave Velocity 

A piezoelectric ring actuator (PRA) technique was used for measuring the shear wave 

velocity of the tested specimens. This technique was originally developed at the 

University of Sherbrooke (Gamal El-Dean, 2007) and further developed at Western 

University (Ahmed et al., 2016). Two piezoelectric ring-shaped transducers were 

mounted on tow opposite surfaces of the tested specimens to evaluate shear wave 

velocity, as shown in Fig. 4.2. A data acquisition system was used to receive and record 

the resulting signals.  During the test, a high voltage sinusoidal wave was generated 

through the specimen with different input excitation frequencies. Figure 4.3 shows a 

typical signal with clear shear wave arrival. The arrival point of the shear wave signal 

was taken as the first significant excursion in the signal with positive polarity as 

described by Mneina et al. (2018). The variation in SWV before and after cracking and 

healing was periodically investigated.  
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Figure 4.2 Schematic representation of PRA test set-up. 

 

 

 

 

 

Figure 4.3 Typical output signal with clear shear wave arrival. 

 

Shear wave arrival  
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4.3 Experimental Results and Discussion 

4.3.1 Shear Wave Velocity and Mechanical Strength Recovery   

Figures 4.4 and 4.5 show the compressive strength of the pre-cracked specimens 

exposed to different environmental exposures. After one year, the cracked and cured 

specimens were re-cracked to the maximum load.  Based on the results, self-strength 

recovery can hardly be interpreted using a destructive technique such as compression 

testing. Several studies have previously investigated various properties of concrete 

using ultrasonic measurements. For instance, Liu et al. (2014) monitored the setting 

and hardening process of mortar and concrete using ultrasonic shear waves. Their 

results showed that shear wave velocity can be a sensitive measurement to detect the 

setting and hardening process of cementitious materials. Similarly, Soliman et al. 

(2015) reported that early-age properties of concrete can be monitored using the shear-

wave velocity technique. Another study by Naji et al. (2017) evaluated the potential 

segregation of self-consolidating concrete through monitoring the changes in shear 

waves using a piezoelectric ring actuator technique. They found that static stability of 

SCC concrete can be assessed using such a technique. An et al. (2009) showed that 

shear wave velocity can be used to characterize the compressive strength development 

of concrete under various curing regimes. In the current study, the development of 

strength recovery due to self-healing in cement-based materials was investigated using 

shear wave velocity measurements.   

Tables 4.1 and 4.2 report the shear wave velocity, SWV evolution of the self-healed 

specimens exposed to different environments. Several measurements of SWV were 

taken over a period of year. The test results have been normalized with respect to the 

original value before cracking. For specimens exposed to water submersion, results 

showed that FA20 specimens exhibited significant strength recovery. In comparison, 

BN8 specimens showed the least self-healing in terms of strength recovery. For FA20 

specimens, strength recovery can be related to the progress of hydration reactions and 

further formation of calcium silicate hydrate C-S-H due to pozzolanic reactions. For 

MK15 specimens, although metakaolin undergoes pozzolanic reaction and refines the 

microstructure of the hydrated cement paste, it reacts quicker than fly ash due to its 

smaller particle size and higher surface area. 
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Figure 4.4 Compressive strength of pre-cracked specimens submerged in water. 

 

 

Figure 4.5 Compressive strength of pre-cracked specimens exposed to cyclic T and 

RH. 

 

 

 



 

Chapter Four                                                                                                                         63 

 

 

 

 

Table 4.1: Shear wave velocity evolution of specimens submerged in water 

 Normalized SWV 

 Uncracked Cracked 3 months  6 months  1 year 

OPC 1 0.55 0.64 0.77 0.79 

FA 20 1 0.59 0.68 0.78 1.12 

MK 15 1 0.51 0.64 0.74 0.81 

BN 8 1 0.56 0.71 0.72 0.75 

CC 8 1 0.53 0.70 0.72 0.77 

 

Table 4.2: Shear wave velocity evolution of specimens exposed to cyclic T and RH 

 Normalized SWV 

 Uncracked Cracked 3 months  6 months  1 year 

OPC 1 0.58 0.61 0.64 0.65 

F20 1 0.52 0.62 0.66 0.69 

MK15 1 0.53 0.59 0.65 0.66 

BN8 1 0.58 0.59 0.64 0.65 

CC8 1 0.54 0.57 0.59 0.61 

 

On the other hand, bentonite in the BN8 specimens contains montmorillonite, which is 

a crystalline material that has less contribution to the C-S-H formation, resulting in less 

strength recovery. Similarly, CC8 specimens did also exhibit low strength recovery. 

According to Kenai et al. (2004) incorporating fine calcium carbonate powder may 

reduce the long-term compressive strength. This reduction in compressive strength may 

be explained by the cement hydration dilution effect of fine calcium carbonate powder 

(Cao et al., 2019).  Therefore, in the current study, the ability of self-strength recovery 

was in the order of FA20 > MK15 > OPC > CC8 > BN8. 

For specimens exposed to cyclic T and RH (Table 4.2), the self-strength recovery was 

considerably lower than that of specimens exposed to continuous water submersion. 

This may be attributed to the fact that further hydration of specimens exposed to cyclic 

T and RH is significantly diminished.  For example, previous study by Özbay et al. 

(2013) showed that mechanical recovery of pre-cracked engineered cementitious 



 

Chapter Four                                                                                                                         64 

 

 

materials cured in continuous air was significantly reduced in comparison with identical 

specimens cured in continuous water. Similar results were also reported by Sisomphon 

et al. (2013) when they investigated strain hardening cementitious composites 

incorporating calcium-sulfo-aluminate based expansive additive and crystalline 

additive. Their results also showed that all specimens exposed to ambient air had 

minimal mechanical recovery in compassion to specimens exposed to damp 

environments. This suggests that self-strength recovery of a cementitious material 

primarily depends on the surrounding environment. Therefore, further hydration of 

cementitious materials, which requires the presence of water, appears to be the main 

mechanism for mechanical strength recovery in the cement-based materials.  

4.3.2 Crack Self-healing and Mechanical Strength Recovery 

Figure 4.6 illustrates the crack sealing index of specimens after 400 days of water 

submersion. The results are plotted in terms of evolution of the crack sealing index over 

time. It can be observed that surface cracks having different widths exhibited self-

healing (Fig. 4.7). Accordingly, the ability of a surface crack to self-heal was in the 

order of CC8 > FA20 > OPC > BN8 > MK15. On the other hand, cracks in all specimens 

exposed to cyclic T and RH showed no self-healing. For crack self-healing to occur, 

water and carbon dioxide need to be present inside the crack. As the cracked specimen 

starts to release Ca2+ ions, calcium carbonate (CaCO3) will precipitate and fill the crack, 

leading to crack self-healing as per the following reaction:   

 

                                                Ca(OH)2 + CO2 → CaCO3 + H2O                                                 

 

Several studies have reported precipitation or crystallisation of CaCO3 as the main 

healing mechanism of surface cracks (Zhu et al., 2012; Wang et al., 2014; Van 

Tittelboom et al., 2012; Sisomphon et al., 2012; Huang et al., 2013; Jiang et al., 2015; 

Snoeck et al., 2016; Tomczak and Jakubowski. 2018; Wang et al., 2018; Zha et al., 

2018). For instance, Zhu et al. (2012) investigated the self-healing of engineered 

cementitious composites exposed to two different cyclic freeze/thaw regimes. They 

found that, for both exposures, CaCO3 was formed and sealed the cracks. Tomczak and 

Jakubowski (2018) studied the self-healing process in high-cement content and low w/c 

ratio composites. Their results also showed that CaCO3 was the main healing product 
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formed in surface cracks. Similarly, Wang et al. (2014) reported that CaCO3 was the 

main healing product formed in cracks for concrete with hydrogel encapsulated 

bacterial spores. 

  

 

 

 

Figure 4.6 Change in surface crack width of specimens submerged in water with 

initial crack width (a) 50-150 µm; (b) 150-300 µm; and (c) 300-500 µm. 

(c) 

(a) 

(b) 



 

Chapter Four                                                                                                                         66 

 

 

In the present study, mortar specimens incorporating fine calcium carbonate powder 

achieved the best self-healing performance in terms of surface crack closing.                  

Figure 4.8 shows typical SEM images and EDX analyses for healing products formed 

within surface cracks of CC8 specimens. Elemental EDX analysis revealed that the 

healing products at crack surfaces were mainly composed of calcium with some carbon 

and oxygen, indicating that it primarily consists of CaCO3. However, in terms of 

strength recovery, CC8 specimens did not achieve an appreciable improvement in 

comparison with FA20 specimens. For the FA20 specimens, SEM images and EDX 

analysis also showed that the healing products at crack surfaces were mainly composed 

of calcium with some carbon and oxygen, indicating that it primarily consists of CaCO3 

(Fig. 4.9). Only small amounts of Si were found at the crack surfaces, suggesting 

limited formation, if any, of C-S-H as a healing product. 

