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Damage tolerance and self-healing are naturally occurring phenomena found in many 

biological systems, optimized through millennia of evolution. Man-made materials, however, 

generally do not possess such attributes. Concrete is the most heavily used man-made material, 

but is inherently brittle and inevitably suffers from cracking under various mechanical and 

environmental loading conditions. Cracking impairs concrete mechanical properties, causing 

local stress concentration, and stiffness and strength reduction in structural members. Cracking 

also compromises concrete transport properties, accelerating other deterioration mechanisms 

such as chloride diffusion, moisture penetration, and reinforcement corrosion. These challenges 

can be potentially addressed by a new generation of self-healing cementitious materials, which 

can autogenously regain its transport property as well as mechanical capacity after damage. 

While self-healing phenomena has been observed in cementitious materials, questions 

arise as to whether robust self-healing can occur reliably. The goal of this dissertation is to 

generate fundamental understandings of the chemical, physical and environmental mechanisms 

that control the self-healing process in cementitious materials. It is hypothesized that these 

mechanisms determine what, how and to what extent healing products form along crack walls. 
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Understanding these mechanisms will lead to new material tailoring strategies to achieve robust 

and intrinsic self-healing in cementitious materials.  

In this dissertation, we first establish an experimental framework to accurately probe the 

level and quality of self-healing within a crack, to analyze the chemical composition of the 

healing products, and to quantify the recovery of material transport and mechanical properties. 

Through experiments, we uncover and quantify the nonhomogeneous self-healing volume and 

varying chemical compositions along the crack depth. Second, we formulate a coupled transport-

thermodynamics model to predict crack profile evolution with time due to self-healing. The 

model captures three mechanisms that dynamically control the healing process: the advective 

transport of ions as reactants caused by the flow of the aqueous solution, the molecular diffusion 

of dissolved reactants due to the concentration gradient, and the kinetics of chemical reactions 

occurring at the water-material interfaces controlled by thermodynamics. We test and validate 

the model through a set of designed experiments with well-controlled chemical and physical 

parameters. Third, we extend the experimental framework and the model to study the effects of 

different chemical variables (e.g. binder chemistry, age, ion concentration), physical properties 

(e.g. crack width, geometry, transport properties), and environmental conditions (e.g. wet and 

dry, flow rate, pH) on the self-healing extent and properties. The results elucidate the healing 

mechanisms and governing parameters, laying the groundwork for designing robust self-healing 

in cementitious materials. Fourth, we develop new self-healing cementitious composite materials 

by satisfying a combination of criteria: (a) the presence of a multitude of essential chemical 

species or ions can react with natural actuators upon cracking, (b) distributed damage behavior 

that sequentially and spatially activates healing reactants, and (c) self-controlled tight crack 

width that can promote robust self-healing without consuming a large amount of healing 
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reactants. The experiments validate the improved three-dimensional healing extent of the new 

materials, and the recovery of transport and mechanical properties. Finally, the dissertation 

explores the multifunctionality of new cementitious materials by coupling the cracking and 

healing processes with the electrical properties.   
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CHAPTER 1 INTRODUCTION 

1.1 Background 

The infrastructure of the United States - its transportation, energy, water, and building 

systems - is vital to the quality of life and economic well-being of its citizens. Each year, the 

nationwide network of roads and bridges alone transports over 75% of goods across the US [1], 

accounting for over 30% of GDP [2]. As the economy expands, nearly tripling in size over the 

past 20 years, and the population grows [3], the importance of a reliable infrastructure system for 

economic growth and public safety, only looks to increase into the future. 

While the importance of infrastructure to national prosperity is clear, its level of disrepair 

is alarming. Much of American infrastructure was built with technology of the mid-1900s, and 

has now poorly deteriorated (e.g. aging, corrosion, and fatigue). Specifically, Concrete as the 

most widely used man-made materials, has been recognized for being responsible for many 

deterioration problems due to its brittle nature in tension. The American Society of Civil 

Engineer’s 2013 Report Card for America’s Infrastructure assigned a national grade of “D+” to 

the US infrastructure with a total investment of $2.6 trillion needed by 2020 for repairs [4]. Aside 

from direct repair costs borne by government agencies, user costs such as $101 billion annual 

burden on drivers for wasted time and fuel further emphasize the need for improved 

infrastructure system [5]. While the current problems encountered in the aging civil infrastructure 

are overwhelming, they only look to get worse into the future. Although funding sources such as 

the 2005 Transportation Equity Act [6] are unarguably important for maintenance, repair and 

rehabilitation of existing structures, a long-term fundamental solution to the apparent lack of 

durability and sustainability in concrete must be sought. 
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Engineering materials before were mostly developed based on the ‘damage prevention’ 

paradigm [7]. This design philosophy led to stronger and stiffer materials by assembling as many 

atoms with a high bond strength to neighboring atoms in as small a volume as possible, and by 

processing the material to minimize defects [8]. Therefore, the traditional way to improve the 

durability of reinforced concrete is typically associated with a dense concrete matrix, i.e. a very 

compact microstructure expected to lower permeability and reduce transport of corrosives to the 

embedded steel [9]. This approach is best exemplified by “Macro defect-free materials” designed 

by a combination of polymer additives serving as “lubricants” and externally applied pressure 

during processing for tight packing of cement grains [10][11]. Other attempts to reduce flaw sizes 

in concrete include well-graded particle size distribution, optimized packing density, and low 

water/cement ratios [12][13]. These concepts, however, rely upon the concrete to remain uncracked 

within a structure throughout its expected lifetime to resist the transport of water, chloride ions, 

oxygen, etc. through its dense microstructure. In this presumed uncracked state, numerous 

concrete materials have shown promising durability in laboratory tests [14][15]. However, such 

materials have been proved ineffective at eliminating cracks in field conditions due to increased 

brittleness despite their high strength [16]. Indeed, structures made of stronger materials can have 

delayed damage initiation time, but once damage is initiated, the damage level usually increases 

to the level of failure. This is especially true for brittle materials such as concrete. 

In reality, concrete infrastructure cracking is inevitable, and can be the result of one or a 

combination of factors such as restrained shrinkage, thermal effect, fatigue, stress concentration, 

and embedded steel corrosion [17][21]. These cracks provide pathways for the penetration of 

aggressive ions to cause concrete deterioration. Aggressive agents can migrate through cracks 

and ultimately lead to corrosion of reinforcement. Although the uncracked concrete between 
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adjacent cracks can be extremely dense and nearly impermeable, the presence of cracks results in 

a high overall permeability and unhindered access of corrosives to reinforcing steels, causing the 

loss of mechanical capacity and structural integrity [22][27]. The periodic inspection and external 

maintenance and repairs of cracked structure result in intensive life cycle costs and 

environmental impacts. Therefore, controlling and repairing cracks in concrete structure is one of 

the top issues in the field of civil engineering [28][30]. These challenges can be potentially 

addressed by innovative self-healing cementitious materials, which can autogenously regain 

material transport properties as well as mechanical characteristics after the crack/healing process. 

1.2 Emerging Self-Healing Technologies for Engineering Materials 

The inspiration for the development of self-healing materials originally comes from 

biological systems. Biological materials are evolutionarily optimized functional systems [31]. 

Since the origin of life on earth about 3.8 billion years ago, live beings have evolved and 

developed fascinating material properties to survival through a vast variety of environmental 

conditions and selective pressures. The ability of autonomic repair and regeneration of function 

upon the infliction of damage, which is termed self-healing, is one of the most important survival 

features in nature at every level of biological organization, ranging from the molecule level like 

the repair of DNA [32], to the organ level such as the closure of injured blood vessels [33] or 

merging of broken bones [34]. In sharp contrast, this self-healing process has generally not been 

found or applied in man-made materials.  

Very recently, the self-healing materials, as a new emerging concept of ‘damage 

management’ [7], has attracted increasing attention in the area of materials science. This design 

philosophy is based on the notion that the formation of damage is not problematic as long as it is 

counteracted by a subsequent process of damage sensing and self-repair, thus, demonstrating 
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continuous renewal its performance. Different strategies and approaches to devise self-healing 

materials in a wide range of material classes have been investigated, including polymers, metals, 

ceramics, and cementitious materials [35][36]. For all these materials with different properties, the 

self-healing function is achieved based upon the similar general principle and underlying 

concept, as summarized in Figure 1.1. Firstly, damage in a material is allowed to occur. Failure 

of a material is not regarded as a yes/no state, but much more as the gradual process. While 

damage is being introduced by an action, a recovery reaction against this action should be 

triggered to start the healing process. This trigger mechanism needs both location and time 

dependent. Once a healing process is being initiated, some sort of physical or chemical reaction 

is required in order to counteract the damage. It should be emphasized that, in general, it is the 

functionality rather than the exact internal or external structure to be recovered [36]. If the self-

healing concept can be realized from idea to practice, it is undisputed that this kind of property 

would offer enormous possibilities to improve the safety, lifetime, energy and environmental 

efficiency of man-mad materials, in particular for applications where long-term reliability is 

critical as well as in poorly accessible areas. 

In light of these requirements and opportunities, from the last decade, studies about self-

healing materials have been intensely devoted, accompanied by a significant increase in the 

number of scientific publications (from <20 in 2001 to >300 in 2013) [37]. Throughout the 

development of this new type of smart materials, self-healing materials can be generally divided 

into two classes: extrinsic and intrinsic [35][37], depending on the nature of the material matrix and 

the respective healing process, as illustrated in Figure 1.2 [38]. 

The extrinsic method relies on the damage-triggered release of healing agents stored 

within discrete capsules [39][52], tubes [54][61] or interconnected vascular networks [62][67] to fill the 
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crack and restore the material functionality. Capsules or capillary based self-healing materials 

sequester the healing agent in discrete components (Figure 1.2(a)). After release, the local 

region is usually depleted of healing materials, leading to only a singular healing event. Vascular 

self-healing materials embed the healing agents into a network which is connected until damage 

(Figure 1.2(b)). After the vasculature is damaged and the first delivery of healing agent occurs, 

the network may be refilled by an external source or from an undamaged but connected region of 

the vasculature. This refilling action might allow for multiple local healing events. The healing 

agents for extrinsic healing can be a monomer that will be released after mechanical damage [41]. 

With the help of a catalyst, the monomer polymerizes in the crack plane to rebind the crack 

surfaces. Other healing agents include epoxy resins [44], linseed oil [45], pure solvents (e.g. 

chlorobenzene) [46], isocyanates [47], combination of reactive monomers [48], polydimethylsiloxane 

and polydiethoxysiloxane [49]. For concrete materials, the embedment of immobilized bacteria as 

biomineralized healing agent has been explored [51][53]. The principle of this microbial healing 

relies on the precipitation of calcium carbonate by the growth and metabolism of certain types of 

bacteria. These carbonate-precipitating bacteria can be added into concrete during the process of 

mixing. When cracks appear, dormant bacteria in the crack zone will be activated. Dense layers 

of calcium carbonate are produced by bacterial conversion of an incorporated mineral precursor 

compound, such as calcium lactate, calcium glutamate, yeast extract, and peptone [53].  

The advantage of extrinsic self-healing method is the straightforward mechanism, and the 

instant actuation of the healing process once crack breaks through the capsules. However, several 

issues such as the survivability of the healing agents, the repeatability for re-damage condition, 

the workability for large-scale processing, more importantly the prohibitively high costs, are 

remain significantly challenging. For example, concrete as the bulk building materials is usually 
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used for large-scale construction, where the material cost accounts for one of the largest part of 

the initial project budget. The complex processing and extremely high cost of the encapsulation 

technique will sharply raise the materials cost, which could easily offset the later benefits from 

the reduction of repair frequency, resulting in a total life-cycle cost that is almost impossible to 

compete with the traditional materials and maintenance strategy. Furthermore, the singular 

healing event of the capsulation method poses great challenges when the concrete structures 

along with continued deterioration under service loading conditions. While the repeatable 

healing of vascular system has been proved in organic polymers, it is unfeasible for designing 

and processing cementitious materials with such complicated vascular network. 

Different from the extrinsic healing, the other method requires no sequestered healing 

agents, but relies on the intrinsic healing capacity of the materials themselves (Figure 1.2(c)), 

such as hydrogen bonding, molecular diffusion and entanglement, ionic interaction and 

arrangements, thermally reversible reactions, or reversible polymerizations, that can be activated 

by damage or by external stimulus [68][87]. For organic polymers, for instance, the higher 

temperatures can cause diffusion of the polymer chains followed by formation of secondary 

chemical bonds, resulting in the closure of the crack [68]. For concrete materials, when water 

exists in fractured concrete, the water-concrete interactions can cause dissolution of minerals 

from the porous media. Once the dissolved cations and anions in the water reach the saturation 

equilibrium, insoluble ionic solid products, such as calcite (CaCO3), portlandite (Ca(OH)2), and 

C-S-H, start precipitating in cracks, leading to localized alteration of crack apertures [88][93]. This 

intrinsic self-healing process, also termed autogenous healing, has been demonstrated in 

cementitious materials under various conditions [92]~[110]. Although the overall contribution of 

different physical parameters (e.g. crack width and depth), chemical species (e.g ingredients and 
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proportion), and environmental exposures (e.g. pH, temperature, wet/dry cycles, and chloride 

environment) remains a matter of debate, based on the limited knowledge, researchers have 

dedicated to redesign the cementitious materials to promote the autogenous healing capacity in 

the past decade. Li and coworkers firstly proposed to use the fiber reinforced engineered 

cementitious composite (ECC) to restrict the crack width and thus improve autogenous healing 

[94][97]. ECC is a family of materials featuring a strain-hardening behavior accompanied by 

multiple microcracking, which is in contrast with the localized cracking or fracture in 

conventional concrete materials or fiber reinforced cementitious materials with ‘tension-

softening’ behavior [111]. As a result, the microcrack width in ECC during strain-hardening is 

intrinsically controlled to be at micrometer scale, which is offering one of the most important 

conditions for autogenous healing. From the view of another potential improvement factor -- the 

supply of water, several researchers investigated the possibility to mix super absorbent polymers 

(SAP) [98][100], or other water reservoirs [101][102] into ECC to provide additional water for 

continued hydration and carbonation. Different supplementary cementitious materials, such as 

fly ash and slag, have been incorporated into concrete matrix to study their influence on self-

healing properties [103][110].  