To quantify the change in crack volume owing to self-healing, X-ray computed 

microtomography was performed. Two datasets representing the condition before and 

after self-healing were input into a 3D rendering software (Dragonfly 3.5).                   

Figure 4.10 shows 3D-images of a typical crack profile (in red color) for a FA20 

specimen before and after self-healing. For the same specimen, the crack was 

segmented, and its total volume was measured. Accordingly, the amount of healing 

product can be quantified by subtracting the volume of crack before and after self-

healing. Results show that the healing efficiency was 26.95% for the FA20 specimen. 

In the previous chapter, the healing efficiency for CC8, OPC, BN8, and MK15 was 

32.26%, 27.27%, 25.6%, and 24.1%, respectively. The results indicated that FA20 

specimens showed less crack healing than that of both the CC8 and OPC specimens. 

This finding could suggest that crack self-healing may have little or negligible 

contribution to mechanical strength recovery of cement-based materials. Previous study 

by Yang et al. (2009) investigated the autogenous healing of engineered cementitious 

composites under wet-dry cycles. In their study, specimens were subjected to tensile 

loading after undergoing self-healing. They found that most cracks formed tended to 

follow the previous crack lines. Similar observation was also reported by Zhu et al. 

(2012).  According to Yang et al. (2009), the healing products, which are mainly CaCO3 

crystals formed in cracks, have weak bonding forces and are relatively weaker than the 

hydrated cementitious matrix. Therefore, it can be hypothesized that strength recovery 
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of cementitious materials can be primarily attributed to the ongoing hydration of the 

un-cracked portion of the matrix. 

 

 

 

 

Figure 4.7 Surface cracks before and after water submersion showing self-healing. 
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Figure 4.8 SEM micrograph with EDX pattern of products in self-healed cracks of 

CC8 specimens. 

 

 

 

Figure 4.9 SEM micrograph with EDX pattern of products in self-healed cracks of 

FA20 specimens. 
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Figure 4.10 X-ray µCT scan images for FA20 specimen submerged in water showing 

(a) before self-healing, and (b) after self-healing. 
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4.3.3 Microstructural Densification and Mechanical Strength 
Recovery 

Figure 4.11 displays the cumulative mercury intrusion curves as a function of the pore 

diameter for cracked mortar specimens exposed to different environments. Results 

showed that submerged specimens (particularly FA20) exhibited considerable 

reduction in porosity in comparison to that of specimens exposed to cyclic T and RH. 

Reduction in porosity occurred primarily due to the presence of capillary liquid water 

and progress of pozzolanic reactions, which promoted microstructural densification, 

resulting in mechanical strength enhancement. This may indicate that the strength 

recovery exhibited by FA20 specimens was primarily achieved by delayed hydration 

and pozzolanic reactions, rather than by crystallisation or precipitation of CaCO3 in 

healed cracks. In a previous study, Ferrara et al. (2014) investigated the effects of self-

healing on the recovery of mechanical properties of normal strength concrete exposed 

to different environments, with and without crystalline admixtures. They found that the 

mechanical recovery was attributed to further hydration reactions, rather than to 

transformation of calcium hydroxide, Ca(OH)2 into calcium carbonate, CaCO3. 

Sisomphon et al. (2013) studied the self-healing potential of strain hardening 

cementitious composites (SHCC) incorporating various cementitious materials. Their 

results showed that although formation of CaCO3 is preferable in term of water 

tightness, it may decrease the recovery of mechanical properties of cementitious 

materials. According to Qian et al. (2010), healing products formed in cracks, including 

CaCO3 and Ca(OH)2, are typically weaker than C-S-H gel. In addition, even if the main 

healing product in cracks was C-S-H formed due to rehydration of cement particles, the 

bond strength between the crack surface and the newly formed C-S-H remains mostly 

weak in comparison with the tensile strength of the uncracked matrix. In the current 

study, although FA20 specimens showed slightly less crack volume change due to self-

healing compared with the CC8 and OPC specimens, their strength recovery was 

significantly higher. This could be attributed to the progress of hydration and 

pozzolanic reactions, which related to strength enhancement of the uncracked matrix, 

rather than the healing of cracks. Hence, it appears at this stage that surface crack 

healing via deposition of calcium carbonate and hydrated lime may play a more 

important role in regaining durability features, such as gas and fluid tightness. However, 
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its contribution to mechanical strength recovery seems questionable based on the 

findings of the present study. 

  

 

 

 

 

 

 

 

 

 

Figure 4.11 Cumulative intruded pore volume vs. pore diameter for cracked 

specimens (a) at 28 days, (b) one year after water submersion, and (c) one year after 

cyclic T and RH. 
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4.4 Conclusions  

In this chapter, mechanical strength recovery of pre-cracked cement mortars was 

investigated using a shear wave velocity technique. In addition, the effects of diverse 

additions, such as silica-based materials, swelling agents, and carbonating minerals, on 

mechanical strength recovery under different environmental exposure, were also 

explored. Based on the experimental findings, the following conclusions can be drawn: 

 

 The exposure condition plays an important role in the strength recovery process 

of cement based-materials. The water submersion condition achieved best 

strength recovery, particularly for the specimens incorporating fly ash.  

 Further or delayed cement hydration and pozzolanic reactions appear to be the 

main mechanism for mechanical strength recovery in cement-based materials. 

 For all specimens, the main healing product formed on the crack surface was 

CaCO3. 

 Specimens incorporating limestone micro-filler showed the best healing ability 

in terms of crack filling and closing. 

 In terms of mechanical strength recovery, specimens incorporating fly ash 

showed best performance. 

 Based on shear wave velocity measurements, the ability of mechanical strength 

recovery was in the order of FA20 > MK15 > OPC > CC8 > BN8. 

 Based on the computed microtomography and 3-D image analysis, the ability 

of crack healing was in the order CC8 > OPC > FA20 > BN8 > MK15. 

 Further hydration and pozzolanic reactions of the un-cracked cementitious 

matrix play a major role in mechanical strength recovery of cement-based 

materials. So long as this mechanism is not quantitatively dissociated from the 

self-healing effect, reported results of the effect of crack self-healing on 

mechanical strength recovery seem to be questionable. 
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CHAPTER FIVE 

5 Self-healing Behaviour of Cementitious Materials 
Incorporating Superabsorbent Polymers Under 
Simulated Field Conditions 

 

 

 

5.1 Introduction 

Some previous studies investigated the efficacy of self-healing concrete under different 

environments. For instance, Roig-Flores et al. (2015) studied the self-healing behaviour 

of concrete with crystalline admixtures exposed to different environments. They 

reported that self-healing of concrete incorporating crystalline admixtures exhibited 

different healing behaviour depending on the exposure environment. For instance, 

negligible self-healing was found in all specimens exposed to constant T and RH, 

demonstrating that the presence of liquid water is essentially for self-healing to occur. 

Similarly, Özbay et al. (2013) reported that no crack healing occurred for engineered 

cementitious composites (ECC) exposed to continuous air in comparison to similar 

specimens exposed to either continuous submersion in water or cyclic wetting and 

drying. Another study by Wang et al. (2014) found that no crack healing occurred in a 

bacteria-based concrete when stored at 60 % RH and 95% RH. In addition, due to the 

additional drying shrinkage, the final crack widths for the specimens stored at 60% were 

even larger than the initial widths. According to Wang et al. (2014), lack of water 

supply to the cracked specimens in both conditions was the main reason for the non-

self-healing behaviour. Therefore, in this chapter, the potential of superabsorbent 

polymers  to promote crack self-healing of cement based-materials under simulated 

field conditions including cold and hot temperatures, high and low humidity, wet and 

dry cycles, and continuous underwater environments was investigated. The results 

should provide qualitative and quantitative bases for the assessment of self-healing 

capacity of cement-based materials under simulated field conditions. 
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5.2 Experimental Procedures 

5.2.1 Materials and Specimen Preparation  

Mortar specimens were made with ordinary portland cement (OPC) compliant with 

requirements of CSA A3001 and ASTM C150. The mixture design of mortars is 

reported in Table 5.1. A varying dosage of superabsorbent polymers (SAPs) expressed 

as mass percentage of cement weight, as shown in the Table 5.1, were used. Physical 

and chemical properties of the SAPs are summarized in Table 5.2. PVA fiber at a 

dosage of 1% by volume fraction was added to the mortar mixtures. To ensure a 

homogeneous distribution of the SAPs in the mixture, cement, PVA, and SAPs were 

first dry mixed for about 1 min. The sand was then added, and dry mixing continued 

for another 1 min. Subsequently, water was added and a polycarboxylate-based high-

range water reducing admixture (HRWRA) as per ASTM C494 was used to adjust 

workability. The mortar was mixed in a Hobart mixer for 2 min. Cylinder specimens 

(50 mm diameter and 25 mm height) were cast in order to determine the compressive 

and splitting tensile strength of the mortars.  Disk specimens (50 mm diameter and 25 

mm height) were prepared for acquiring high resolution X-ray µCT images.  All 

specimens were cured for 28-d in a moist room at RH ≥ 95% and T = 21 ± 1°C as per 

ASTM C511 (Standard Specification for Mixing Rooms, Moist Cabinets, Moist 

Rooms, and Water Storage Tanks Used in the Testing of Hydraulic Cements and 

Concretes).   

 

Table 5.1: Proportions of tested mortar mixtures 

 

 

Mix Description OPC SAP Sand Water 

1 0% SAP 100 - 200 35 

2 0.5 SAP 99.50 0.5 200 35 

3 1% SAP 99 1 200 35 

4 2% SAP 98 2 200 35 
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 Table 5.2: Properties of SAP used 

 

5.2.2 Inducing Crack   

Crack was created at the age of 28 days using a screw jack similar to the procedure 

reported in Chapter 3.  

5.2.3 Environmental Exposure 

Cracked specimens were divided into three groups. Specimens of the first group were 

fully submerged in deionized water at a constant temperature of T = 19°C. Barnstead™ 

Easypure™ RoDi water purification system model was used. The second group of 

specimens was placed inside a walk-in environmental chamber and exposed to cyclic 

temperature ranging from 10°C to 40°C and relative humidity in the range of 20% to 

90%. Specimens of the third group were exposed to cyclic wetting and drying at 20 ± 

2°C (stored in deionized water for 4 days, and then dried in the lab for 4 days).  

5.3 Results and Discussion  

Previous studies used superabsorbent polymers (SAPs) as an admixture in cementitious 

materials to mitigate cracking due to shrinkage by providing internal curing (Jensen 

and Hansen, 2001 & 2002; Wang et al., 2009; Soliman and Nehdi, 2013; Dang et al., 

2017).  For instance, Jensen and Hansen (2002) reported that autogenous shrinkage 

after setting, as well as cracking due to restraining hardening in high-performance 

concrete, can be avoided when SAPs are used as a water entraining admixture. Similar 

findings were also reported by Wang et al. (2009) and Soliman and Nehdi (2013). 

Superabsorbent polymers are cross-linked polyacrylates and copolymerized that can 

absorb significant amount of liquid from the surrounding environment (more than 100 

times of their weight) and then retain the liquid within their structure without dissolving 

(Jensen and Hansen, 2001). Therefore, in the current study, the effects of using SAPs 

Characteristics SAP 

Particle size distribution (µ)  1-140 

Absorption deionized water (g/g) > 180 

Absorption 0.9% NaCl (g/g) 50 

Apparent bulk density (g/l) ≃ 540 

pH value 6 - 7 
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on the self-healing behaviour of cement-based materials under different environmental 

exposure was investigated.  

5.3.1 Compressive and Tensile Strength 

Figure 5.1 shows the compressive and tensile strength of the mortar specimens after 28 

days.  It can be observed that 0.5% SAP specimens exhibited an increase in compressive 

and tensile strength. This increase can be explained by the fact that SAP particles absorb 

some mixing water, leading to lower w/c ratio, which results in densification of the 

cementitious matrix.  However, by increasing the amount of SAP particles in the 

cementitious matrix, both compressive and tensile strength decreased. The reduction in 

compressive and tensile strength can be attributed to the formation of macro-pores 

when SAP particles release the absorbed water at later stage and shrink.  

5.3.2 MIP and Pore Structure 

Figure 5.2 (a) displays the cumulative mercury intrusion curves as a function of the 

pore diameter for cracked mortar specimens at age of 28 days (before self-healing). 

Results show that 0.5% SAP specimens exhibited a decrease in porosity compared to 

the 0% SAP specimens since SAP particles absorb some mixing water, which reduces 

the w/c ratio and results in lower porosity. Similar findings were reported by Mönnig 

(2005) who found that the total measured pore volume in specimens incorporating 

SAPs was smaller than that in specimens without SAPs.  Snoeck et al., (2015-b) 

reported that cement pastes with SAPs and without additional water had a decrease in 

porosity compared to reference specimens with the same total water-to-cement-ratio.   

On the other hand, MIP results showed that the total porosity of cement mortars with 

SAPs increased as the SAPs content increased beyond 0.5%. During hardening, SAP 

particles release the absorbed water and shrink, leaving behind in the cementitious 

matrix voids having hundreds of microns in size (Snoeck et al., 2015-b); Lee et al., 

2016). For example, previous study by Snoeck et al. (2014) investigated the effect of 

high amounts of SAPs on the properties of cementitious materials. Their results showed 

that increasing the amount of SAP particles in cement mortars resulted in increasing the 

total amount of pores. This effect was more pronounced with smaller SAP particles, 

due to their higher surface area available to combine mixing water (Snoeck et al., 2014).  
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(a) 

(b) 

 

 

 

 

 

Figure 5.1 (a) Compressive, and (b) tensile strength of specimens (with and without 

SAPs) after 28 days.  
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(a) 

(b) 

 

 

 

Figure 5.2 Cumulative intruded pore volume vs. pore diameter for cracked specimens 

(a) at 28 days, and (b) specimens with 1% SAP after five months of exposure to 

different environments. 
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Figure 5.2 (b) displays the cumulative mercury intrusion curves as a function of the 

pore diameter for cracked mortar specimens with 1% SAPs and exposed to different 

environments. Results show that submerged specimens and specimens exposed to 

cyclic wetting and drying achieved reduction in porosity in comparison to that of 

specimens exposed to cyclic T and RH. Reduction in porosity occurred primarily due 

to the presence of capillary liquid water, which promoted microstructural densification. 

Specimens exposed to cyclic T and RH had slight increase in porosity, which may be 

related to the formation of microcracks resulting from the cyclic exposure to different 

T and RH.  

5.3.3 Surface Crack Healing 

5.3.3.1 Underwater submersion 

Surface cracks of mortar specimens prior to and after the self-healing process were 

monitored using optical microscopy at (40-1000×) magnification. At the beginning of 

the experiment, for specimens incorporating SAPs and submerged in water (4 days of 

water submersion), surface cracks achieved rapid self-sealing. This is likely because 

SAP particles absorb water and swell to form a transplant gel that fills a significant 

portion of the surface crack (Fig. 5.3). The maximum width of cracks filled with a 

transplant gel was 385 ± 20 µm for specimens incorporating 2% SAPs. However, 

specimens with 0% SAPs did not exhibit any rapid self-sealing. A similar finding was 

reported by others. For instance, Snoeck et al. (2012) studied the water penetration in 

cementitious materials with superabsorbent polymers by means of neutron radiography. 

Their results showed that capillary absorption in and water permeability through cracks 

are significantly reduced in specimens containing SAPs particles. Lee et al, (2016) 

showed that the ingress of water into cracks causes SAP particles to swell and expand 

into the crack, thereby limiting the further flow of water. However, they found that 

when the specimens were dried at room temperature for 24 hrs, the swollen SAPs 

shrunk, thus allowing the crack to be visible again. In the current study, in order to 

determine the permanent crack healing at the end of each exposure, all specimens were 

dried at room temperature for 3 days. Figure 5.4 shows the surface crack healing of 

specimens after five months of water submersion.    
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(a) 

(b) 

  

 

  

  

 

Figure 5.3 Surface cracks after 4 days of water submersion for (a) specimen without 

SAPs, and (b) specimens with SAPs. 

 

For specimens (with and without SAPs) fully submerged in water, surface cracks 

having different widths were filled with self-healing products. It was found that the 

healing products, which mainly formed in the cracks, were white crystals. After five 

months of water submersion, only the first group of specimens with initial crack widths 

of 50 – 150 µm (with and without SAPs) exhibited complete surface crack healing. For 

the second group of specimens having initial crack widths of 150 – 300 µm, surface 

cracks were only able to heal partly. The maximum crack width healed for specimens 

submerged in deionized water over the five months test period was about 275 ± 15 µm, 

380 µm  

385 µm  

360µm  
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260 ± 10 µm, 255 ± 10 µm, and 235 ± 5 µm for the 0% SAP, 0.5% SAP, 1% SAP, and 

2% SAP specimens, respectively.  

 

 

 

 

 

Figure 5.4 Surface cracks before and after water submersion of specimens (a) 0% 

SAP; (b) 0.5% SAP; (c) 1% SAP; and (d) 2% SAP. 
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For the third group of specimens having initial crack widths of 300 – 500 µm, surface 

cracks showed no or very minor self-healing. Similar results were reported by others 

who found that the maximum surface crack width healed due to autogenous or 

improved autogenous self-healing (using crystalline, expansive, or other supplementary 

cementitious materials) was less than 400 µm for specimens submerged in water (Van 

Tittelboom et al., 2012; Roig-Flores et al., 2015; Sahmaran et al., 2013; Sisomphon et 

al., 2012; Jiang et al., 2015).  According to Van Tittelboom et al. (2012), as the crack 

width increased, crack self-healing became more difficult. This indicates that crack self-

healing is inversely proportional to the crack width. In the current study, at the 

beginning of the experiment, although only the specimens incorporating SAPs 

exhibited rapid self-sealing, after five months of water submersion, the permeant 

surface crack healing for specimens (with and without SAPs) submerged in water was 

comparable. Figure 5.5 shows typical SEM images and EDX analyses for healing 

products formed within surface cracks for specimens submerged in water. SEM was 

used to observe the surface morphologies of the healing products, and EDX was used 

for elemental analysis.  It can be observed that the self-healing products had multiple-

shaped and irregular crystals. EDX analysis at different locations showed that the 

healing products at crack surfaces in all specimens were mainly composed of three 

elements, namely calcium, carbon and oxygen, indicating that it primarily consists of 

CaCO3.  