While typically slower acting than encapsulation techniques, the intrinsic method offers 

potential for repeatable self-healings and relatively low costs. Nevertheless, the effectiveness and 

feasibility of intrinsic healing method is often questionable as they rely heavily on the material 

inherent properties and the environmental conditions. The first and major obstacle for designing 

robust self-healing cementitious materials has been the lack of comprehensive understanding 

about the basic healing mechanism [91][93]. This is largely due to that the physical and chemical 
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interactions between water and concrete inside cracks are extremely complex. Furthermore, 

measurement of these interactions inside opaque concrete is prohibitively difficult. 

The change of crack profile (i.e. the dissolution and deposition) in porous medium is 

contributed by a wide range of microscale processes, which are usually coupled. For 

cementitious materials, the interplay of different processes can be mainly related to the mass 

transport mechanisms (both advection and diffusion), reaction kinetics at mineral surfaces 

(hydration degree, local mineralogy, supersaturation, salinity, precipitation rate, temperature, pH, 

etc.), and the changing properties of the fracture microstructures (the feedback between 

permeability and precipitation). Such a complex system controls the local autogenous healing 

rate at various temporal and spatial scales. Understanding these coupled hydro-thermodynamic 

processes is fundamental to the interpretation of autogenous healing in cementitious materials, 

and to the further optimization for robust self-healing concrete. 

1.3 Research Objectives and Dissertation Outline 

Based on the previous discussions focused on emerging self-healing technologies for 

cementitious materials, there remains the need for mechanistic studies about basic healing 

mechanism and the ability to spur self-healing performance with robustness under varying 

environmental conditions. Thus, two of the primary objectives of this dissertation are: (1) to gain 

a clear understanding of how autogenous healing works; (2) to realize a new generation of 

“concrete” materials with designed physical and chemical characteristics that favor robust and 

repeatable self-healing. To achieve these goals, the following studies were conducted and the 

structure of different chapters are schematically presented in Figure 1.3. 

Chapter 2 describes the development of characterization method used to probe the self-

healing behavior within a three-dimensional cementitious crack. Specifically, X-Ray Computed 
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Micro-Tomography (µCT) technique was adopted to quantitatively characterize the 

microstructure evolution of cracks during the healing process. The CT method allowed imaging, 

phase segmentation, quantification, and monitoring of the interior characteristics of the healing 

behavior in cementitious materials. Additionally, other imaging or chemical analysis techniques 

including SEM (scanning electron microscopy), EDX (energy-dispersive X-ray spectroscopy), 

XRD (X-ray diffraction), and Raman spectroscopy have been used to characterize the 

morphology and mineralogy of the healing products. 

Upon the characterization method established in Chapter 2, Chapter 3 focuses on the 

experimental investigation to understand the fundamental mechanism that control the quantities 

and qualities of the intrinsic healing performance, as well as the feedback between mineral 

precipitation and crack transmissibility. Aside from the healing mechanisms in Portland cement, 

the addition of replacement materials of industrial by-products, like silica fume (SF), fly ash 

(FA), and ground granulated blast-furnace slag (GGBS), brings additional complexity to the 

kinetics of healing reaction. The influence of such additives on the healing extent and healing 

products composition were also explored in this chapter. The experiments provide quantitative 

measurement of the intrinsic healing induced crack aperture alterations. However, the 

complicated and various boundary conditions, the time-prohibitive nature of the mineral growth 

process, and small length-scale of the experiments, limit our ability to interpret and quantify the 

complex healing process. Therefore, Chapter 4 seeks to build a hydro-thermodynamic model to 

promote the mechanistic understanding about the complex autogenous healing behavior and the 

influence of different chemical, physical, and environmental parameters, such as the crack 

geometry, sample age, supersaturation condition, and flow rate. Gaining a clear understanding of 
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how self-healing works allows us to further design the materials in a more intelligent route and 

thereby increase the likelihood for material design success. 

In Chapter 5, guided by the mechanistic knowledge obtained from previous chapters, new 

cementitious composites were assembled with designed physical (e.g. cracking behavior) and 

chemical (e.g. ingredient) characteristics to boost the self-healing capacity. The robust self-

healing in cementitious materials can be possibly achieved by meeting a combination of 

conditions: (a) the material exhibits a self-controlled, distributed damage process; (b) a multitude 

of healing compounds are present that can be randomly triggered by each damage event, and 

react with natural actuators present in the environment; and (c) the healing process and reaction 

kinetics can lead to the formation of high strength and high toughness healing products with 

sufficiently large volume, leading to recovery of both mechanical and transport properties. 

Chapter 6 presents the multifunctionality of the self-healing materials toward damage 

self-sensing. The frequency-dependent electrical behavior of these materials was studied by the 

4-point AC electrical impedance spectroscopy (EIS) and equivalent circuit model analysis. 

Finally, Chapter 7 concludes this dissertation by summarizing the overall conclusions and 

identifying potential areas for future research. 

  



11 
 

Figures 

 

 
Figure 1.1  Basic principle of self-healing materials: (a) a crack is induced; (b) a healing reaction 

is initiated; (c) closure of the crack by the reaction products. 

 

 

 

 

Figure 1.2  Schematic diagram of approaches to self-healing [38]: (a) extrinsic self-healing by 

capsule based method; (b) extrinsic self-healing by vascular network; (c) Intrinsic self-healing. 
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Figure 1.3  A schematic outline of the major topics presented in this dissertation. 
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CHAPTER 2 PROBE SELF-HEALING IN CEMENTITIOUS MATERIALS 

BY THREE-DIMENSIONAL X-RAY COMPUTED 

MICROTOMOGRAPHY 

2.1 Introduction 

For the understanding of the healing mechanism and the development of robust self-

healing cementitious materials it is crucial to precisely characterize the damage (e.g. microcracks) 

volume evolution during the self-healing process under various environmental conditions. In the 

precious researches, a number of self-healing characterization techniques have been adopted, 

including: water permeability and signal transmission tests to characterize transport properties[1-6], 

ultrasonic echoing and dynamic modulus measurement to characterize both transport and 

mechanical properties [6-9], destructive tests such as bending, compression, uniaxial tension and 

stiffness measurements [10-18]. Additionally, analysis techniques of self-healing products 

including SEM (scanning electron microscopy) and AEM (analytical electron microscopy) 

imaging, EDX (energy-dispersive X-ray spectroscopy), FTIR (Fourier transform infrared 

spectroscopy), and XRD (X-ray diffraction) chemical analysis have been used to characterize the 

morphology and mineralogy of the healing products [6][7][15][19]. These methods have been 

effective for verifying self-healing in cementitious materials at the bulk composite material level, 

or to analyze self-healing products present at the sample surface. However, little knowledge is 

available on the change in the three-dimensional internal microstructure of cementitious 

materials due to self-healing. The current methods are not suitable for directly measuring the 

self-healing potential of a three-dimensional crack with certain initial shape and geometry at 

specified environmental exposure conditions. To date, the validation and direct quantification of 
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through-depth self-healing of microcracks of cementitious materials have remained unaddressed. 

This knowledge, however, is critical for establishing a rational and quantitative relation between 

self-healing extent with different physical, chemical, and environmental parameters. 

To fill this knowledge gap, this study adopts 3D X-Ray Computed Micro-Tomography 

(µCT) techniques that are commonplace in the biomedical and geophysics fields. As a non-

destructive imaging technique, µCT provides a means of obtaining 3D maps of the internal 

structure of a material based on X-ray absorption of different phases or elements [19]. µCT was 

used in a number of studies to characterize the microstructure of concrete [20][24], but has rarely 

been employed to study cracking and self-healing in cementitious materials [25]. This study 

established a new systematic method for characterizing the change in 3D microstructure and 

cracks in cementitious composites before and after self-healing. The CT method allowed 

imaging, phase segmentation, quantification, and monitoring of the interior characteristics of 

cementitious materials. Besides the tomography, microscopy and SEM were also applied to 

visualize the morphological characteristics of the healing products. In addition, EDX, XRD, 

FTIR, and Raman spectroscopy were utilized as the chemical analysis tools to investigate the 

mineralogy information of the healing products. Through this integrated multiscale 

characterization system, more precise quantification of 3D self-healing extent and quality can be 

realized, which allow us to systematically study the complex autogenous healing mechanism. 

2.2 Material and Methods 

2.2.1 Material and Specimen Preparation 

In this study, type I ordinary Portland cement (OPC) was used in all specimens. The neat 

cement pastes were prepared at a fixed water to cement ratio (by weight) of 0.4. The 
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cementitious ingredients and their hydration products together formed the matrix, while a small 

amount of polyvinyl alcohol (PVA) fibers (volume fraction of 2.0%) were incorporated into the 

matrix to control the cracking behavior. The PVA fibers were 8 mm long and 39 µm in diameter, 

with nominal tensile strength of 1620 MPa and density of 1300 kg/m3. The fiber/matrix 

interfacial micro-parameters were tailored so that the fiber bridging vs. crack opening relation 

and maximum fiber bridging stress satisfy the strain-hardening criteria.  

The mix design is listed in Table 2.1 and the chemical compositions of cement are given 

in Table 2.2. The fresh mixture was cast into a series of coupon specimens with dimensions of 

300×100×12.5 mm. The specimens were covered with plastic sheets and cured in laboratory air 

with a temperature of 20±1°C and relative humidity of 45%±5 until the age of demold. The 

demolded specimens were thoroughly cured in water until the age of 4 month for mechanical 

loading to induce cracks. The long curing time allowed cement hydration to stabilize. The 

coupon specimens were loaded using a servo-hydraulic testing system with a 25 kN load cell 

with a fixed cross head displacement rate of 0.001 mm/s to simulate a quasi-static lading 

condition. The four-point bending test setup is shown in Figure 2.1. The bending test, rather than 

the direct uniaxial tensile test, was intentionally adopted in this study to generate “V-shape” 3-

dimensional cracks (i.e. crack width varies with crack depth) that are most common in real 

structures. Also, these “non-flat” cracks can better reveal the capacity of μCT for characterizing 

three-dimensional damage, and the effect of both crack depth and width on self-healing. After 

unloading, the crack pattern of the specimen was examined under an optical microscope. Then, 

two representative regions were selected and cut from the specimen, with dimensions of 

10×10×11 mm - namely sample-A and sample-B. The maximum opening of each crack on the 

top surface was measured by optical microscopy, summarized in Table 2.3. Sample-A contains 4 
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microcracks with average surface crack width of 31 μm. Sample-B contains 3 microcracks with 

average surface crack width of 102 μm (Figure 2.2). These two samples were then used for 

micro-CT, SEM and EDS examination. 

The samples were exposed to water-dry cycles to allow potential self-healing to occur.  

For each cycle, the samples were firstly submersed into water at 20°C for 24h, and then naturally 

dried in ambient air at 20±1°C and 45%±5 RH for 24h to simulate the rain/dry outdoor 

environments. The water was changed after each cycle to prevent it from becoming saturated 

with leached particles. 

2.2.2 μCT Procedure 

X-ray micro-tomographic scanning was conducted on the samples before self-healing and 

after 1, 5 and 10 wet/dry cycles of environmental exposure. The principle of X-ray computed 

tomography is based on the 3D computed reconstruction of a sample from 2D projections 

acquired at different angles around its axis of rotation [26]. When an X-ray beam illuminates and 

translates through the sample, the beam intensity will be attenuated after absorption by the 

different phases and components of the material. Generally, a unit with higher density will 

absorb more X-ray. The intensity of the transmitted X-ray beam is recorded by a digital detector 

and the value of the attenuation coefficient for each voxel is transformed into CT numbers 

according to the Hounsfield scale [27] given by: 

             (2.1) 

where, μX and μwater are the linear attenuation coefficients of the sample material and water, 

respectively. After raw data collection, a set of gray-scale 2D cross sections that map the density 

variation within the sample can be calculated and constructed. These 2D images are then 
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mathematically re-constructed to create a 3D map of the interior structure of the sample based on 

the variation in X-ray absorption [28]. Finally, A great deal of two or three-dimensional 

morphological parameters (e.g. surface area and volume) of the object can be analyzed through 

these image data. It should be noted that the resolution that can be achieved by the μCT system is 

one of the most significant parameters which directly affects the accuracy of the analysis. 

Resolution is normally defined by the dimensions of the data voxels: the z resolution corresponds 

to the spacing between 2D slice planes, which is usually equal to or slightly below the slice 

thickness. The x–y resolution is typically the sample cross-sectional diameter divided by the 

image pixel dimension, depending primarily on the number of detector channels and geometric 

factors. 

The µCT facility used in this study was a high energy microtomography scanner for large 

and dense objects, which consisted of a newly developed 130 kV X-ray source with improved 

stability of focal spot position, and a distortion-free flat panel detector with maximum 4000 × 

2648 resolution. For each scanning process, the ECC sample was fixed on an embedded micro-

positioning stage and scanned in air with 80 kV tube voltage and 125 µA tube current. A total of 

2200 slice images were stored while the sample was rotated with an angle step of 0.3º. The 

thickness and resolution of each slice were 5 µm and 2400 × 2400, respectively, which means 

the voxel size of the reconstructed 3D volume rendering was 5 µm × 5 µm × 5 µm. Because of 

various reasons such as instability of the detector and the construction procedure, all of the CT 

images contained noise. In order to obtain a more realistic image, the wavelet analysis-based 

denoising technique [29] was performed on each slice image to suppress the noise. Additionally, a 

median filter method [30] was also applied to remove the non-physical presence of random noise 

surrounding the air voids. After these specific noise-reduction corrections, a package of software 
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was used for 3D visualization based on the filtered back-projection procedure for Feldkamp 

cone-beam reconstruction for circular and spiral acquisition [31].  