 

Figure 5.5 SEM micrograph with EDX pattern of products in self-healed cracks of 

specimens with 1% SAP after water submersion. 
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(c) 

(d) 

5.3.3.2 Cyclic Wetting and Drying   

Figure 5.6 shows the surface crack healing of specimens after five months of exposure 

to cyclic wetting and drying.  

 

 

 

 

Figure 5.6 Surface cracks before and after exposure to cyclic wetting and drying of 

specimens (a) 0% SAP; (b) 0.5% SAP; (c) 1% SAP; and (d) 2% SAP. 
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Results show that 2% SAP specimens exhibited best healing potential where surface 

cracks of up to about 220 ± 10 µm in width were completely sealed. In comparison, 0% 

SAP specimens showed the least self-healing in terms of crack closing. The maximum 

crack width healed in 0% SAP specimens was 180 ± 10 µm. For 1% SAP and 0.5% 

SAP specimens, the maximum crack width healed was 205 ± 5 µm and 190 ± 10 µm, 

respectively. Hence, the ability of crack healing was in the order of 2% SAP > 1% SAP 

> 0.5% SAP > 0% SAP.  These results can be explained by the fact that SAP particles 

were able to provide water during the dry periods of the wet-dry cycle, therefore 

increasing the possibility of crack self-healing. Previous study by Snoeck et al., (2015-

a) investigated the autogenous healing in strain-hardening cementitious composites by 

using superabsorbent polymers. Their results showed that crack healing was improved 

by adding SAPs in specimens exposed to wet/dry cycles. Therefore, SAPs can promote 

crack healing in cement-based materials exposed to cyclic wetting and drying. SEM 

and EDX analyses also showed that the healing products formed within surface cracks 

for specimens exposed to wet/dry cycles were mainly CaCO3 (Fig. 5.7).  This finding 

agrees with previous studies (Snoeck et al., 2014, 2015-b and 2016). Therefore, CaCO3 

appears to be the main “permanent” healing product filling cracks in cement-based 

materials incorporating SAPs and exposed to cyclic wetting and drying.  

 

 

Figure 5.7 SEM micrograph with EDX pattern of products in self-healed cracks of 

specimens with 1% SAP after cyclic wetting and drying. 
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5.3.3.3 Cyclic T and RH  

Figure 5.8 shows the surface crack healing of specimens after five months of exposure 

to cyclic T and RH.  

 

 

 

 

 

Figure 5.8 Surface cracks before and after exposure to cyclic T and RH of specimens 

(a) 0% SAP; (b) 0.5% SAP; (c) 1% SAP; and (d) 2% SAP. 
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It can be observed that only specimens with SAPs exhibited partial healing. For 

example, specimens with 2% SAP showed crack closing for up to about 65 ± 10 µm. 

In comparison, 0% SAP specimens achieved no self-healing in terms of crack closing. 

For 1% and 0.5% SAP specimens, the maximum crack width healed was 50 ± 10 µm 

and 20 ± 10 µm, respectively. Therefore, the ability of crack healing was in the order 

of 2% SAP > 1% SAP > 0.5% SAP > 0% SAP.  

Results of EDX analyses (Fig. 5.9) reveal that the healing products within the crack 

were mainly composed of calcium with some carbon and oxygen, indicating that it 

consists primarily of CaCO3. Apparently, SAP particles were able to absorb moisture 

and stimulate autogenous healing, even without being in direct contact with water. Due 

to the drop in relative humidity, swelled SAP particles can release water into the 

cementitious matrix. Thus, SAPs provide moisture to activate the autogenous self-

healing in dry environments (Snoeck et al., 2018). 

 

 
 

 

Figure 5.9 SEM micrograph with EDX pattern of products in self-healed cracks of 

specimens with 1% SAP after exposure to cyclic T and RH. 
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5.3.4 Crack Quantification Using X-ray Computed Tomography 

Figure 5.10 shows 3D-images of the crack profile before and after self-healing. In the 

present study, 1% SAP specimens with crack width in the range of 150 to 300 µm and 

exposed to different environmental conditions were selected for X-ray µCT analysis. 

The selected specimens were scanned before and after self-healing. Two datasets 

representing the condition before and after self-healing were input into a 3D rendering 

software (Dragonfly 3.5). Table 5.3 shows the results of segmentation and 

quantification analysis of cracks before and after self-healing. For the same specimen, 

the crack was segmented, and its total volume was measured. Accordingly, the amount 

of healing product can be quantified by subtracting the volume of crack before and after 

self-healing. Results show that the healing efficiency was 26.32%, 19.11%, and 6.58% 

for specimens with 1% SAP exposed to water submersion, cyclic wetting and drying, 

and cyclic temperature and relative humidity, respectively. 

Images from X-ray µCT scans showed most of the healing product is formed at the 

surface region of the specimens exposed to different environments. On the other hand, 

at the interior region of the crack, the healing amount was significantly less. Previous 

study by Wang et al. (2014) investigated the self-healing behaviour of concrete 

specimens incorporating bio-hydrogels (hydrogel encapsulated bacterial spores). Their 

results showed that complete self-healing was mainly restricted to surface cracks. 

Similar findings were also reported in other studies (Snoeck et al., 2016; Fan and Li, 

2014). One possible reason for this phenomenon is that the fast formation of CaCO3 at 

the surface cracks blocks the water and carbon dioxide from reaching deeper inside the 

specimen, leading to less healing potential for the interior part of the crack. 

 

Table 5.3: Quantification of cracks before and after self-healing 

Crack volume (µm3) 

Environmental 

exposure 
Before After 

Healing Efficiency 

(%) 

Water submersion 130866367236.4 96420248883.3 26.32 

Cyclic W/D 189164338087.4 153014223497.1 19.11 

Cyclic T/RH 167845082507.1 156799707845.3 6.581 
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(a) 

(b) 

 

 

 

 Before After 

Water Submersion 

  

Cyclic W/D 

  

Cyclic T/RH 

  

 

 

Figure 5.10   3D-images of the (a) crack segmentation, and (b) crack profile before 

and after self-healing. 
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5.4 Conclusions 

In this chapter, the self-healing of cracks in cement-based materials incorporating 

superabsorbent polymers was investigated under simulated field conditions. Based on 

the experimental findings, the following conclusions can be drawn: 

 The degree of self-healing depended on the dosage of superabsorbent polymers 

used and the type of environmental condition applied. 

 In specimens containing SAP, the swollen SAP due to water contact formed a 

soft gel that expanded and temporarily sealed cracks.  

 The effect of superabsorbent polymers on permanent crack healing was more 

pronounced in environments with less direct water contact. 

 The main crack healing product formed in cement mortar specimens with and 

without SAPs was CaCO3. 

  X-ray µCT revealed that self-healing of specimens with and without SAPs was 

restricted to cracks near the surface.  

 Based on the segmentation and quantification analysis of the X-ray µCT scans, 

the healing efficiency was 26.32%, 19.11%, and 6.58% for specimens with 1% 

SAP exposed to water submersion, cyclic wetting and drying, and cyclic 

temperature and relative humidity, respectively. 
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CHAPTER SIX 

6 Modeling Self-Healing of Concrete Using Hybrid 
Genetic Algorithm–Artificial Neural Network* 

 

 

 

6.1 Introduction 

In recent years, research on the ability of concrete to heal itself has received increasing 

attention. The inspiration came from the concept of biomimicry and the healing process 

in living nature (Blaiszik et al., 2010; Ghosh, 2009). For instance, when the skin of 

humans or animals is injured due to cuts, scrapes, or scratches, it can repair itself 

biologically. Although it is almost impossible to artificially simulate this exact 

biological healing process in concrete, several studies have proved that a portland 

cement concrete matrix can heal itself intrinsically (Gagné and Argouges, 2012; Huang 

and Ye, 2015; Jiang et al., 2015; Pang et al., 2016; Rahmani and Bazrgar, 2015; Roig-

Flores et al., 2015; Snoeck and De Belie, 2015; Sisomphon et al., 2012; Yang et al., 

2009).  

Different mechanisms are responsible for autogenous (or intrinsic) self-healing in 

concrete, including (a) further hydration of anhydrous cement or cementitious minerals, 

(b) carbonation of calcium hydroxide, (c) expansion of the hydrated cement due to the 

swelling of calcium silicate hydrate, and (d) precipitation of impurities from the ingress 

water and spalling of loose concrete particles in cracks (Edvardsen, 1999; Hearn, 1998; 

Jacobsen et al., 1995; Ramm and Biscoping, 1998).  Nevertheless, both continuous 

hydration and carbonation of calcium hydroxide are considered as the major 

mechanisms of autogenous self-healing in concrete (Van Tittelboom et al., 2012).  

Autogenous self-healing in concrete can also be stimulated by incorporating different 

healing agents into the concrete matrix. For instance, previous studies by 

Termkhajornkit et al. (2009), Şahmaran et al. (2008) and Van Tittelboom et al. (2012) 
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showed that partially replacing portland cement with supplementary cementitious 

materials, such as blast-furnace slag and fly ash, can improve the self-healing 

phenomenon in the cementitious matrix. In addition, a study by Sisomphon et al. (2012) 

reported that using expansive and crystalline additives could also enhance self-healing. 

Several other studies investigated the possibility of incorporating bio-chemical self-

healing agents in concrete to promote the self-healing efficiency (Chahal et al., 2012; 

Jonkers et al., 2010; Khaliq and Ehsan, 2016; Lou et al., 2015; Van Tittelboom et al., 

2010; Wang et al., 2012; Wang et al., 2014; Wiktor and Jonkers et al., 2011, Xu and 

Yao, 2014). For instance, Jonkers et al. (2010) investigated the potential of using a 

certain type of alkali-resistant spore-forming bacteria as a self-healing agent. Spore-

forming bacteria related to the genus Bacillus were added into the cementitious 

material. It was shown that the use of bacteria in concrete can help fill micro-cracks. In 

addition, a study conducted by Van Tittelboom et al. (2010) reported that the use of 

bacteria can help reduce water permeability into concrete. Wiktor and Jonkers (2011) 

studied the effect of combining bacteria spores and calcium lactate in concrete. They 

found that the combined effect can significantly enhance the concrete’s ability to self-

heal its cracks independently.  

Therefore, the development of self-healing in concrete depends on numerous factors 

and parameters which are highly interdependent and exhibit substantial complexity, 

having combined roles in the self-healing efficiency of concrete. This makes it difficult 

to model and predict the self-healing effect of concrete given such complex multitude 

of parameters.  

One promising approach to predicting the self-healing efficiency of concrete is artificial 

intelligence techniques, such as artificial neural networks (ANNs). According to Adeli 

(2001), ANNs offer a reliable tool that can model and predict complex problems. It 

basically consists of computational devices inspired by biological learning in the brain. 

It has a self-learning capability able to capture complex interactions between different 

variables. According to Kartam et al. (1997), ANNs can be applied to a variety of tasks 

and problems, such as classification, interpretation, diagnosis, modeling, and control. 

They are more suitable to problems that are highly complex to solve by mathematical 

modeling or other classical procedures (Adeli, 2001).  
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Since 1989 when the first article on the application of ANNs in civil engineering was 

published, several studies have reported on the excellent ability of ANNs to model and 

solve complex problems in different civil engineering areas (Adeli and Yeh, 1989; 

Adeli, 2001). For instance, ANNs have been successfully applied to investigate the 

concrete’s compressive and shear strength, strain, dynamic modulus of elasticity, 

chloride permeability, crack pattern, and autogenous and drying shrinkage (Bal and 

Buyle-Bodin, 2013; Duan et al., 2013; Elbahy et al., 2010; El Chabib and Nehdi, 2005; 

Hegazy et al., 1998; Hossian et al., 2016; Lee, 2003; Mashhadban et al., 2016; Nehdi 

and Soliman, 2012; Venkiteela et al., 2010; Yeh, 2007; Yeh, 1998). In most cases, the 

ANN model was trained using the back-propagation (BP) algorithm. Basically, BP is a 

local search algorithm used in combination with gradient descent to update the weights 

and biases of the neural network and minimize the performance function (Chandwani 

et al., 2015). According to Huang et al. (2015), training an ANN by BP has been a 

successful approach that can provide solutions for several engineering applications. 

However, due to the random initialization of weights and biases, the BP algorithm could 

be trapped in local optima and may not find the global optimum (Chandwani et al., 

2015; Huang et al., 2015).  

Recently, a number of studies combined ANN modeling with genetic algorithms (GA) 

to improve the convergence to global optimum (Rahman and Setu, 2015; Vadood et al., 

2015; Yuan et al., 2014). Therefore, in the present chapter, the feasibility of using a 

hybrid genetic algorithm–artificial neural network (GA–ANN) for predicting the self-

healing in concrete is investigated.  

6.2 Concept of Neural Network Prediction of Self-Healing in 
Concrete 

Several strategies of self-healing in concrete have been introduced. According to Van 

Tittelboom and De Belie (2013), such strategies can be classified based on the 

corresponding healing mechanisms into three groups: intrinsic healing, capsule-based 

healing and vascular healing. Intrinsic healing includes autogenous healing (further 

hydration of un-hydrated cement and carbonation of calcium hydroxide) and improved 

autogenous healing via agents or approaches that can promote further crystallization 

and cementitious hydration reactions. Strategies such as capsule-based healing (e.g. 
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microcapsules filled with a healing agent such as epoxy and added during concrete 

mixing) or vascular healing (networks of hollow tubes built into the cementitious 

matrix) do not always require interaction with concrete components to promote self-

healing. Since each of these self-healing strategies has a different approach and deals 

with a different mechanism, it is reasonable to model each separately. Thus, in this 

study, intrinsic self-healing alone will be considered to develop a GA–ANN model 

capable of predicting the crack-self healing in cementitious materials. Studies retrieved 

from the literature were carefully selected based on reporting measurements of the 

change in crack-width due to self-healing under similar environmental conditions (i.e. 

water submersion). For instance, Özbay et al. (2013), Sahmaran et al. (2013), and Van 

Tittelboom et al. (2012) investigated crack self-healing under different environmental 

conditions; however, to obtain reliable model predictions, only results of self-healing 

obtained for completely water-submerged specimens were retained for developing the 

GA–ANN model. Sisomphon et al. (2012) and Wiktor and Jonkers (2011) also 

investigated the self-healing potential of cement-based materials under similar 

environmental conditions and their data were thus used. In addition, different agents 

were used to promote self-healing. For instance, Özbay et al. (2013), Sahmaran et al. 

(2013), and Van Tittelboom et al. (2012) investigated the autogenous self-healing of 

concrete incorporating supplementary cementitious materials. Wiktor and Jonkers 

(2011) improved the autogenous healing by incorporating bio-chemical self-healing 

agents. Two biochemical agents consisting of a mixture of bacterial spores and calcium 

lactate were used. Chahal et al. (2012) studied the effect of bacteria on the compressive 

strength, water absorption and rapid chloride permeability of fly ash concrete. They 

found that the properties of concrete made with fly ash along with an optimized dose 

of bacteria could be improved. Sisomphon et al. (2012) also studied the self-healing of 

cement-based materials incorporating calcium sulfo-aluminate-based expansive 

additive and a crystalline additive. Although in these studies different healing agents 

were used, the main healing product formed in the cracks were calcium carbonate 

(CaCO3) and/or calcium silicate hydrate (C–S–H). For example, both Özbay et al. 

(2013) and Sahmaran et al. (2013) used scanning electron microscopy (SEM) and X-

ray diffraction (XRD) to investigate the mineralogy and chemical composition of the 

healing product observed in the cracked specimens exposed to continuous curing. They 

reported the formation of both CaCO3 and C–S–H. In addition, a high amount of CaCO3 
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was reported in the case of using supplementary materials with higher CaO content. 

Wiktor and Jonkers (2011) also reported significant formation of CaCO3 as a healing 

product due to metabolic conversion of calcium lactate and the reaction of 

metabolically produced CO2 molecules with Ca(OH)2 minerals present in the concrete. 

Sisomphon et al. (2012) also found that CaCO3 was the major healing product formed 

in cracks due to the increased release of Ca2+ and high pH of the cement mortar 

specimens incorporating the healing agents. According to Van Tittelboom and De Belie 

(2013), intrinsic healing can include autogenous healing (further hydration of un-

hydrated cement and carbonation of calcium hydroxide) and improved autogenous 

healing using agents or approaches that promote crystallization and more cementitious 

hydration reactions. Özbay et al. (2013), Sahmaran et al. (2013), and Van Tittelboom 

et al. (2012) investigated autogenous self-healing under similar environmental 

condition and reported practically similar final healing products. Moreover, studies by 

Sisomphon et al. (2012) and Wiktor and Jonkers (2011) investigated the improved 

autogenous self-healing under similar condition and reported similar final healing 

products. Hence, developing a model based on artificial neural networks to predict the 

effect of such agents reported in these studies on crack self-healing was considered a 

suitable approach. 

6.3 Artificial Neural Network (ANN) 

6.3.1 Neural Network Approach 

Figure 6.1 displays a schematic illustration of both artificial and biological neurons. 