2.2.3 Image Processing and Analysis 

The images obtained from µCT method were analyzed in order to separate the crack 

phase from the air pore phase and the solid phase, and to quantify the changes in the crack phase 

after different cycles of self-healing. To our knowledge, this has not been conducted on 

cementitious materials to study self-healing. The data obtained from µCT scanning were 

mathematically regarded as a four-dimensional set. Each pixel was represented by Cartesian 

coordinates (X, Y and Z) and corresponding density. This allowed for the application of image 

processing methods based on the quantitative information extracted from the μCT. Figure 2.3(a) 

and (b) show the typical cross sectional raw images of sample-A and sample-B. Each raw image 

contains a 2D array of contiguous squares (i.e. pixels) consisting of 256 possible levels (0-255) 

of gray intensity. The gray level of each pixel in the images represents a density value that 

corresponds to the linear attenuation coefficient of the element contained in that pixel. The lower 

density element appears darker colored, while the higher density element appears lighter colored. 

These raw images generally contain two phases: (1) gas phase including air pores and cracks, 

which appear black and (2) solid phase including the cementitious binder and fine aggregates, 

which appear as a lighter grey. Within the solid phase, the unhydrated clinker has higher density 

than the fine aggregates (sand) and hydration products (i.e. C-S-H and C-H), thus absorbing most 

of the X-ray and appearing as slightly brighter pixels in the images.  It was also observed that 

some white dots exist in the μCT images. The most likely sources for these spots are the high-

density metal impurities in the cementitious matrix. 
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In order to focus on the specific component in the non-homogeneous material, image 

segmentation was then carried out to separate the digital image into multiple phases. An accurate 

and accessible image segmentation method is also in high demand for skeletonizing 3D models.  

For demonstrating the segmentation process, a volume of interest, abbreviated VOI, was 

extracted with dimension 1 × 1 × 1 mm from the sample-B as shown in Figure 2.4. First, a 

global thresholding method was needed to convert the grey-scale images to binary images. By 

examining all the voxels in each gray-scale VOI, a histogram representing the frequency 

distribution of each intensity level was generated, as shown in Figure 2.5. The Otsu’s method 

was then applied to calculate the threshold values: T1 separates the gas phase from the solid 

phase; T2 further divide the solid phase by separating the hydrates and aggregates from 

unhydrated particles. Otsu's method [32] of image segmentation selects an optimum threshold by 

maximizing the between-class variance (intra-class variance) in a gray image. However, this 

method becomes very time-consuming when extended to a multi-level threshold problem since a 

particularly large number of iterations are required for computing the cumulative probability and 

the mean of a class. To improve the efficiency of computation, a faster algorithm proposed by 

Liao [33] was used in this study to quickly determine the modified between-class variance and the 

associated thresholds.  

To verify the accuracy of the obtained threshold values T1 and T2, we selected three other 

VOIs that did not contain any cracks to calculate the cumulative volume fraction of pores based 

on the segmented histogram. We then compared the calculated average porosity with the porosity 

experimentally determined by other researchers using mercury intrusion method [34]. The µCT-

based result (22.6%) was comparable with the experimental result (23.7%), thus confirming that 

the threshold value that separates the gas phase from the solid phase was reliable.  

http://en.wikipedia.org/wiki/Variance
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Next, the threshold intensity values were applied to all the pixels of the gray-scale images. 

The target pixels (i.e. the component of interest) were isolated and colored white; otherwise they 

were colored black. By these means, binary images were generated, as shown in Figure 2.6. The 

gas phase, for instance, was determined as all the pixels with intensity smaller than T1, and were 

segregated and colored white (Figure 2.6(a)). The unhydrated particles, were identified as the 

dispersed aggregation of pixels with intensity larger than T2, and were colored white in Figure 

2.6(b). After thresholding segmentation, a series of binary images were combined into a 3D 

matrix of voxels. The 3D renderings of the different phases are shown in Figure 2.7.  

To further separate the cracks from the air pore network, a mathematically morphological 

method was employed. Mathematical morphology is a theory as well as a technique that can be 

applied to graphs, digital images and spatial structures, for mathematically studying geometric 

structures and shape elements [35][36]. In a binary image (Figure 2.6(a)), a pixel can either have a 

value of ‘1’ when it is part of the gas phase (foreground), or ‘0’ when it is part of the solid phase 

(background). In order to identify cracks, we first partitioned the gas phase of the binary image 

into different connected components, also called clusters, by means of pixel connectivity. Pixel 

connectivity describes the way pixels are connected to their neighbors. In this study, a three-

dimensional 18-connected labeling method proposed by Lumia [38] was adopted. 18-connectivity 

is defined as when every two adjacent voxels sharing the same face or edge are considered 

“connected”, as illustrated in Figure 2.8. Based on this definition, the gas phase in the binary 

images were scanned. Every maximally connected cluster was identified as a group of 18-

connected pixels with a value of “1”, and then was labeled with a distinct integer.  

Morphological operations were then conducted to take measurements from the labeled 

clusters, based on the basic mathematical principles introduced by Serra [35]. Plenty of 2D and 3D 

http://homepages.inf.ed.ac.uk/rbf/HIPR2/connect.htm
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geometry-topology characteristics were acquired, such as volume, surface area, cross sectional 

area and perimeter, thickness, connectivity, convexity, structure model index (SMI), etc. With 

two of these topological parameters, volume and SMI, we were able to recognize if a cluster was 

a pore or a crack. For lessening the calculation, we first removed the small capillary pores by 

setting a 0.001 mm-3 volume filter to the clusters, so that only larger pores and crack remained 

(Figure 2.9). Subsequently, we calculated the structure model index for each of the rest clusters. 

SMI is a parameter indicating the topology characteristic of a homogeneous random closed set, 

similar to the isoperimetric shape factors used for compact sets [38]. The calculation was based on 

the dilation of the 3D voxel model first suggested by Hildebrand and Rüegsegger [39] for 

quantifying plate- or rod-like bone microarchitecture. SMI is defined as follows: 

                                                                (2.2) 

where, V is the initial undilated volume of the cluster, S is the surface area before dilation, and 

the derivative of S is taken with respect to the shift of the structure surface in the direction 

perpendicular to that surface caused by dilation. Following Equation (2.2), an ideal plate has a 

SMI value of 0. A cylinder and a sphere have SMI values of 3 and 4, respectively. For the 

clusters in Figure 2.9, the SMI of each cluster was calculated and the result was shown in 

Figure 2.10. It can be seen that the crack has a much lower SMI and is distinguishable from the 

pores. Thus, the gas phase was finally subdivided into cracks and pores (see different colors in 

Figure 2.9), allowing us to measure and quantify self-healing within the cracks.  

2.3 Results and Discussion 

The reconstructed 3D renderings as well as the corresponding orthogonal cross sections 

for the damaged samples are shown in Figure 2.11. The image data was reoriented so that the 
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edges of the sample block were parallel to the orthogonal planes. The surface (Z = 0) where the 

cracks cross the whole section was labeled as “top”; the top surface also corresponds to the 

tensile side surface of the original bending specimen. The other two orthogonal planes were 

labeled as “front” and “side”. During the image analysis, the selection of the VOI for both 

samples started from the “top” surface and continued through the depth until the end of the 

cracks. Figure 2.11 shows the top, front, and side views of a crack, clearly defining the 3D 

geometry of the crack. Through the image analysis described in Section 3, the geometrical 

characteristics of the cracks for each sample can be obtained and parts of them were summarized 

in Table 2.4. Based on these geometrical parameters, the evolution of cracks under cyclic 

wet/dry exposure was quantitatively presented. 

The total crack volume change ratios over different self-healing cycles were calculated 

(Figure 2.12), indicating the effect of crack width as well as the number of cycles on the self-

healing extent and rate. For sample-A, the average width of the 4 cracks on the top surface was 

31 μm, while the average width of the total volumetric cracks was 15 μm. After 1, 5 and 10 

wet/dry cycles, the total crack volume decreased by 13.2%, 37.3% and 43.1% respectively due to 

self-healing. For sample-B, the average width of the 3 cracks on the top surface was 102 μm, and 

the average width of the total volumetric cracks was 75 μm. The total crack volume decreased by 

only 2.4%, 7.2% and 10.8% due to self-healing after 1, 5 and 10 wet/dry cycles. A visualized 

comparison of the 3D microstructure of the cracks within sample-A and sample-B before and 

after 5 cycles of self-healing is shown in Figure 2.13 with a 30% opacity. The lighter color 

regions were the cracks; part of which turned darker just as the background matrix color after the 

self-healing process. The results clearly revealed the strong effect of crack width on 3D self-

healing extent (i.e. how much has been healed) and rate (i.e. how fast did self-healing occur 
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between cycles). The smaller cracks healed faster volumetrically than larger cracks, with the 

presence of the same chemical species and equal environmental exposure conditions. However, it 

was found that change in the total crack volume for sample-A and sample-B were on the same 

scale (i.e. 2.255 mm3 for Sample A and 1.715 mm3 for Sample B after 10 cycles).  

Figure 2.14 shows the change in crack area with respect to the distance from the top 

surface after 5 cycles, based on the µCT image analysis results.  The left axis specifies crack area, 

which accounts for the multiple microcracks within each sample at a fixed distance from the top 

surface; the right axis specifies normalized crack width, which was calculated by dividing the 

crack area by the number of cracks and the total length of the sample size. The first important 

finding was that self-healing not only occurred at crack top surface, but also through the crack 

depth for both samples with different average crack width.  

We also observed a significant difference in self-healing extent between the crack region 

close to the top surface and the crack region deeper inside the samples. From Figure 2.14(c), it 

can be seen that from the top surface to 0.05~0.15 mm depth, 95% of the cracks in sample-A was 

healed, which was significantly higher than the 37.3% healing of total crack volume (Figure 

2.12). Even for large cracks in sample-B, a similar region of 0.05-0.15 mm below the top surface 

was healed as high as approximately 30%, compared to the 7.2% healing of total crack volume. 

Beyond this shallow region, the self-healing extent had a dramatic drop – 33.4% was healed for 

smaller cracks in sample-A and 2.1% was healed for larger cracks in sample-B. In order to better 

distinguish the self-healing phenomenon occurred at these two different regions, we divided the 

crack into the exterior part and the interior part. Figure 2.15 provides the representative cross-

section mages extracted from 0.05 and 2mm depth from the top surface for visualized 

comparison of the healing extent in these two regions. The images clearly showed that the 
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exterior region of the cracks was healed to a greater extent, despite that the interior region of the 

cracks tends to have smaller crack width than the exterior region (due to the “V” shape of the 

cracks). The findings indicated that although self-healing extent greatly depends on the crack 

width measured from the top surface, as discussed in the last section, it also greatly depends on 

the crack depth. Smaller cracks favor self-healing, but the deeper region of a same crack tends to 

have a much lower self-healing extent than the shallower region despite that the latter has wider 

crack width. The non-homogenous through-depth self-healing of a crack strongly indicates a 

change in the self-healing mechanism. The results further suggested that characterizing self-

healing only from the surface is not sufficient to evaluate or verify the true self-healing condition 

of the entire crack within a cementitious material. 

SEM and EDX results were used to further investigate the self-healing mechanisms 

within the crack exterior and interior regions, as shown in Figure 2.16 and Figure 2.17. Figure 

2.16(a) shows the image taken at 1000X magnification of a microcrack from sample-A surface. 

The red dash lines marked the original crack top surface lines. The self-healing products had 

filled in the crack after 5 cycles. These healing products were mainly irregular crystals with a 

variety of shapes including acute to obtuse rhombohedra, tabular forms or prism, and almost 

fully “sealed” the crack surface. EDX results showed that the chemical composition of these 

crystals had three dominating ingredients (Figure 2.16(b)): carbon, oxygen, and calcium, 

suggesting that calcium hydroxide (Ca(OH)2) together with calcium carbonate (CaCO3) were 

possibly formed. This finding partially supported the mechanism proposed by previous studies 

Error! Reference source not found.[1] that self-healing of cementitious materials is largely attributed to the 

dissolution and re-deposition of calcium hydroxide, or calcite formed from the carbonation of 

calcium hydroxide. However, this conclusion from previous studies was derived based on the 
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observation from sample surface and on the assumption that the self-healing mechanism is 

uniform along the crack depth, Interestingly, the 3D μCT results from our study revealed that the 

mixture of Ca(OH)2 and CaCO3 were largely found within a shallow region of approximately 

0.15 mm deep below the crack top surface. The possible reason for this phenomenon was that the 

crystalline precipitates, once formed, physically sealed the crack top surface region. This fast-

occurring process isolated the crack interior region from the surroundings environment. It thus 

became difficult for carbon dioxide or water present in the environment to transport through the 

sealed area and reach the interior region of the crack. Instead, the continued hydration and 

pozzolanic reaction also contribute to the self-healing process of the interior region. The 

unhydrated cement particles reacted with water, forming calcium silicate hydrate (C-S-H) and 

calcium hydroxide. C-S-H is also a main reaction product of cement hydration, and is the main 

source of mechanical strength of cementitious materials. This was verified through the SEM and 

EDX results. Figure 2.17(a) shows the SEM image of the crack interior region after self-healing. 

The healing products within the crack appeared quite similar as the surrounding uncracked area, 

suggesting that the self-healing products were similar as the cement hydration and pozzolanic 

reaction products. The EDX analysis (Figure 2.17(b)) showed that more silicon element was 

present (12.84% ± 1.5% for interior vs. 1.94 % ± 0.32% for exterior), suggesting the significant 

presence of calcium silicate hydrate.  