An artificial neural network is a highly interconnected network of parallel distributed 

possessors or neurons that has a learning process similar to the extent of the learning 

procedure in a biological brain (Adeli, 2001; Kartam et al., 1997; Nehdi and Soliman, 

2012; Haykin, 1994; Hewayde et al., 2007; Nehdi et al., 2007; Shahriar and Nehdi, 

2011; Shahriar and Nehdi, 2013). It operates as a black box through a learning process 

with the ability to synthesize and memorize complex data structure (Adeli, 2001).  

ANN modeling has been applied in almost all engineering fields. For civil engineering 

in particular, ANN modeling has been employed to solve complex problems in the areas 

of structural, construction, geotechnical, environmental, and management engineering 

(Adeli, 2001; Kartam et al., 1997). For instance, Jiang et al. (2016) modeled the 
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microbial-induced corrosion of concrete sewers using the ANN approach. This type of 

corrosion involves complex mechanisms that are difficult to model analytically. The 

ANN model provided accurate estimations in comparison to multiple regression 

models. Similarly, Venkiteela et al. (2010) developed an ANN model capable of 

predicting the dynamic modulus of elasticity of concrete at an early age with reasonable 

accuracy. Since self-healing in concrete is a multifaceted process that requires a 

powerful modeling tool, ANN was considered in the present chapter in an attempt to 

capture the interdependent parameters influencing the self-healing mechanism and its 

high level of complexity. 

 

 
(a) 

 
(b) 

 

Figure 6.1 Schematic illustration of (a) artificial neuron, and (b) biological neuron. 
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6.3.2 Neural Network Architectures and Parameters 

Since there is no commonly accepted optimal method to determine the best architecture 

of an ANN, a trial and error approach was adopted. The design of the network 

architecture started with fewer hidden neurons, and then the number of hidden neurons 

was adjusted. The network architecture that provided best generalization was retained 

and is illustrated in Figure 6.2. It consisted of 14 input neurons representing the main 

parameters influencing the self-healing of concrete, along with one hidden layer 

comprising 16 neurons, and one output layer with a single neuron representing the crack 

width as an indication of self-healing. 

 

Figure 6.2 Architecture of genetic algorithm–artificial neural network                          

(GA–ANN) model. 
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There are several different classes of architectures in neural networks in which neurons 

(nodes) are structured. For instance, in a feed-forward network, nodes are structured in 

parallel multilayers that can be classified into input layer, hidden layers, and output 

layer (Mashhadban et al., 2016; Nehdi and Soliman, 2012).  

Each node mainly consists of three elements where the input information passes 

through, including connecting links or weights, summing-junction, and activation 

function (Mashhadban et al., 2016; Haykin, 1994; Saridemir, 2009). Weights in a neural 

network basically represent the strength between the connected nodes. For instance, 

when a node in the input layer receives information from an external environment, the 

output will send it as an input to the neighboring node at the next layer (i.e. hidden 

layer) multiplied by the weight value. Thereafter, the summing-junction combines all 

the weighted products. Eq. 6.1 refers to the weighted sums of the input components 

(Haykin, 1994; Saridemir, 2009; Topcu et al., 2007).  

𝑙𝑛 = ∑ 𝑊𝑛𝑗

𝑝

𝑗=1

𝑥𝑗 + 𝑏 (6.1) 

where ln is the weighted sums of the input component, Wnj is the weight between 

neurons, xj is the input, and b is the bias. 

 

The summation process will form a single input, which will be adjusted by an activation 

function (Nehdi and Soliman, 2012; Saridemir, 2009; Topcu et al., 2007). Basically, 

the activation function simulates the firing rate of the neuron to axon in the biological 

brain. Thus, in the computational model, the final single output of a neuron can be 

calculated based on the following equation: 

𝑦𝑛 = 𝐴𝑓(𝑙𝑛) (6.2) 

where yn is the output of the neuron and Af is the activation function. 
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There are several common activation functions that allow neural networks to solve 

difficult problems, including the sigmoid, ramp, and Gaussian functions. In the case of 

using a multilayer neural network with receptive fields, using the sigmoid function as 

an activation function is generally recommended (e.g. Saridemir, 2009). In the current 

study, the tansigmoid function shown in Eq. 6.3 was used in the hidden layer and a pure 

linear transfer function as shown in Eq. 6.4 was used in the output layer neurons.  

𝑡𝑎𝑛𝑠𝑖𝑔(𝑥) =
2

1 + 𝑒(−2𝑥)
− 1 (6.3) 

𝑝𝑢𝑟𝑒𝑙𝑖𝑛(𝑥) = 𝑥 (6.4) 

 

6.3.3 Hybrid Genetic Algorithm–Artificial Neural Network 

Table 6.1 shows the values of parameters used in the GA–ANN model. Genetic 

algorithms are powerful optimization tools based on Darwin’s natural selection and 

evolution theory. It has the capability to find the global optima through stochastic 

search techniques in a large solution domain. The process of the GA consists of steps 

including evaluation, selection, crossover, and mutation. Therefore, implementing a 

GA in ANN can improve the prediction accuracy of the ANN model. Several studies 

have reported that using GA–ANN can provide a reliable solution for different 

engineering optimization problems. For instance, Zhang et al. (2010) showed that using 

artificial neural network−genetic algorithm-based optimization provided higher 

accuracy prediction for the effect of pH, carbodiimide concentration, and coupling time 

on the activity yield of immobilized cellulose on the smart polymer. Yasin et al. (2014) 

used a hybrid artificial neural network–genetic algorithm approach to optimize the 

removal of lead ions from aqueous solutions using intercalated Tartrate-Mg–Al layered 

double hydroxides. It was shown that a small residual error existed between the 

predicted and experimental values. Ho and Chang (2011) investigated the feasibility of 

using an artificial neural network model with a genetic algorithm to predict the platelet 

transfusion requirements for acute myeloblastic leukemia patients. A genetic algorithm 

was applied in the ANN model to optimize the weights and biases governing the input-

output relationship of the ANN model. They found that using a hybrid (GA–ANN) 
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model effectively predicted the transfusion requirement of the acute myeloblastic 

leukemia patients. 

Table 6.1: Values of parameters used in GA–ANN modeling 

Parameter GA–ANN 

Number of input layer neurons  14 

Number of first hidden layer neurons 16 

Number of output layer neurons  1 

MSE goal  13 ×10−5 

 

In the present chapter, GA was applied to optimize the evolution of weights and biases 

as shown in Figure 6.3. Therefore, mutation and crossover only apply to the weights 

and biases to find the optimal values. After achieving optimal weights and biases, the 

model is trained using a BP algorithm. 

There are several training paradigms for ANN. For instance, the training can be 

supervised or unsupervised, i.e. learning with a teacher or learning without a teacher 

(Hossian et al., 2016; Haykin, 1994; Nehdi et al., 2001). In the case of supervised 

learning, the network is trained on certain provided data to a targeted output. Thus, the 

network can learn in an administered manner. Conversely, in the case of unsupervised 

learning, the network is guided to learn independently. Thus, it can recognize the 

analogy among the training pattern on its own.  

In the majority of engineering applications of ANNs, the supervised training method 

based on feed-forward network along with a back-propagation algorithm was 

implemented (Hossian et al., 2016; Saridemir, 2009; Topcu and Saridemir, 2007; Nehdi 

et al., 2001). According to Yeh (2007), developing an ANN model capable of predicting 

the behavior of a material requires training the network on the targeted data obtained 

from experimental results of that material. In other words, it requires training the 

network in a supervised manner. Thus, in the present study, feed-forward neural 

networks (FFNs) along with back-propagation algorithm was implemented to train the 

GA–ANN model on predicting self-healing in concrete. The GA–ANN model was 

trained using 70% of the total database, which was randomly selected to avoid any bias. 

It includes the influential parameters investigated in the selected studies. Moreover, 
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15% of the data (also selected randomly) was used for the validation of the model, while 

the remaining 15% was used for testing the generalization capability of the model. 

 

Figure 6.3 Flowchart of artificial neural network–back-propagation (ANN–BP) 

optimized by GA. 

 

The validation data set is different from the model generalization test set. Validation is 

regarded as part of the training process. It is used to build the model and determine its 

parameters in order to avoid overfitting. The non-linear ANN model could get full 

accuracy on the training data set. This overfitting has been found to lead to very poor 
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performance on the test data set. Hence, the independent validation data set is used for 

“cross-validation” to avoid such overfitting. Conversely, the test data set is only used 

to explore the performance of the trained model on new, unfamiliar data. In other words, 

the training data set is used for determining the ANN weights and biases to minimize 

the error function and maximize accuracy in each iteration. The cross-training data set 

is used to oversee the training process and improve the ANN generalization by 

minimizing overfitting. An overfitted ANN yields high accuracy on training data, yet 

fails to generalize from the training data, thus yielding poor performance on new, 

independent input data. The validation data set thus provides an unbiased estimate of 

the generalization error of the model.  