Compared with the dissolution, re-deposition and carbonation process fast occurred at 

sample surface, the kinetics and crystal growth rate of further cement hydration and pozzolanic 

reaction are relatively slow. This explains the significant difference in the self-healing extent and 

rate between the exterior and interior regions, which were observed by μCT. Apparently, within 

the interior region the self-healing extent was still influenced by crack width and depth. For 
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sample-A with an average crack width of 31 μm, the self-healed area generally decreased with 

increasing depth (Figure 2.14(a)). In contrast, a more uniform formation of self-healing products 

along the crack depth was observed for sample-B with an average crack width of 102 μm 

(Figure 2.14(b)). This difference can be explained by the larger initial crack width in sample-B, 

which allowed faster transport of water into the interior of crack to form self-healing product in a 

deeper crack region. In Sample-A, the trend of decreasing crack area with increasing crack depth 

became less linear after self-healing; the non-uniform self-healing profile can be attributed to a 

combination of factors, including the non-uniform presence of the chemical species (e.g. 

unhydrated cement, fly ash, calcium hydroxide) along the crack surface with increasing depth, 

and the time it took for water (governed by permeability) or carbon dioxide (governed by 

diffusion) to transport through the crack to activate the self-healing process. Finally, it was 

shown that the self-healing extent in sample-B was much lower, indicating the importance in 

limiting crack width to a very small value at micrometer scale to promote robust and reliable 

self-healing.  

The beauty of the µCT method established in this study is two-fold: First, it can 

quantitatively characterize 3D self-healing extent, the effect of crack depth and width, and allow 

direct study of each individual crack as discussed above. Second, it can fully isolate the effect of 

environmental conditions on the change in material pore structure from the self-healing of cracks, 

which cannot be achieved from other bulk material characterization techniques. As shown in 

Table 2.5, the change in porosity and unhydrated particles ratio were calculated before and after 

self-healing. A similar reduction in porosity in sample-A (0.90%) and sample-B (0.93%) was 

found. The reduction in unhydrated particles ratio was also at a similar level for the two samples 

after 5 cycles of self-healing. This is reasonable as the two samples were taken from the same 
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specimen with the same mixture composition. The reduction in porosity and unhydrated particles 

ratio can be attributed to the continued hydration and pozzolanic reaction as a high amount of fly 

ash is present in the mixture.  

Finally, it should be noted that the spatial resolution of µCT is limited in that it depends 

on the energy of the X-ray, the dimensions of the samples and the technology of the detector. 

Inferences can be made only about structures bigger than the individual pixel. In this study the 

measured geometry and topological properties, especially for micro-pore structure, depend on 

the image resolution. A finer resolution could provide more accurate evidence, but at the expense 

of reduced sample size.  

2.4 Summary 

In this study, the three-dimensional morphological microstructure of cracks before and 

after self-healing in cementitious materials was investigated by x-ray computed 

microtomography (µCT) technology. This work showed that μCT is an effective technique to 

directly and quantitatively characterize self-healing extent in three dimensions. This is extremely 

important when the healing kinetic is not uniform along the crack depth. The CT method allowed 

imaging, phase segmentation, quantification, and monitoring of the interior characteristics of 

cementitious materials. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 

Spectroscopy (EDX) were also adopted to morphologically and chemically analyze the healing 

products. The integrated characterization method enables us to attempt at answering the 

following scientific questions: 

- While self-healing has been observed in cementitious materials from the crack top 

surface, does self-healing really occur below the surface and deep inside the crack? 
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- How much and how fast can self-healing occur within a three-dimensional crack? And 

what self-healing products tend to form at different depth inside the crack?  

- How small of a crack is sufficiently small to promote robust and reliable 3D autogenous 

healing in cementitious materials?  

- What are the different parameters that can influence the elf-healing extent, rate, 

mechanism, and chemical products? 

- Are surface characterization method (e.g. SEM, EDX) and bulk material testing methods 

(e.g. mechanical testing, resonance frequency test) sufficient in understanding the self-

healing quality, extent, rate and mechanism within cementitious materials?  

- How can we design the cementitious material physical parameters (e.g. crack width and 

depth), chemical species (e.g. ingredients and proportion) under certain environmental 

exposure (e.g. wet/dry cycles, chloride environment) to promote pervasive (i.e. through-

depth and three-dimensional) self-healing within a crack with robust self-healing 

products favoring recovery of both transport properties and mechanical characteristics?  
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Tables 

Table 2.1  Mixture proportion of cement pastes. 

Mix Cement Water/Binders Fiber 

OPC 1 0.4 2% vol. 

 

 

Table 2.2  Chemical compositions of cement. 

Chemical composition, % Cement 

SiO2 19.68 

Al2O3 5.23 

CaO 60.57 

Fe2O3 2.47 

MgO 1.12 

SO3 3.81 

Na2O 0.22 

K2O 1.25 

 

 

Table 2.3  Crack width on the surface of the samples. 

Sample-Atop surface crack width (μm) Sample-top surface crack width (μm) 

Crack #1 Crack #2 Crack #3 Crack #4 Crack #1  Crack #2 Crack #3 

25 33 35 30 110  108 89 

Average = 31 Average = 102 
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Table 2.4  µCT image analysis results. 

Parameters Unit Sample-A Sample-B 

ROI Volume mm3 466.257 878.793 

Volume of Each Crack mm3 

#A1 : 0.481 

#A2 : 1.052 

#A3 : 0.884 

#A4 : 0.669 

#B1 : 5.310  

#B2 : 5.951  

#B3 : 4.622 

Total Crack Volume mm3 3.086 15.883 

Crack Volume/ROI Volume % 0.662 1.498 

Total Crack Surface mm2 271.360 890.379 

Ave.of Total Cross-sectional Crack Width µm 15 75 

Ave.of Total Cross-sectional Crack Area mm2 0.514 1.536 

Ave.of Total Cross-sectional Crack Perimeter mm 27.414 57.069 

Ave.of Crack Width on the Top Surface µm 31 102 

 

 

Table 2.5  The volume percentage change of pores and unhydrated particles. 

 Sample A Sample B 

 Porosity 
Unhydrated 

particles ratio 
Porosity 

Unhydrated 

particles ratio 

Before self-healing 21.05% 21.11% 20.84% 22.29% 

After self-healing 20.15% 19.50% 19.91% 21.18% 
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Figures 

 

Figure 2.1  Four-point bending test setup and specimen geometry. 
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(a) 

 

    

(b)      (c) 

Figure 2.2  (a) Cubic sample preparation, (b) Sample-A (avg. crack width 31 μm), (c) Sample-B 

(avg. crack width 102 μm). 
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(a) Sample-A before self-healing 

 

 
(b) Sample-B before self-healing 

Figure 2.3  Examples of μCT 2D raw images. 



40 
 

 

Figure 2.4  Volume of interest (VOI) selected from sample-B. 

 

 

Figure 2.5  Gray level histogram of VOI and threshold values. 
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(a) Gas phase (white color)                          (b) Hydrates and aggregates (white color) 

 

 

(c) Unhydrated particles (white color) 

Figure 2.6  2D Binary results of thresholding segmentation for VOI. 
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(a) Air pores and cracks                                                (b) Hydrates and aggregates 

 

(c) Unhydrated particles  

Figure 2.7  Reconstructed 3D images of VOI.  
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Figure 2.8  Configuration of adjacent voxels by 18-connectivity definition. 

 

 

Figure 2.9  Separation of the crack (green) from the large pores (red).   



44 
 

 

 

 

Figure 2.10  Structure model index (SMI) for the clusters in Figure 2.9. 
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(a) Sample-A 

 
(b) Sample-B 

Figure 2.11  Reconstructed 3D renderings and orthogonal cross-section images of VOI. 
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Figure 2.12  Total crack volume change ratio after different cycles of self-healing (Self-healed 

crack volume / initial crack volume before healing).  
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(a) Sample-A before self-healing   (b) Sample-A after 5 cycles self-healing 

 

    

(c) Sample-B before self-healing   (d) Sample-B after 5 cycles self-healing 

Figure 2.13  Self-healing effect on the 3D microstructure of cracks.  
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(a) Sample-A 

 

(b) Sample-B 
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(c) Self-healed crack area ratio (Self-healed crack area / initial crack area before healing) 

Figure 2.14  Cracks area change after 5 cycles healing vs. distance from the top surface. 
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(a) Sample-A 

 
(b) Sample-B 

Figure 2.15  Comparison of CT images corresponding to different depth (0.05 mm and 2 mm, 

respectively). 
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(a) SEM 

 

(b) EDX spectrum and element proportion analysis 

Figure 2.16  SEM image and EDX results of self-healing products for crack exterior part. 
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(a) SEM 

 

(b) EDX spectrum and element proportion analysis 

Figure 2.17  SEM image and EDX results of self-healing products for crack interior part. 
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CHAPTER 3 EXPERIMENTAL STUDY OF THE QUANTITIES AND 

QUALITIES OF INTRINSIC SELF-HEALING IN CEMENTITIOUS 

MATERIALS 

3.1 Introduction 

The intrinsic self-healing, also termed autogenous healing, of small crack is a ubiquitous 

feature in cementitious materials when they are exposed to water. Water-concrete interactions 

within cracks can lead to dissolution and precipitation at crack surfaces and local alteration of 

crack apertures, potentially modifying the transport and mechanical properties of fractured 

concrete. Quantifying the mechanisms that control self-healing in cementitious cracks, the focus 

of the present study, is fundamental to the understanding of the intrinsic self-healing process in 

concrete. However, the water-concrete interactions taking placing in cracks are extremely 

complex. It is a combination of physio-chemical process involving a series steps such as fluid 

diffusion or advection, mineral dissolution and precipitation, and additional hydration. 

Developing a quantitative understanding of how different chemical, physical, and 

environmental parameters influence mineral precipitation and crack evolution requires detailed 

experiment investigation. Despite numerous investigations about autogenous healing in cement 

based materials [1], most experimental studies have tended to emphasize the healing results, such 

as by verifying the transport and mechanical properties recovery at composite level, rather than 

the exploration about the physico-chemical driving forces behind the healing phenomenal. 

Several studies dedicated in healing mechanism have shown a range of behaviors due to 

differences in experimental conditions, which poses challenges for interpreting the relative 

influence of different parameters. Moreover, these studies were mostly based on scanning 
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electron microscopy or chemical analysis from top surface of the sample, very few quantitative 

diagnoses of the microstructural information inside a singular 3D crack can be found [2][4]. Aside 

from the understanding of the healing mechanisms in Portland cement, the addition of 

replacement materials of industrial by-products, like silica fume (SF), fly ash (FA), and ground 

granulated blast-furnace slag (GGBS), brings additional complexity to the kinetics of healing 

process. Although there are some publications considering the self-healing ability of fly ash or 

slag-cement systems at the composite material level in terms of the recoveries of mechanical and 

transport properties [5][12], no study has directly probe the healing extent within a three-

dimensional crack, and gain insight into the morphology and mineralogy of the healing products 

in the blended cementitious system. 

Based on the characterization methods established in last chapter, the present study aims 

to elucidate the fundamental healing mechanism within a three-dimensional cementitious crack. 

X-ray computed microtomography (µCT) was applied to accurately probe the entire crack 

volume evolution. Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), 

and Raman spectroscopy were used to characterize the morphology and minerology of the 

healing products. In parallel, the effect of supplementary cementitious materials (SCMs), such as 

silica fume, fly ash, and ground granulated blast-furnace slag on the physico-chemical process of 

autogenous healing in blended cementitious systems were also investigated.  

3.2 Experimental Program 

3.2.1 Materials and Sample Preparation 

Pure cement paste samples were prepared with three different variables: (1) crack width, 

(2) crack geometry (i.e. tension-induced flat crack or bending-induced crack), (3) material age 
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(i.e. 7 days or 90 days). Table 3.1 shows the experimental matrix of neat cement paste samples. 

For the cement composites blended with supplementary materials, three mineral additives were 

investigated: Class F fly ash (FA), ground granulated blast-furnace slag (GGBS), and silica fume 

(SF). The blended cement mixes contained 0%, 25%, 50%, and 75% of pozzolanic additives to 

replace cement by weight were prepared to study the influence of replacement dosage on the 

autogenous healing mechanism. Each mix is labeled according to its replacement ratio and is 

listed in Table 3.2. The chemical compositions of cement and pozzolanic materials are given in 

Table 3.3. The neat and blended pastes were prepared at a fixed water to solids ratio (by weight) 

of 0.4.  

The cementitious ingredients and their hydration products together formed the matrix, 

while a small amount of polyvinyl alcohol (PVA) fibers (volume fraction of 2.0%) were 

incorporated into the matrix to control the cracking behavior, leading to a strain-hardening 

composites with distributed crack widths from micro to millimeter. The fresh mixture was cast 

into a series of coupon specimens with dimensions of 152×50×12.5 mm. The specimens were 

covered with plastic sheets and cured in laboratory air with a temperature of 20±1°C and relative 

humidity of 45%±5 until the age of demold. The demolded specimens were thoroughly cured in 

water until the age of 7 days or 90 days for mechanical loading to induce cracks. The coupon 

specimens were loaded using a servo-hydraulic testing system with a 25 kN load cell with a fixed 

cross head displacement rate of 0.001 mm/s to simulate a quasi-static lading condition. A number 

of microcracks with width ranging from 20 to 300μm were induced in the specimens, as shown 

in Figure 3.1. The crack widths were measured from the specimen surface using a polarizing 

digital microscope with 5.0-megapixel resolution and 180×magnification. Afterwards, 
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~4×4×4mm cubic samples containing multiple cracks were carefully sawed off from coupon 

specimens for µCT scan and other chemical examination. 

3.2.2 Environmental Treatment 

Two types of environmental exposure conditions were considered in this study: naturally 

wet/dry cycles and controlled advective fluid saturated with CaCO3, as shown in Table 3.1. For 

the first condition, the samples were exposed to water-dry cycles to allow potential self-healing 

to occur, as shown in Figure 3.2. For each cycle, the samples were firstly submersed into water 

at 20°C for 24h, and then naturally dried in ambient air at 20±1°C and 45%±5 RH for 24h to 

simulate the rain/dry outdoor environments.  