The back-propagation Levenberg–Marqudt rule (LMA) was used to simplify and 

shorten the training time. It basically propagates back the calculated error at the output 

layer to the network based on the Jacobian matrix J. The iteration of such an algorithm 

can be written as follows: 

𝑤𝑗+1 = 𝑤𝑗 − [ 𝐽𝑇𝐽 + µ𝐼]−1𝐽𝑇𝑒 (6.5) 

where wj is a vector of current weights and biases; µ is a learning rate; J is the Jacobian 

matrix; JT is the transpose matrix of J; I is the identity matrix; and e is a vector of 

network errors. 

6.3.4  Database Sources and Range of Input and Output Variables 

As shown in Table 6.2, data from the current study were used. In addition, data were 

collected from various studies including Wiktor and Jonkers (2011), Sisomphon et al. 

(2012), Van Tittelboom et al. (2012), Sahmaran et al. (2013) and Özbay et al. (2013). 

The total database included 1612 data points. These reported studies indicated that 

crack self-healing of cementitious materials is controlled by factors including the binder 

content, w/c ratio, initial crack width and the healing time. For instance, Sahmaran et 

al. (2013) and Özbay et al. (2013) and Van Tittelboom et al. (2012) investigated the 

influence of using alternative binder materials including supplementary cementitious 

materials on crack self-healing. Cracks were created in mortar cylinders by means of a 

crack width-controlled splitting test. It was found that cement partial replacement by 



 

Chapter Six 111 

 

 

blast furnace slag or fly ash improved the crack self-healing. In addition, decreasing the 

water-to-binder ratio improved the self-healing efficiency.  

Sisomphon et al. (2012) investigated the potential of promoting self-healing in 

cementitious materials through crystalline and expansive additives. They used synthetic 

cementitious materials made of reactive silica and crystalline catalysts as a crystalline 

additive and calcium sulfo-aluminate as an expansive material. It was found that, within 

28 days, pre-cracked specimens were capable of self-healing their cracks with a width 

of up to 400 µm. Jonkers et al. (2010) studied the effect of using a certain type of alkali-

resistant spore-forming bacteria in a cementitious material. Lightweight aggregate 

impregnated with spore-forming bacteria related to the genus Bacillus was added into 

the cementitious material during the mixing time. Results showed that crack healing 

occurred for up to 460 µm-wide cracks in specimens incorporating the spore-forming 

bacteria compared to 180 µm-wide crack healing occurring in control specimens made 

with ordinary portland cement.  

Table 6.2: Database sources and range of input and output variables 

Source No. of data points 

Wiktor and Jonkers (2011) 640 

Sisomphon et al. (2012) 594 

Sahmaran et al. (2013) 36 

Van Tittelboom et al. (2012) 182 

Özbay et al. (2013) 10 

Current study 150 

Parameter Maximum  Minimum  

OPC (mR %) 100 15 

w/c (mR %) 60 25 

Sand (mR %) 309 200 

SG (mR %) 220 0 

FA (mR %) 220 0 

CC (mR %) 8 0 

BN (mR %) 8 0 

MK (mR %) 15 0 

Calcium sulfo-aluminate (mR %) 10 0 

Crystalline additive (mR %) 4 0 

LWA (mR %) 76 0 

LWA with bacteria spores (mR %) 76 0 

Initial crack width (µm) 400 40 

Healing time (days) 150 0 

Final crack width (µm)* 400 0 

mR %: By % of mass ratio of cement. * Output variable 
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6.3.5 Performance of GA–ANN Model 

Figure 6.4 exhibits the results of change in width of the self-healed cracks in concrete 

predicted by the proposed GA–ANN model versus the corresponding experimental 

measurements of crack self-healing reported in various studies. The performance of the 

GA–ANN model mainly depends on its ability to predict the experimental output data 

with reasonable accuracy. As shown in Figure 6.4, the GA–ANN model was able to 

accurately predict the self-healing of concrete relative to the actual experimental data. 

For instance, the coefficient of determination (R2) of model prediction versus 

experimental data for the training, validation, and test data sets are 0.988, 0.973, and 

0.981 respectively. Thus, it can be argued that the proposed GA–ANN model captured 

the relationships between the provided input and output data with adequate accuracy, 

which indicates excellent performance.  

The reliability of the developed GA–ANN model for the complete data set was also 

evaluated via the root-mean-square (RMS) error, coefficient of determination (R2), and 

mean absolute percentage error (MAPE) between the model’s predictions and 

experimental results, according to Eqs. 6.6 to 6.8. The RMS, R2, and MAPE values 

were 12.16 µm, 0.985, and 11.14%, respectively, which indicates adequate 

performance of the GA–ANN model. 

𝑅𝑀𝑆 = √
1

𝑛
∑(𝑡𝑖 − 𝑜𝑖)2

𝑛

𝑖=1

 (6.6) 

𝑅2 = 1 − (
∑ (𝑡𝑖 − 𝑜𝑖)2𝑛

𝑖=1

∑ (𝑡𝑖)2𝑛
𝑖=1

) (6.7) 

𝑀𝐴𝑃𝐸 =
1

𝑛

∑ |𝑡𝑖 − 𝑜𝑖|
𝑛
𝑖=1

|∑ 𝑡𝑖
𝑛
𝑖=1 |

 (6.8) 

where ti is the target output; oi is the predicted output; and n is the number of data point. 

The generalization capacity of the GA–ANN model was also evaluated on randomly 

selected test data (15% of the original database), which was unfamiliar to the model 

and not previously presented in the training process.  
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(a) (b) 

(c) (d) 

 

 

 

 

Figure 6.4 Regression plot of GA–ANN predicted change in crack width due to self-

healing versus the corresponding experimentally observed change in crack width: 

  (a) training; (b) validation; (c) test; and (d) complete data set. 

 

The fourteen input testing data were introduced to the GA–ANN model to predict the 

self-healing of concrete. As shown in Figure 6.4, the presented GA–ANN model was 

able to predict the self-healing of concrete relative to the actual experimental data. 

Furthermore, the model performance on the validation data was comparable to that of 

the training and testing data, again indicating adequate performance of the GA–ANN 

model in predicting the complex phenomenon of self-healing as a function of the 

multitude of interconnected governing variables. 
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(a) (b) 

The ability of the GA–ANN model to predict the crack self-healing in cementitious 

materials was further validated using new experimental data obtained from the lab. 

Cement mortar specimens were made with ordinary portland cement partially replaced 

with 20% of fly ash. Water-to-cementitious materials ratio (w/c) of 0.35 and sand-to-

cementitious materials ratio (s/c) of 2 by mass were used. 

The specimens were cast in plastic containers having a 4 cm diameter and 9 cm height. 

The specimens were reinforced with a galvanized steel mesh (6 mm × 6 mm with Ø = 

1 mm). After 28 days of curing in a moist room at RH ≥ 95% and T = 21 ± 1 °C (68 

°F), specimens were cracked by applying a tensile stress. Cracks with a width of 50 ± 

10, 100 ± 10, 200 ± 10, 300 ± 10 µm, and 400 ± 10 µm were measured using an optical 

microscope and marked to evaluate the width change due to self-healing. All specimens 

were then submerged in water to allow the development of self-healing of cracks. The 

change in crack width was measured at 15, 21, 28 and 42 days wetting periods.        

Figure 6.5 illustrates the healing process of the cracked specimens. It was indicated 

that complete healing occurred in cracks with small width in comparison to cracks with 

larger width. The experimental results were compared with the GA–ANN model-

predicted results. As shown in Figure 6.6, the GA–ANN model was capable of 

predicting the self-healing of cracks in the tested mortar specimens. 

 

 

Figure 6.5 Crack healing process: (a) cracks before healing; (b) cracks after 42 days 

of healing. 
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Figure 6.6. GA–ANN model predictions of crack self-healing (reduction in crack 

width) of cementitious materials versus corresponding                                     

experimentally measured results. 

 

6.4 Conclusions 

In this chapter, a hybrid genetic algorithm–artificial neural network (GA–ANN) model 

was developed to predict the self-healing of cracks in cement-based materials. From 

this study, the following conclusions can be drawn: 

 The developed GA–ANN model represents a powerful computational tool with 

high efficiency providing an alternative solution for the modeling procedure of 

the highly complex self-healing phenomenon in cement-based materials. 

 A genetic algorithm was effectively applied in the ANN model to determine the 

optimal weights and biases that govern the input–output relationship of the 

model.  

 Training the GA–ANN multilayered feed-forward neural network with a back-

propagation algorithm showed accurate prediction of the self-healing crack 

ability in cementitious materials, yielding predictions that were close to the 

actual experimental values.  
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CHAPTER SEVEN 

7 Conclusions and Recommendations 

 

 

7.1 Summary and Conclusions  

Concrete structures are generally vulnerable to cracking, which can adversely affect its 

performance and shorten its service life by primarily allowing harmful substances such 

as chloride ions, sulfates, and carbon dioxide to ingress into to the cementitious matrix. 