The mineral resource (e.g. Ca2+, CO3
2-) for autogenous healing in natural environment are 

mostly supplied by the dissolve of carbon dioxide in water, and the leaching of concrete matrix. 

However, the rate and extent of these reactions are usually too low to produce significant grains 

to study the details of microstructural evolution at laboratory timescales. Also, it is very difficult 

to quantitively control the initial dissolving condition in the solution. Therefore, in this study, we 

designed analogue experiments by using advective fluid saturated with CaCO3 through the 

natural concrete crack. The supersaturated fluid can provide constant and controllable chemical 

supplies, resulting in significant precipitation over relatively short timescales.  

Figure 3.3 shows the experimental setup. The cube-size cementitious sample containing 

a crack was placed into a cylindrical tube with an inner diameter of 6 mm, and sealed with 

removeable and waterproof sealant so that the flow only passes through the crack. Deionized 

water saturated with Ca2+ and CO3
2- ions was slowly injected into the reaction tube by a syringe 

pump at 50 µl/h, which corresponds to an initial flow velocity of about 1 µm/s. This simulates 

the condition that Ca2+ ion has dissolved and leached out from cementitious matrix, and a small 
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fraction of the dissolved CO2 has converted to carbonate anions. The relative supersaturation 

index, denoted as SI, is calculated as: 

2 2
3

10

sp

{Ca }{CO }
log ( )SI

K

 

  (3.1) 

where {Ca2+}{CO3
2-} is the ion activity product, Ksp is the thermodynamic solubility product, 

which is 3.16×10-9 for CaCO3 at 25 °C [13].  The supersaturation conditions, SI = 1.2, was adopted 

to simulate the natural concentration of ions in the interstitial liquid containing leached calcium 

and dissolved carbon dioxide. The solution was prepared by mixing calcium chloride solution 

(CaCl2) (10 mM) with sodium bicarbonate solution (NaHCO3) (1 mM). After mixing, the 

solution was brought to a pH of 10, which represents the typical pH value for concrete leachates 

[14], through the controlled addition of potassium hydroxide solution (KOH). This designed 

reactive transport-healing experiment enables the accurate control of flow flux by adjusting 

pumping rate at crack inlet, and the ion supersaturation condition in the flow by adjusting the 

initial concentration of reagents. Such well-controlled experimental conditions are crucial for 

understanding the effects of controlled parameters.   

3.2.3 µCT 

The crack profile evolution was measured by X-ray microtomography (µCT) before and 

after self-healing. The µCT method addresses the challenges faced by other indirect methods by 

directly measuring the three-dimensional microstructure of a crack and quantifying crack 

apertures and self-healing extents along crack depth. The details of µCT technique and image 

processing method to quantify crack self-healing in cementitious materials were reported in 

chapter 1. In this study, the Micro-CT facility used was SkyScan 1173 system, which consisted 

of a 130 kV x-ray source with improved stability of focal spot position for large and dense 
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objects, and a distortion-free flat panel detector with maximum 4000 × 2648 resolution. For each 

scanning process, the cementitious sample was fixed on an embedded micro-positioning stage, 

and scanned in air with 80kV tube voltage and 125 µA tube current. After raw data collection, a 

set of gray-scale two-dimensional cross-sectional images that map the density variation within 

the cementitious samples were constructed. A total of 2000 slices of images were collected while 

the sample was rotated with an angle step of 0.3º. Each image represents a slice with 2 µm 

thickness and 2000 × 2000 resolution. These two-dimensional images (Figure 3.4(a)) were then 

mathematically re-constructed to create the three-dimensional mapping of the interior structure 

of the cementitious sample (Figure 3.4(b)). The voxel size of the reconstructed three-

dimensional rendering was 2μm × 2μm × 2μm. 

A global thresholding method was used to convert the grey-scale images to binary 

images. The Otsu’s method was applied to calculate the threshold intensity values to separate the 

gas phase from the solid phase, and to further divide the solid phase to separate unhydrated 

particles from the hydrates and aggregates. The threshold intensity values were applied to all the 

pixels of the gray-scale images to isolate the phase of interest from other phases. To further 

isolate the cracks from the air pore network, a mathematically morphological method was 

employed. This method uses topological parameters, volume and structure model index, to 

recognize if a cluster of air phase is a crack or a pore. The reconstructed 3D renderings of 

different phases are shown in Figure 3.4(c). 

3.2.4 Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy 

(EDS) 

SEM and EDS were performed to characterize the morphology and chemical composition 

of self-healing products within the shallow (Z = 0 mm) and deep (Z = 2mm) region of the crack. 
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After the healing experiments and micro-CT scanning, the cementitious samples were carefully 

cut and cleaned in ultrasonic bath for 1 minute, then dried in vacuum chamber to remove the 

vapor inside the pore space. The sample surfaces were coated with a layer gold under vacuum to 

increase conductivity. SEM (FEI Quanta Dual Beam) was performed on the samples under low 

vacuum condition at 10 kV voltage and probe current of 180 pA using back-scattered electron 

signal. EDS (INCA, Oxford Instruments) mapping was performed to analyze five elements (C, 

O, Al, Si, Ca) for a total of 500 data points (50×10 rectangular area, 1µm increments). The 

atomic ratios were used for quantitative analysis of the chemical composition of self-healing 

products. 

3.2.5 Raman Spectroscopy 

To identify and quantify the mineral structures of the reaction products in cracks, Raman 

spectroscopy analysis was conducted in this study. In comparison to other vibrational 

spectroscopy methods, such as FT-IR and NIR, Raman has several major advantages. For 

example, it is non-destructive and requires little to no sample preparation, which can help us 

continuously monitor the evolution of healing reaction. Also because the intensity of a Raman 

band is directly proportional to the number of molecules giving rise to the band, then the Raman 

band can be used to provide a measure of the concentration of a molecule for quantitative 

analysis. Raman scattering spectra of the samples were acquired under the following steps and 

parameters: a continuous-wave titanium sapphire laser (Spectra-Physics 3900S) provides an 

output laser beam of 785nm which is filtered by a laser-line filter (Semrock LL01-785-12.5). The 

output is then fed through the back port of an inverted microscope (Olympus IX71). A dichroic 

mirror (Semrock LPD01-785RU-25) is placed in the microscope turret for epi-Raman acquisition 

via a microscope objective (Olympus UPLSAPO 60XW). The Raman light is redirected out via 
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the microscope side port, filtered by a long-wave pass filter (Semrock LP02-785RS-25), and sent 

into a spectrograph (Acton SpectroPro 300i) with a thermal-electrically cooled CCD camera 

(Princeton Instruments 400BR-excelon). The spectral resolution of the system is ~8cm-1 by 

comparing spectra taken by this system and a calibrated confocal Raman system, respectively.  

During the test, the laser spot was about 1 µm2, and the measured power at the sample 

was kept less than 10 mW in order to avoid any damage to the material. Several spectra were 

recorded at different points for the same sample in order to evaluate the homogeneity and 

reproducibility of the main spectral features. After the raw data acquisition, a series of software 

packages, such as SpecTools and MatLab were utilized for post-processing of the spectrum, 

including spike removal, smoothing/denoising, background correlation, baseline normalization, 

and spectral calibration.  

3.3 Results and Discussion 

3.3.1 The Crack Depth Dependent Autogenous Healing Mechanism  

In order to verify the in-depth self-healing in cement paste, the visualized 3D CT images 

of cracks evolution during self-healing process is shown in Figure 3.5 with a 30% opacity. 

Figure 3.5(a) shows the rendering images of the original crack before any healing treatment. The 

lighter color regions represent the cracks, while the background voxels with darker color are the 

cement paste matrix. It can be seen that, after 3 cycles water/dry exposure, only few part of the 

cracks turned darker (Figure 3.5(b)), where the healing products should fully bridge the crack. 

Based on the quantitative analysis of the µCT slides, Figure 3.6 provides the calculated crack 

healing ratio vs. the distance from the top surface after different cycles healing. The self-healing 

ratio η in this study is defined by: 
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 (3.2) 

The first important finding was that the self-healing extent had a sufficient difference between 

the crack region close to the top surface and the crack region deeper inside the samples. After 3 

cycles, about 70% of the crack area at the crack shallow region had already been closed, that was 

significantly higher than the deep region where healing ratio was only about 10% (Figure 3.7). 

The thickness for this quickly sealed region was around 50~200 µm. 

After 14 cycles, more voxels of the original crack turned into black color (Figure 3.5(c)), 

which proved that there were new healing products continuously precipitated inside the crack, 

leading to the crack roughly appeared as a net-like structure. However, the non-homogeneity of 

healing extent through-depth were yet obvious. As shown in Figure 3.7, the healing ratio at the 

deep region increased from around 8% after 3 cycles to 23% after 14 cycles. Meanwhile, at the 

shallow region the healing ratio was almost constant about 70 %, but still much greater than the 

total crack healing extent. The results strongly indicate a change in the self-healing mechanisms 

along the crack deep direction. It further suggested that characterizing self-healing only from the 

surface is not sufficient to evaluate or verify the true healing condition of the entire crack within 

a cementitious material. The healing ratio calculated by surface observation may result in a 

considerable overestimation of the real healing behavior.  

The comparison between the initial and final aperture field reveals the three-dimensional 

self-healing extent of the crack. A pervasive self-healing along the crack walls and reduction in 

crack apertures were observed, but the extent of self-healing was larger near to the crack inlet 

than deep inside the crack. This nonhomogeneous healing phenomenon suggests varying 

precipitation of healing products along crack depth. As the ion-containing flow (e.g. Ca2+ and 

Crack volumechange

Initialcrack volume
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CO3
2-) travels through the crack, the continued precipitation process leads to a decline in the flow 

supersaturation and the associated growth rate along the crack depth. This progressive depletion 

of solute in the moving fluid causes the crack to evolve towards nonhomogeneous healing, faster 

at crack shallower region and slower at deeper region. The quick sealing of crack shallow region 

further reduces the local transport properties, making it more difficult for the ions to transport to 

the crack deeper region, enhancing the nonhomogeneous healing along crack depth. This 

negative feedback between mineral precipitation and local alteration of transport properties is a 

crucial mechanism of intrinsic self-healing in cementitious materials. 

SEM, EDS, and Raman Spectroscopy were conducted to further investigate the 

morphology and mineralogy of healing products within the crack shallow and deep regions, as 

respectively shown in Figure 3.8 and Figure 3.9. Figure 3.8(a) exhibits the SEM image taken 

from the top surface of a microcrack. It can be seen that irregular crystals had greatly filled up 

the crack shallow region after only 3 cycles. EDS results showed that the chemical composition 

of these crystals had three dominating ingredients (Figure 3.8(b)): carbon, oxygen, and calcium, 

which suggests that the precipitates are primarily calcium carbonate. The Raman spectroscopy 

(Figure 3.8(c)) gave more information on the mineralogy of the reaction products. For the 

spectra of healing products at shallow region, the most significant peak was a broad band in the 

range of 1050~1100 cm-1, which is attributed to a ν1 [CO3
2-] mode. Such particular compound is 

characteristic of calcium carbonate hydrate [15]. Another weak band in the spectrum was at ~720 

cm-1, which also represents the carbonate phase and could be assigned to the ν4 [CO3
2-] mode 

[16]. This result confirms that amorphous calcium carbonate (CaCO3•xH2O) were the main 

healing productions at crack shallow region. 
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The SEM image of crack deep region, after 14 cycles of healing, is shown in Figure 

3.9(a) by carefully cutting the sample. It is clearly seen that the composition of healing products 

in this area was more completed.  Besides large calcium carbonate crystals, tapered needle-liked 

and flake or foil-liked structures were found as well. The EDS results (Figure 3.9(b)) revealed 

that more silicon and aluminum elements were present, indicating the possibility of formation of 

calcium silicate hydrate, calcium aluminate hydrate as well as ettringite. In order to further verify 

this assumption, Raman spectroscopy was performed to identify the molecule structures of 

healing products at crack deep region. Figure 3.9(c) shows the spectra recorded from the cross 

section immediately after cut and exposure to the atmosphere. By comparing with Figure 3.8(c), 

the bands corresponding to carbonate were still obvious. However, other major peaks were also 

apparent, such as the symmetrical bending (SB) band of Si-O-Si near 600~700 cm-1 and the 

internal deformations of Si-O band at 450 cm-1, both of which were relative to C-S-H. In 

addition, two peaks attributed to Ca-O lattice vibration at 325 cm-1 assigned for C-S-H and at 

350 cm-1 assigned for portlandite [17] can be observed as well. Moreover, there was also a clear 

band at about 985 cm-1 in the spectra which is attributed to the ν1 [SO4
2-] in sulfate phase such as 

ettringite (AFt) and monosulfate (AFm) [18]. Based on the chemical analysis above, it is found 

that the healing products formed at the crack shallow region is dominated by the calcium 

carbonate hydrate. These crystalline precipitates mostly occur at the sample surface area, once 

formed, quickly seal the crack and isolate the crack deep region from the surroundings 

environment. It thus became difficult for carbon dioxide to transport through the sealed area and 

reach the interior region of the crack. As a result, the continued hydration, leaching and 

recrystallization of portlandite and ettringite became another resource for healing reaction at 
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crack deep region. But both the rate and extent of these reactions are very limited compared with 

the carbonation at sample surface. 

EDS mapping for a total of 467 compositions within the cement paste, 489 compositions 

from the healing products of crack shallow region, and 466 compositions of crack deep region 

are plotted as atomic percentages in the Al/Ca against Si/Al diagram in Figure 3.10. Besides 

silicon and calcium, aluminum is considered here because it greatly exits in the AFt and AFm. In 

addition, it is generally considered the most significant substituent of silicon in CSH phases. For 

neat cement paste (Figure 3.10(a)), bulk of the data points closed to one cluster dominated by 

CSH or CS(A)H with average Si/Ca ratio about 0.6 and Al/Ca ratio about 0.08. Others were 

scattered in two general directions. The first connected the composition of CSH to that of 

portlandite or calcium carbonate, marked as CH and CC. The second general direction was 

towards the composition of two sulfate-containing phases, ettringite (AFt) and monosulfate 

(AFm). Figure 3.10(b) shows the compositional data for healing products at crack shallow 

region. the bulk of the data points aggregated close to one corner, which confirms that the main 

component of the healing products at crack shallow region are CaCO3. Figure 3.10(c) provides 

the distribution of mapping data for healing products in deep region. Besides the main group 

close to the CC(CH) vertex, large amount of analyses was located near the CSH phase region 

and aluminum sulfate phases region. It can be seen that the fraction of AFt and AFm in healing 

products inside the crack was much larger than that in the bulk cement paste, indicating that 

there might be more sulfate phase precipitated. But It should be mentioned that these ingredients 

in the bulk paste are mostly surrounded by CSH, while those formed in cracks as healing 

products might not be finely intermixed. Thus, it is easier for EDS to detect them separately in 

crack than in the paste. From Figure 8, it can be also noticed that for the C-S(A)-H phase, the 
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Si/Ca ratio in healing products was much lower than that in cement paste, while the Al/Ca ratio 

in healing products was slightly higher. For cement paste, the Si/Ca ratio of CSH phase ranged 

from ~0.4 to ~0.8 with a mean value of ~0.6. This ratio range had a noticeable shift to left 

(between ~0.3 to ~0.6 with a mean of ~0.45) for the CSH formed in healing products. Regarding 

the Al uptake in CSH, the peak value of Al/Ca ratio for healing products was about 0.1~0.12, 

which was generally higher than that for cement paste around 0.06~0.08. 

Figure 3.11 illustrates the Si/Ca and Al/Ca atom ratio frequency histograms 

incorporating individual EDS microanalyses to quantify the differences between cement paste 

and healing products. For cement paste, the Si/Ca ratio of C-S-H phase ranged from ~0.42 to 

~0.79 with a mean value of ~0.61. This ratio range had a noticeable shift to left (between ~0.3 to 

~0.64 with a mean of ~0.44) for the C-S-H formed in healing products. Regarding the Al uptake 

in C-S-H (Figure 9(b)), it is notable that the peak value of Al/Ca ratio for healing products was 

about 0.1~0.12, which was generally higher than that for cement paste around 0.6~0.8. These 

differences indicate that the chemical composition and microstructures of newly formed C-S-H 

in crack are different from the original hydration products. In the crack system, once there is 

water, ions, such as Ca2+, OH-, SO4
2-, SiO2(aq), Al3+, etc., can diffuse out from bulk paste. The 

exchange of ions takes place and when the concentrations reach saturation condition, healing 

products are able to deposit in the crack. According to cement chemistry [19], the diffusion 

coefficient of Si is smaller than the Ca and Al, therefore, the amount of Si in the crack solution 

system might be relatively lower than Ca and Al ions, resulting in the C-S-H formed in the crack 

has a lower Ca/Si ratio and contains more Al. 
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3.3.2 The Influence of Crack Width and Geometry 

The influence of crack width on the autogenous healing extent was investigated under 

natural environmental condition and controlled reactive flow. For natural wet/dry cycles, 12 

samples containing total of 29 cracks with different crack widths ranging from ~10 µm to ~140 

µm were scanned using micro CT before and after 3 and 14 cycles of healing. Figure 3.12(a) 

and (b), focusing on crack shallow region, provides the experimental data for healing ratio vs.. 

crack width. As can be seen, the healing ratio roughly followed a nonlinear decline trend as the 

crack width increased. Smaller cracks had a larger healing extent, with the presence of same 

chemical species and equal environmental exposure conditions. Figure 3.12(c) and (d) present 

the crack width dependency of the healing ratio at crack deep region after 3 and 14 cycles, 

respectively. Similar as the shallow region, the total crack healing ratio exhibited a rapid decay. 

For crack width between 10~20 microns, the average healing ratio was above 20% after 14 

cycles. It quickly decreased to about 5% beyond 40 microns and retained only around 2% after 

80 microns.  

It should be noticed that the healing ratio is determined not only by the amount of healing 

products, but also the original crack width. In order to compare the absolute healing extent which 

is directly related to the healing mechanism, the total healing products volume after 14 cycles for 

each crack was calculated and plotted in Figure 3.13. Despite scattering of the data, it still can be 

interestingly seen that the volume of newly precipitated healing products increased as the crack 

width became larger. This behavior might be explained by the fact that the sealing of surface 

region takes longer time for large crack than small crack, which means there are higher chances 

for a larger amount of reactants to precipitate into the crack deep region. For the smaller crack, 
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however, the total mass flux through the crack has been significantly limited by the quickly 

sealed surfaced region. 

In order to further prove this hypothesis, reactive flow experiment was conduct to 

quantitatively control the initial healing environments. Figure 3.14(a-c) show the crack profiles 

before and after healing, and the self-healing ratios of T1, T2 and T3 samples with different 

initial crack widths. The healing ratios for all of these three samples show similar decreasing 

trend along crack depth. After 10 days of mineral precipitation, the crack inlet region was almost 

closed. The healing ratio at sample surface was above 90%. As the solution transports ions 

through the crack, the precipitation first accumulates near the crack inlet. At the time of crack 

sealing near surface region, which caused the significant reduction in fracture transmissibility, 

large portions of the downstream end of the crack remained devoid of precipitated minerals. This 

result indicated that long-range flux was unable to deliver enough dissolved minerals to 

uniformly fill the crack before the flow channel had been obstructed. By comparing the healing 

profiles for different samples with various crack widths (Figure 3.14(d)), we can observe that 

the larger crack showed a greater and more homogenous healing potential, while the healing 

ratio in smaller crack dropped more rapidly. The cause for this phenomenon can be mainly due 

to the different fracture sealing time. When all the other conditions are the same and there is 

sufficient mineral input, seemingly it takes longer time for precipitates to fill up a wider crack, 

which means there are higher chances for a larger amount of solute to travel into the crack deep 

region. However, it has to be kept in mind that for concrete structure in nature environment, the 

precipitated minerals come from the dissolution of concrete material itself, so it is very difficult 

to maintain the ambient conditions especially the supersaturation condition as our laboratory 

experiments. Although a larger crack increases the potential to be healed homogenously, it needs 
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very large fluid volume and time scale to produce enough precipitated materials. Therefore, for 

the samples N1~12 which exposed to nature water/dry condition, the narrower cracks show 

higher healing ratio. 

Figure 3.15 shows the effects of crack geometry on the healing extent. Sample B2 

contains a nearly linear bending crack, which has the similar initial crack volume as the nearly 

flat tension crack in sample T2. The crack aperture at surface for B2 approximately doubles that 

of T2. It can be seen that the general trend of the healing profile was still decreasing, but due to 

the larger crack open mouth, the close of the transportation path for bending crack experienced 

longer duration, leading to a higher healing ratio at deep region of the crack comparing with the 

tension crack. 

3.3.3 The Influence of Sample Age 

Figure 3.16 shows the effects of material age on crack healing profile and healing ratio 

along crack depth. Sample T1Y has a similar surface crack width as T1, but a younger age (7 

days vs. 90 days). Higher healing extents and healing ratios were observed in the younger sample 

along crack depth. This indicates the continued hydration did contribute to the crack aperture 

evolution. The younger sample containing higher ratio of unhydrated cement particles shows 

higher healing potential (Figure 3.16(b)). However, even for the 7-day sample with small 

surface crack width of 48 µm, 80% of the crack deep region remained unhealed after 10 days of 

environmental treatment. This further proved the hypothesis that the intrinsic healing potential 

under the crack surface is limited by the accessibility to fluid containing dissolved ions. In 

addition, it suggests that the hydration product growth outside of the original reacting clinkers is 

very limited. For old sample, especially with larger crack width, the contribution of continued 

hydration to the crack volume change is negligible. 
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3.3.4 The Influence of Supplementary Cementitious Materials (SCMs)  

The use of supplementary cementitious materials (SCMs), such as silica fume, fly ash, or 

blast furnace slag, represents a viable solution to partially substitute Portland cement. The 

chemistry of SCMs is generally characterized by lower calcium content but richer silica than 

ordinary cement, leading to a more complex system where the hydration of cement and 

pozzolanic reaction of the SCMs occur simultaneously and may also influence the reactively of 

each other. Numerous researchers have shown that SCMs have a significant impact on the 

cement reaction and formed hydrates [20][23]. It is well established, that the composition of C–S–H 

and portlandite in systems containing silica-rich SCMs is significantly different to that in pure 

cements. Qualitatively, the incorporation of silica fume will lead to a decrease of the amount of 

portlandite and the formation of more C–S–H with a lower C/S ratio. Similarly, blending of PC 

with fly ash will decrease the amount of portlandite, increase the amount of C–S–H with a lower 

Ca/Si and the amount of AFm phases as fly ash can contain high quantities of Al2O3. Blending 

with blast furnace slag has little effect on the amount of portlandite with respect to clinker, until 

high level of substitution. However, more C–S–H with a lower Ca/Si will be formed to 

accommodate the lower overall Ca/Si ratio of the system. All of these differences may 

alternatively have an impact on the self-healing kinetics in the blended systems. In addition, the 

pozzolanic reaction of SCMs is relatively slower than cement clinkers, there could be a larger 

amount of unreacted chemical species available for continued reaction, thus influencing the self-

healing behavior in long term. To determine the physical and chemical effect of SCMs on self-

healing in blended cement pastes, the self-healing extent as a function of healing time and SCMs 

replacement ratio was quantitatively investigated by means of µCT; the chemical composition of 

healing products was examined by EDS mapping. 
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SCMs-cement blended samples with several microcracks (Avg. cw=31µm) were scanned 

using micro CT before and after self-healing treatment. According to the CT result, Figure 3.17 

presents the depth depended healing ratio change in samples containing 50% cement and 50% 

SCMs. Similar as pure cement paste, the healing extent for fly ash and slag mixed systems 

(Figure 3.17(a) and (b), respectively) still can be roughly divided into two parts: the shallow 

region with greater healing ratio and deep region with lower healing ratio. But it should be 

noticed that this difference in the silica fume-cement blends (Figure 3.17(c)) was no longer 

obvious. Figure 3.18(a) shows the evolution of healing ratio at crack shallow region as a 

function of healing time. Comparing with pure cement paste, the replacement of silica fume 

caused the most significant reduction in the healing ratio from ~70% to ~30%, followed by fly 

ash to ~50%. Slag had the least effect on healing ratio at shallow region, only about 5% decrease 

was observed. Based on the discussion from previous section, the healing mechanism at crack 

shallow region can be mainly attributed to the calcium leaching, re-deposition and carbonation. 

Because the silica fume and fly ash are rich of Si but containing no or very litter Ca, and the 

presence of these SCMs can consume large amount of portlandite during hydration and 

secondary reaction, all of which will result in less dissolved OH- and Ca2+ available in the crack 

system. The low pH condition makes the transformation of carbonic acid to carbonate ions 

become more difficult. Therefore, the ion activity {Ca2+}{CO3
2-} corresponding to carbonation 

reaction to form large calcite crystal in the cement/silica fume or fly ash composites is lower than 

the pure cement system. Slag contains more CaO than fly ash and silica fume (Table 3.3), thus 

provided similar healing extent as pure cement sample at crack shallow region.  

Figure 3.18(b) gives the healing ratio evolution at crack deep region. After 28 cycles of 

healing, pastes containing silica fume had a lower healing ratio than pure cement pastes, while 
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the fly ash and slag systems showed an enhanced healing extent. It is also noted that, for pure 

cement and silica fume-cement mixed pastes, the healing ratio increased rapidly in the first 7 

cycles and flattened after 14 cycles. For the binary mixes with 50% fly ash or 50% slag, although 

the healing extent was much lower than pure cement pastes at early healing age (before 7 

cycles), it kept increasing through all the healing cycles. This result indicates, in the presence of 

moderate amounts of fly ash or slag, the pozzolanic reactions could contribute to the self-healing 

at long term. Since the reactivity of fly ash or slag is slower than cement clinkers, there will be a 

large amount of unreacted fly ash or slag available on the crack surfaces, but it usually takes 

longer time to further react and release the healing potential. 

Figure 3.19 shows the effect of SCMs type and replacement ratio on the healing extent. 

For the crack shallow region (Figure 3.19(a)), generally as the SCMs replacement level 

increases, the healing extent drops in a roughly liner way. For the deep region (Figure 3.19(b)), 

The healing extent increases with moderate slag replacement ratio, but then starts to decline after 

50%. Similar trend is observed for in pastes containing fly ash. But this upward trend is not 

observed in pastes containing any amount of silica fume. 

The chemical compositional data for healing products in three different types of SCMs-

cement systems with 50% replacement ratio have been determined from EDS mapping and are 

shown in Figure 3.20(a-c). The large set of data can illustrate the extent of compositional 

variation possible for healing products present deep inside the crack. In order to facilitate 

comparison, a graphic representation of the C-S-H formed in the healing products of different 

systems is shown in Figure 3.20(d). Based on the EDS mapping data, Figure 3.21(a) and (b) 

illustrate the frequency distributions for Si/Ca and Al/Ca ratios from different blends, 

respectively. For fly ash-cement blends, the C-S-H cluster can be clearly observed. Besides the 
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C-S-H phase, there are still significant number of analyses distributed towards to the AFt and 

AFm phases in a quite scattering way. By the comparison with healing products in pure cement 

paste, qualitatively it can be seen that the blending of cement with fly ash leads to a decrease of 

the amount of portlandite and calcite, and the formation of more C-S-H with higher Si/Ca and 

Al/Ca ratios. This could be interpreted as being due to the significant amount of SiO2 and Al2O3 

phases in fly ash, which could greatly facilitate the release of silicon and aluminum ions into the 

crack. They react with calcium ions in the solution, forming hydrates like C-S-H and calcium 

aluminate with lower Ca ratio. The composition of healing products in slag-cement system was 

very similar to that in pure cement system. Blending with slag has little effect on the change of 

portlandite and calcite phases inside the crack. However, because of the higher overall Si/Ca 

ratio of the system, more C-S-H with higher Si/Ca was formed, which is linked with significant 

similarity as fly ash. Blending of silica fume with cement greatly decreased the amount of 

portlandite, calcite, and sulfate phases, increased the amount of C-S-H with much higher Si/Ca 

ratio and larger variation.  