In addition, periodic maintenance and repair can be very costly, especially for large-

scale structures. Thus, designing concrete structures with self-healing ability could save 

billions of dollars in maintenance and repair costs and improve both concrete durability 

and sustainability, thus leading to eco-friendly civil infrastructure. In the current thesis, 

self-healing of cracks in concrete under diverse environmental exposure was 

investigated. 

In Chapter 2, the self-healing of surface and interior cracks in cement-based materials 

exposed to different environmental curing conditions was investigated. Results showed 

that cracks in cement-based materials exhibited self-healing primarily when the curing 

environment was conducive to contact with liquid water and no significant self-healing 

could be identified in the case of specimens exposed to cyclic T and RH. In addition, 

X-ray computed tomography showed that self-healing was mainly limited to surface 

cracks. The maximum crack depth that exhibited self-healing was 340 ± 30 µm from 

the surface of the cracked specimens. The maximum crack width healed in the tested 

specimens submerged in deionized water in this study was only 300 µm.  

In Chapter 3, the self-healing of cracks in cement-based materials incorporating various 

minerals (i.e., metakaolin as a pozzolanic material, bentonite as a swelling agent, and 

limestone microfiller as a carbonate mineral) was quantified using X-ray µCT coupled 

with 3-dimensional quantitative image analysis. Results of optical microscopy showed 

that the maximum crack width healed for specimens submerged in water was about 330 
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µm, 290 µm, 260 µm, and 240 µm for specimens incorporating limestone microfiller, 

ordinary portland cement, bentonite, and metakaolin, respectively. For all specimens, 

the main crack healing product formed in cracks was CaCO3. Based on image 

segmentation and quantification analysis, the healing efficiency was 32.26%, 27.27%, 

25.6%, and 24.1% for specimens with limestone microfiller, ordinary portland cement, 

bentonite, and metakaolin, respectively. 

In Chapter 4, non-destructive shear wave velocity tests were used to investigate strength 

recovery due to self-healing of cementitious materials exposed to various 

environments. In addition, the influence of additives such as silica-based materials, 

swelling agents, and carbonating minerals on strength recovery under different 

environmental exposure were evaluated. Results showed that the ability of mechanical 

strength recovery was in the order of specimens made with fly ash > metakaolin > 

ordinary portland cement > limestone microfiller > bentonite. This indicates that further 

hydration and pozzolanic reactions of the un-carked cementitious matrix and pozzolans 

play a major role in the strength recovery of cement-based materials. 

In Chapter 5, the potential of superabsorbent polymers to promote crack self-healing of 

cement based-materials under simulated field conditions was investigated. Results 

showed that, under different environmental conditions, all specimens incorporating 

SAPs exhibited self-healing. The main crack healing product formed in cement mortar 

specimens with and without SAPs was CaCO3. Based on image segmentation and 

quantification analysis, the healing efficiency was 26.32%, 19.11%, and 6.581% for 

specimens with 1% SAP exposed to water submersion, cyclic wetting and drying, and 

cyclic temperature and relative humidity, respectively. 

In chapter 6, a hybrid genetic algorithm–artificial neural network (GA–ANN) model 

was developed to predict the self-healing of cracks in cement-based materials. Results 

showed that training the GA–ANN multilayered feed-forward neural network with a 

back-propagation algorithm achieved accurate prediction of the self-healing crack 

ability in cementitious materials, yielding predictions that were close to the actual 

experimental values. Hence, the proposed model was capable of providing accurate 

predictions for the self-healing ability of a cementitious material, which in turn can be 
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used to enhance the durability design of concrete, leading to more durable and 

sustainable structures. 

7.2 Limitations of Current Study and Recommendations for 
Future Work  

Based on the findings of the present study, there are several critical points that need 

improvement or future investigation:  

 In the present study, self-healing of concrete was investigated through cracks 

generated at the age of 28 days. Further research is still required on self-healing 

of cracks formed at early- and long-term stages of the concrete service life under 

different environmental conditions. 

 In addition, the self-healing process of cement-based materials under the 

combined actions of environmental conditioning and sustained loading needs to 

be explored.  

 During the current study, crack self-healing and strength recovery were 

investigated in small specimens. Therefore, full-scale testing is required to 

evaluate the self-healing in concrete exposed under different environmental 

exposures. 

 The efficiency of autogenous and improved autogenous self-healing to reduce 

chloride induced reinforcement corrosion also needs dedicated investigation. 

 In the current study, results indicated that the presence of water in cracks is an 

essential factor for promoting both autogenous and improved autogenous self-

healing in cement-based materials. However, results from X-ray µCT showed 

that self-healing was restricted to the surface region of cracks in cement-based 

materials. A major reason for the limitation of self-healing to near the surface is 

that this area tends to contain abundant amounts of calcium and carbonate ions. 

As a result, the surface region of the crack can exhibit faster healing process 

than the interior regions of the crack, which become isolated from the curing 

environment and experience restricted access of water. Therefore, it is 

recommended for future study to investigate combining autogenous healing 

with the effects of embedded microcapsules filled with a healing agent and 

quantifying the self-healing of the interior region of the crack using X-ray µCT.   
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Figure A. 1 SEM micrograph with EDX pattern of the used cement. 
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Figure A. 2 SEM micrograph with EDX pattern of the used fly ash. 
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Figure A. 3 SEM micrograph with EDX pattern of the used calcium carbonate 

microfiller. 
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Figure A. 4 SEM micrograph with EDX pattern of the used bentonite. 
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Figure A. 5 SEM micrograph with EDX pattern of the used metakaolin. 
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Figure A. 6 SEM micrograph with EDX pattern of the used superabsorbent polymers. 
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Table B. 2: Compressive strength of mortar specimens at 

1 year after water submersion 

Table B. 3: Compressive strength of mortar specimens at 

28 days before exposure to cyclic T and RH 

Table B. 4: Compressive strength of mortar specimens at 

1 year after exposure to cyclic T and RH  

   Table B. 1: Compressive strength of mortar specimens at 

28 days before water submersion 

APPENDIX B 

 

 

 OPC F20 MK15 CC8 BEN8 

 63.08 47.24 92.40 48.05 47.88 

 64.48 54.92 92.52 46.16 48.60 

 72.68 51.04 85.12 50.96 51.25 

Average  66.75 51.07 90.01 48.39 49.24 

Coefficient of variation 0.08 0.08 0.05 0.05 0.04 

 

 

 OPC F20 MK15 CC8 BEN8 

 61.24 65.58 71.45 42.44 23.27 

 59.57 47.41 56.10 42.17 25.67 

 60.09 59.14 78.54 43.02 39.59 

Average  60.30 57.38 68.70 42.54 29.51 

Coefficient of variation 0.01 0.16 0.17 0.01 0.30 

 

 

 OPC F20 MK15 CC8 BEN8 

 68.64 59.88 64.36 49.60 51.64 

 67.36 52.56 93.00 48.57 52.57 

 69.80 56.76 78.80 50.53 50.62 

Average  68.60 56.40 78.72 49.57 51.61 

Coefficient of variation 0.02 0.07 0.18 0.02 0.02 

 

  

 OPC F20 MK15 CC8 BEN8 

 51.40 59.79 44.96 43.15 44.89 

 48.20 55.64 50.96 40.94 35.96 

 54.57 43.76 61.76 45.36 36.98 

Average  51.39 53.06 52.56 43.15 39.28 

Coefficient of variation 0.06 0.16 0.16 0.05 0.12 
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APPENDIX C 

 

Table C. 1: MIP results for cracked OPC specimen at 28 days 
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Table C. 2: MIP results for cracked FA20 specimen at 28 days 
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Table C. 3: MIP results for cracked CC8 specimen at 28 days 
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Table C. 4: MIP results for cracked MK15 specimen at 28 days 
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Table C. 5: MIP results for cracked BN8 specimen at 28 days 
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Table C. 6: MIP results for cracked OPC specimen submerged in water for 1 year 
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Table C. 7:  MIP results for cracked FA20 specimen submerged in water for 1 year 
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Table C. 8: MIP results for cracked CC8 specimen submerged in water for 1 year 
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Table C. 9: MIP results for cracked MK15 specimen submerged in water for 1 year 
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Table C. 10: MIP results for cracked BN8 specimen submerged in water for 1 year 
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Table C. 11: MIP results for cracked OPC specimen exposed to Cyclic T and RH for 

1 year 
 

 
 

 

 

 

 

 



 

 144 

 

 

Table C. 12: MIP results for cracked FA20 specimen exposed to Cyclic T and RH for 

1 year 
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Table C. 13: MIP results for cracked CC8 specimen exposed to Cyclic T and RH for 

1 year 
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Table C. 14: MIP results for cracked MK15 specimen exposed to Cyclic T and RH 

for 1 year 
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Table C. 15: MIP results for cracked BN8 specimen exposed to Cyclic T and RH for 

1 year 
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