3.4 Summary 

In this chapter, autogenous healing of cracks in cementitious materials due to the 

precipitation of reactive solutes transporting through the crack was experimentally investigated. 

µCT was applied to quantitatively characterize the mineral precipitation and healing patterns in 

natural, rough-walled, water-saturated concrete cracks. The morphology and minerology of the 

healing products were analyzed as well. The influences of different parameters, such as crack 

widths, crack shapes, anhydrate cement ratios, supplementary cementitious materials types as 

well as the replacement levels, on the self-healing extent and the composition of reaction 

products were investigated. The main conclusions drawn from this study are listed as follows: 
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(1) For cementitious materials, the intrinsic self-healing through depth shows different 

behaviors at crack shallow region and deep region. The healing mechanism is strongly controlled 

by the relative rates of dissolved ion transport and reaction kinetics at the fractural surfaces. 

Because the mass flux (e.g. CO3
2- and Ca2+) at the sample surface is large to the advective flux 

through the crack, precipitation is found to mainly focused near the crack inlet. At the time of 

crack surface sealing, large portions of the deep region of the crack remains devoid of healing 

products, which suggest that the quickly sealing part significantly reduces long range fluxes to 

deliver enough dissolved minerals to uniformly fill the crack downstream. The thickness of this 

quickly sealed region is about 50~200 microns. 

(2) When concrete is exposed to water, the dissolution of solid calcium from cement 

hydrates can quickly occur. The concentration gradients lead to the diffusion of main ionic 

species, such as alkalis, calcium, hydroxides, etc., from concrete system to the external 

environment. The presence of CO2 in the air can also dissolve in water forming H2CO3. Once the 

concentration reaches the equilibrium criteria for precipitation, large crystals, mainly the mixture 

of Ca(OH)2 and CaCO3, can be formed and deposit at the sample surface as well as the crack 

shallow region.  

(3) The healing products which quickly seal the crack shallow region will further reduce 

the transport of water or carbon dioxide into crack deeper region. Besides Ca(OH)2 and CaCO3, 

the chemical analysis results indicate that the healing products at deep region contain significant 

amount of C-S-H and sulfate phases. However, the Si/Ca ratio in healing products was much 

lower than that in cement paste, while the Al/Ca ratio in healing products was slightly higher. 

(4) The extent of intrinsic self-healing at crack both sallow region and deep region 

strongly depends on the initial crack width, assuming the presence of the same chemical species 
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and equal environmental exposure conditions. Although a larger crack increases the potential to 

be healed homogenously because the longer period for surface sealing, it needs more significant 

fluid volume and time scale to produce enough precipitated materials. However, for concrete 

structures in nature environment, the healing resources come from the dissolution of atmospheric 

CO2 and concrete material itself, so it is very difficult to maintain the ambient conditions 

especially the ions supersaturation condition as our laboratory experiments. Therefore, under 

natural water/dry exposure and limited healing time, as the crack width increases, a sharp 

reduction of healing ratio can be observed. 

(5) The contribution of the continued hydration on the crack volume change is depending 

on the unhydrated cement ratio. But even for very young sample (7 days), the healing ratio 

change due to hydration products growth is still insignificant. 

(6) Comparing with pure cement paste, the supplementary cementitious materials 

generally have negative effect on the healing extent, especially at the crack shallow region. The 

replacement of 50% silica fume caused the most significant reduction from ~70% to ~30%, 

followed by fly ash to ~50%. Slag had the least effect on healing ratio at shallow region, only 

about 5% decrease was observed. For the healing ratio at crack deep region. after 28 cycles of 

healing, pastes containing silica fume showed a lower healing extent than pure cement pastes, 

while the fly ash and slag systems showed a slightly enhanced healing extent. 

(7) The chemical compositional data for healing products in three different types of 

SCMs-cement systems with 50% replacement ratio have been determined from EDS mapping. 

The blending of cement with fly ash or silica fume leads to a decrease of the amount of 

portlandite and calcite, and the formation of more C-S-H with higher Si/Ca and Al/Ca ratios. 

Blending with slag has little effect on the change of portlandite and calcite phases inside the 
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crack. However, because of the higher overall Si/Ca ratio of the system, more C-S-H with higher 

Si/Ca was formed. 
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Tables 

Table 3.1  Summary of experimental conditions for neat cement paste samples. 

 Sample 

 T1 T2 T3 T1Y B2 N1~12 

Crack type Tension Tension Tension Tension Bending Tension 

Material age 

(day) 
90 90 90 7 90 90 

Surface crack 

width 

(µm) 

44 108 190 48 210 9~144 

Crack volume 

(mm3) 
0.564 1.21 2.57 0.593 1.428 0.124~1.106 

 Exposure 

condition 

Reactive 

flow 

Reactive 

flow 

Reactive 

flow 

Reactive 

flow 

Reactive 

flow 
Water/dry 

 

 

 

 

Table 3.2  Mixture proportion of healing materials. 

Mix Cement Fly ash Slag Silica fume Water/Binders Fiber 

OPC 1 - - - 0.4 2% vol. 

FA1 0.75 0.25 - - 0.4 2% vol. 

FA2 0.5 0.5 - - 0.4 2% vol. 

FA3 0.25 0.75 - - 0.4 2% vol. 

GGBS1 0.75 - 0.25 - 0.4 2% vol. 

GGBS2 0.5 - 0.5 - 0.4 2% vol. 

GGBS3 0.25 - 0.75 - 0.4 2% vol. 

SF1 0.75 - - 0.25 0.4 2% vol. 

SF2 0.5 - - 0.5 0.4 2% vol. 

SF3 0.25 - - 0.75 0.4 2% vol. 
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Table 3.3  Chemical compositions of raw materials. 

Chemical 

composition, % 
Cement Fly ash Slag 

Silica 

fume 

SiO2 19.68 58.93 37.49 93.47 

Al2O3 5.23 22.52 11.03 2.04 

CaO 60.57 3.24 39.36 0.45 

Fe2O3 2.47 4.82 1.21 1.05 

MgO 1.12 2.74 9.03 0.58 

SO3 3.81 0.58 0.97 0.44 

Na2O 0.22 1.18 0.65 1.03 

K2O 1.25 1.20 0.26 0.91 
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Figures 

 
 

Figure 3.1  Coupon specimen after loading to induce cracks (left) and small cubic sample for CT 

scan (right). 
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Figure 3.2  Water/dry cycles for self-healing environmental treatment. 

 

 

 

 

 

 

Figure 3.3  Reactive transport-healing experiment: Ion-containing fluid flows through a crack in 

a cementitious sample located inside a reaction tube. 
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Figure 3.4  Examples of Micro-CT images: (a) 2D raw image, (b) reconstructed sample 3D 

rendering image, (c) phase segregation. 
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               (a) virgin crack                         (b) after 3 cycles                       (c) after 14 cycles   

Figure 3.5  The evolution of 3D cracks during self-healing. 

 

 

 

Figure 3.6  The healing ratio (crack area after healing/virgin crack area) of a typical crack in 

cement past vs. distance from the top surface. 
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Figure 3.7  The change of crack healing ratio vs. healing time. 
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(a) SEM 

 

(b) EDS 
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(C) Raman spectra 

Figure 3.8  Typical SEM image, EDS, and Raman spectra for self-healing products at crack 

shallow region after 3 cycles. 
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(a) SEM 

 

 

(b) EDS 
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 (C) Raman spectra 

Figure 3.9  Typical SEM image, EDS, and Raman spectra for self-healing products at crack deep 

region after 14 cycles. 
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Figure 3.10  Al/Ca against Si/Al atom ratio plot for EDS mapping. 
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(a) Si/Ca atom ratio 
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(b) Al/Ca atom ratio 

Figure 3.11  Si/Ca and Al/Ca atom ratio distribution histogram for cement paste (up) and healing 

products at crack deep region after 14 cycles (below). 
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Figure 3.12  The effect of crack width on the healing ratio at (a)(b) shallow region and (c)(d) 

deep region. 
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Figure 3.13 The effect of crack width on the total healing products volume after 14 cycles. 
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Figure 3.14 The crack healing ratio and average crack aperture along the crack depth (Z axis) for 

samples with different crack width: (a) crack width (T1) = 44 µm, (b) crack width (T2) = 108 

µm, (c) crack widths (T3) = 190 µm, (d) The comparison of three samples. 
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Figure 3.15  The crack healing ratio and average crack aperture along the crack depth (Z axis) 

for sample B2 with bending crack. 
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Figure 3.16  The crack healing ratio and average crack aperture along the crack depth (Z axis) 

for sample T1Y with young age at 7 days. 
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Figure 3.17  Typical crack area changes of cement-pozzolans blends after cycles healing vs. 

distance from the top surface: (a) fly ash, (b) slag, (c) silica fume. 
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Figure 3.18  The healing ratio of SCMs-cement blends as a function of time: (a) crack 

shallow region, (b) crack deep region. 
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Figure 3.19  The effect of SCMs type and replacement level on the self-healing extent at 14 

cycles. 
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Figure 3.20  Atomic ratios of the healing products at crack deep region in SCMs-cement 

blends: (a) fly ash, (b) slag, (c) silica fume, (d) C-S-H phases in different systems. 
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(b) Al/Ca 

Figure 3.21  Si/Ca and Al/Ca atom ratio distribution histogram for healing products in different 

SCMs-cement blends systems. 
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CHAPTER 4 NUMERICAL MODELING OF INTRINSIC SELF-HEALING 

IN CEMENTITIOUS MATERIALS 

4.1 Introduction 

The laboratory experiments provide quantitative measures of the precipitation induced 

crack aperture alterations. However, the complicated and various boundary conditions, the time-

prohibitive nature of the mineral growth process, and small length-scale of the experiments, limit 

our ability to interpret and quantify the complex networks. Development of efficient 

computational models provides a potential path toward enhanced understanding of the role of 

mineral precipitation reactions (e.g. carbonation and further hydration) on crack revolution over 

a wide range of parameters and scales. Nevertheless, the number of contributions which are 

devoted to this topic is very limited to the best of our knowledge. Recent work by Huang et al. [1] 

and Chitez et al. [2] proposed hydration-based models to predict the self-healing rate as a result of 

the continued hydration of unreacted cementitious particles inside the crack for very young 

cement pastes. But these simulations did not consider the non-uniform 3D healing distribution 

due to the hydrothermal flow and mass transport over the crack depth. Moreover, our 

experimental study in last chapter and a number of literatures [3][6] have suggested that the 

carbonation product CaCO3 rather than the hydration products is the most dominant precipitate, 

especially at crack top surface and in mature concrete when there is not sufficient amount of 

anhydrate cement.  

The objective of this study is to promote the mechanistic understanding of the complex 

autogenous healing process in a 3D concrete crack. In order to achieve this goal, we present a 

hydro-thermodynamics model to mathematically predict the mineral precipitation along the 
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crack, together with finite difference numerical solutions. This semi-analytical model considered 

the coupled hydrodynamic flow, solute transport, continued hydration, precipitation process, and 

the feedback between crack aperture evolution and fluid transmissibility. We further present the 

first results of an experimental study that allow non-destructive 3D observation to visualize and 

quantify the healing products growth in the natural, rough-walled, water-saturated concrete 

crack. The dynamic behavior of the water and concrete interactions was investigated for different 

parameters, such as crack geometry, sample age, and supersaturation condition. The mineral 

resource (e.g. Ca2+, CO3
2-) for autogenous healing in natural environment are mostly supplied by 

the dissolve of carbon dioxide in water, and the leaching of concrete matrix. However, the rate 

and extent of these reactions are usually too low to produce significant grains to study the details 

of microstructural evolution at laboratory timescales. Also, it is very difficult to quantitatively 

control the initial dissolving condition in the solution. Therefore, in this study, we used analogue 

experiments by using advective fluid saturated with CaCO3 through the natural concrete crack. 

The supersaturated fluid can provide constant and controllable chemical supplies, resulting in 

significant precipitation over relatively short timescales. The experimental measurements were 

directly used to validate the simulation results. The influences of various parameters including 

initial aperture variability, flow velocity, percentage of anhydrates, and relative supersaturation 

on the patterns of crack evolution were discussed based on a sensitivity modelling. The work 

generates understanding of how self-healing progresses in a crack over spatial and temporal 

scales, and how this healing process is influenced by various environmental, physical and 

chemical parameters.  



110 
 

4.2 A Hydro-thermodynamics Model  

The intrinsic self-healing within a crack in cementitious materials involves the complex 

interplay of different chemo-physical processes. As illustrated in Figure 4.1, when water 

percolates through a crack in cementitious materials, the water-material interaction causes 

dissolution and leaching of minerals (e.g. Ca2+, Na+, K+, Al(OH)4
-, SO4

2-, H3SiO4
-) from the 

cementitious matrix into the solution [7]. The gaseous carbon dioxide (CO2) can also dissolve in 

the solution mainly as bicarbonate (HCO3
−) and carbonate (CO3

2−). Once the solute 

concentration reaches above the solubility equilibrium, precipitation of self-healing compounds 

occurs at the crack walls, resulting in localized changes in crack apertures along crack depth. The 

self-healing process is thus dynamically controlled by a combination of three mechanisms: the 

advective transport of ions as reactants caused by a flow of the aqueous solution, the molecular 

diffusion of dissolved reactants due to the concentration gradient, and the kinetics of chemical 

reactions occurring at the water-material interfaces controlled by thermodynamics. The relative 

magnitudes of the timescales associated with the advection-diffusion transport phenomena and 

the chemical reactions at crack walls determine the nature of intrinsic healing process and crack 

profile evolution.  

In this study, we present a coupled hydro-thermodynamics model to simulate the 

evolution of crack profile along crack depth as a function of time. The model incorporates fluid 

flow, dissolved ion transport, and local reaction rate coefficients of calcium carbonates (CaCO3) 

and calcium silicate hydrates (C-S-H) as major healing products. The model also considers the 

negative feedback between mineral precipitation and local alteration of transport properties in the 

crack. As illustrated in Figure 4.1(a), the dissolved ions that serve as self-healing reactants can 

transport from outside of the crack, or from the crack walls. The first scenario is more related to 
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the precipitation of CaCO3 as healing product. This is because calcium is abundant in Portland 

cement and cement hydration products; Ca2+ ions can leach out from the bulk cementitious 

matrix when it is in contact with water. CO3
2- ions also come from outside of the crack due to 

dissolved atmospheric CO2 in water. The second scenario is mainly related to the growth of C-S-

H due to continued hydration occurring at the water-material interface in the crack. These two 

mechanisms were separately considered in this model. For simplicity, the growth competition 

between CaCO3 precipitation and continued hydration was not considered.  

The governing equations for ions transport, precipitation rate, and crack aperture 

evolution are solved using combined analytical and numerical methods [8][9]. Considering a 

Newtonian fluid of viscosity µ flowing through a channel between two statistically 

homogeneous, symmetrical plates representing two faces of a crack, as shown in Figure 4.2. The 

solute content of the fluid is described by the ion concentration c. It is assumed that the flow 

density and viscosity are constant, and the flow velocity u is so small that fluid inertia can be 

neglected. The Reynolds number Re is very small, because we are considering small length 

scales and treating flows of very small velocity (i.e. creeping flows). With the assumption of Re 

<< 1, the Navier-Stokes equations for incompressible fluid are reduced to [10]: 

 (4.1) 

 (4.2) 

where u is the velocity vector, P is the dynamic pressure, and µ is the dynamic viscosity of the 

fluid (i.e. water).  

The mass transport of dissolved mineral ions in the incompressible fluid is described by 

the advection-diffusion equation [11]: 

0  u

2 P u
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 (4.3) 

where c is the volumetric solute concentration, and D is the molecular diffusion coefficient of the 

solute. Depending on the solute concentration and the local reaction rate coefficient, precipitation 

can occur on the crack walls, resulting in the local alteration of crack aperture. This in turn leads 

to a change in the local transmissivity of the crack, which is defined as flow rate per unit width 

per unit gradient. The boundary condition for the solute concentration c at the water-crack 

interface is described by an irreversible surface reaction [12]: 

 (4.4) 

where b is the local half-aperture of the crack, α is the stoichiometric coefficient that represents 

the moles of free Ca2+ and CO3
2- ions forming a unit mole of solid CaCO3 mineral, ρ is the 

density of the reacting mineral ( 3CaCO
2.71  g/cm3), and MW is the mineral molecular weight (

3CaCO
100MW  g/mol). The local reaction rate of calcite, , controlled by the 

concentrations of the Ca2+ and CO3
2- ions in the solution, is approximated based upon idealized 

first-order reaction kinetics [13][16]: 

3
|

( ) ( 1)
y bCaCO

R

eq

c
R c k A

c


    (4.5) 

where k is the empirical reaction rate constant, AR is reactive surface area per unit area of crack 

surface ( Rk A  = 2.62 × 10-10 mol/cm2∙s [16]), and ceq is the solubility equilibrium ( 3CaCO
eq 0.013c 

g/L at 25 ˚C ) above which precipitation occurs. Equation (4.5) is readily modified to account for 

more complex nonlinear reaction kinetics. Equations (4.1-4.5) provide the mathematical 
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framework that describes reactive flow through a crack that leads to a crack self-healing process. 

The motion of the fluid is described by Equations (4.1) and (4.2). The mass balance of the solute 

in solution is described by Equation (4.3) and the mass balance for the solute precipitation or 

dissolution at the crack wall is controlled by Equations (4.4) and (4.5). The model thus couples 

physical transport of self-healing reactants with chemical kinetics of self-healing process to 

predict the change in crack profile with time due to CaCO3 precipitation. 

In addition to CaCO3 precipitation, another major self-healing mechanism is the 

nucleation and growth of cement hydration products such as C-S-H and portlandite (Ca(OH)2). 

In this study, the growth rates of cement hydration products are derived by fitting the 

experimental data recently measured by Grossier and Van Vliet [17] and Ferralis et al. [19]. Direct 

observation and quantification of cement clinker dissolution and precipitation kinetics have been 

a challenge. The researchers used time-lapse video microscopy to record tricalcium silicate (C3S) 

particle hydration that forms C-S-H and Ca(OH)2. The direct visualization data clearly show the 

two stages of cement hydration: the rapid growth and consolidation. The continuous and rapid 

growth within the first 4 hours is approximately linear with time, which is interpreted as 

interface-controlled kinetics. When a continuous layer of hydration product surrounds the 

unreacted core of cement particle, a transition from interface-limited to diffusion-limited growth 

is observed. The outward diffusion of dissolved ions from cement and the inward diffusion of 

water to reach unreacted cement cores become slower, as the layer of hydration product around 

the cement particles become thicker. During this consolidation stage, the growth is severely 

retarded or even ends. In the present model, we only consider the rapid growth stage based on 

the assumption that during the diffusion-limited stage the volumetric growth rate of hydration 

products is significantly smaller. The measured mean growth rate of hydration products formed 
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away from C3S particles during the interface-controlled reaction stage [19] is fitted by least-square 

power law, yielding Equation (4.6). This change of half aperture of a crack due to local growth 

of hydration products is described by Equation (4.7). The volumetric change is averaged along 

the horizontal grid size (10 µm). 

 (4.6) 

 (4.7) 

where  is the growth rate of hydration products (µm/min), 𝛾 is the unhydrated cement 

ratio that can be determined based on experiment measurement or hydration model. In this study, 

𝛾 was measured using micro-CT technique as described in Section 2.2.3.  

The initial conditions are given in Equations (4.8-4.13):  

 (4.8) 

 (4.9) 

 (4.10) 

 (4.11) 

 (4.12) 

 (4.13) 

where cin is the solute concentration at the crack inlet, uin is the fluid velocity at the crack inlet, 

and b0 is the half aperture of the initial crack before self-healing occurs. 
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 The differential equations were numerically solved using finite difference method [9][20] 

with a constant longitudinal grid size (10 µm) along crack depth, the element number of 1000 

and the time interval of 1 minute. For the flow equation, a central finite difference discretization 

was used. The diffusion and advection terms in the ion transport equation were approximated by 

a bounded unwinding scheme [21]. The precipitation kinetics is related to the concentration field 

at the water-material interface in the crack. The crack profile is updated by changing the position 

of each elementary interfacial area according to Equations (4.4-4.5).  The computation algorithm 

is shown in Figure 4.3. The indices i and j refer to the element number and the relative time of 

the process, respectively. The computation outputs a profile of crack aperture as functions of 

horizontal distance z and time t. 

4.3 Simulation Results and Discussion 

4.3.1 Model Validation 

To evaluate the hydro-thermodynamics model, we simulated flow of the experimental 

fluid through the idealized initial fracture fields and directly compared the simulations to the 

experimentally measured crack evolution descripted in last chapter. µCT measurements and 

image analysis provided accurate (±2 μm) description of crack morphology and aperture field 

before and after 10 days of self-healing, as shown in Figure 4.4. The upper wall and lower wall 

of the crack in sample T2 were mathematically split after the crack was segregated from other 

phases, and are presented in Figure 4.4(a) and (b). The heterogeneity of the crack walls was 

clearly visualized. After the reactive transport-healing experiment, it was observed that newly 

formed healing products precipitated on the crack walls, leading to increased heterogeneity of 

crack profile and the alteration of crack aperture field. Figure 4.4(c) shows the quantitative 
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mapping of the crack aperture field (in X-Z plane) before and after self-healing. The crack 

aperture is defined along the y-direction. The inlet of the crack corresponds to Z = 0.  The crack 

aperture at each pixel is calculated as: 

  (4.14) 

where 2b is the crack aperture, Y1 is the location of the crack upper wall, and Y0 is the location 

of the crack lower wall. The color scale represents the magnitude of the aperture ranging from 10 

µm to 100 µm. 

The comparison between the initial and final aperture field reveals the three-dimensional 

self-healing extent of the crack. A pervasive self-healing along the crack walls and reduction in 

crack apertures were observed, but the extent of self-healing was larger near to the crack inlet 

than deep inside the crack, reflected by the transition from blue color to green and yellow along 

the Z axis. This nonhomogeneous healing phenomenon suggests varying precipitation of healing 

products along crack depth. 

Figure 4.5 shows the crack healing ratios for experiments T1, T2, T3, and T1Y with the 

corresponding simulations. The results demonstrate a similar non-uniform, decreasing healing 

trend along the crack depth or flow direction. All analyses give comparable results. Both 

experiments and simulations indicate more rapid mineral growth at the inlet of the fracture. For 

all simulated cases there is a characteristic length Z* at which the healing rate decrease steeply. 

In the case of T1, the characteristic length Z* is reached at about 0.5 mm from the inlet. Changes 

of the input parameters have a significant effect on the healing patterns. We illustrate the 

sensitivity to the different parameters later.  

1 02b Y Y 
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From Figure 4.5, it can be also noticed that all the model calculations show a slightly 

stronger trend than the experimental measurements near the crack inlet region, but a lower 

healing ratio at the crack deep region. There are several reasons that could cause this 

discrepancy. First, in the model we mainly considered the calcite precipitation and simplify the 

calcite crystal growth as a first order liner reaction. But in reality, the fracture surface roughness, 

the fracture local mineral heterogeneity, and the water supersaturation condition could all affect 

the temporal precipitation kinetics. Another reason for the underestimation of the healing rate 

deep inside the crack is that our simulations stopped once the facing precipitates fronts touched. 

But in natural cracks flow does not stop when the crack is sealed in one spot due to its 

heterogeneous aperture. There are usually more tortuous paths available around the sealed spots. 

In addition, since the real healing products is a porous structure, the fluid flow still can penetrate 

through the partially sealed layer, resulting in more materials further precipitated deep inside the 

channel over time. Furthermore, the empirical equations that describe the unhydrated cement 

ratio and the continued hydration product growth rate can be another cause for the minor 

discrepancy. Despite these differences, the general features of all experiments are predicted quite 

well by the simulations. This model can satisfy our primary interest for this paper which is to 

elucidate the impacts of different parameters on the crack healing rates and patterns. 

4.3.2 Parametric Study 

Figure 4.6 shows the simulated evolution of the fracture half-aperture with control 

parameters uin = 1 µm/s, and SI = 1.2. Figure 4.6(a) exhibits the tension crack with initial crack 

wall as a flat line, and Figure 4.6(b) shows the bending crack with a constricted initial crack 

width. The flat crack has a constant initial crack opening at 0.3 mm, while the crack opening for 

case (b) is linearly decreased from 0.4 mm to 0.2 mm. We compare these two cases because they 
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have the same initial crack volume. The red line represents the initial upper crack wall at time t = 

0. Each grey line represents a certain time increment. Over time, the healing products gradually 

precipitate in the crack, causing the interface moving downward and finally the sealing of the 

inlet. The crack aperture b decreases very rapidly near inlet region, increasingly so over time t. 

The fracture deep inside, for example when z > 6 mm, remains almost constant at its initial value 

b0 over time. By integrating the healing ratio parallel to the flow direction Z, the results show 

that the final healing ratio for the initially flat crack is 0.183 which is smaller than 0.307 for the 

initially constricted crack. This is due to the fact that the bending crack aperture b0 at inlet is 

larger than the flat fracture. Therefore, the close time for flat fracture is faster than that for 

linearly constricted fracture and less flux can enter into the crack deep region.  

Changes of the input parameters can significantly influence the fracture healing patterns. 

Figure 4.7 gives the impact of initial crack width on the healing ratio. It can be seen that an 

increase of initial crack width b0 results in a higher healing potential if the input saturated flow is 

continuously sufficient. When b0 is larger, the precipitation can be distributed over a longer 

distance and the fracture can be sealed more uniformly. This is because that the precipitation 

takes longer time to seal the wider fracture, while narrow fracture can be sealed more rapidly. 

Therefore, more mineral can transport into the wider fracture, leading to a higher healing ratio 

even though the denominator b0 is larger. For example, in our simulation it only takes less than 

20 hour to close the crack with initial b0 = 0.025 mm, but the closure time for sealing the crack 

with b0 = 0.5 mm is more than 5400 hours. If we control the reaction stop time as the same for all 

apertures, for instance tstop = 16.8 h as shown in Figure 4.7(b), it can be seen that the healing 

ratio for larger crack is much lower than narrower crack. This indicates that although a larger 

crack increases the potential to be healed homogenously, it needs very large fluid volume and 
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time scale to produce enough precipitated materials. However, it has to be kept in mind that for 

concrete structure in nature environment, in most cases the precipitated minerals come from the 

dissolution of concrete material itself, so it is very difficult to maintain the ambient conditions 

especially the supersaturation condition as our laboratory experiments and simulations. 

Consequently, most of the previous experiments that observed the healing phenomena from 

sample surface or indirectly measured the healing ratio by permeability change found that 

narrower cracks are more likely to be healed.   

The change of relative supersaturation has a similar effect on the fracture healing pattern. 

As shown in Figure 4.8(a). A lower supersaturation allows more homogenous sealing over a 

longer distance, but requires much longer time scale to reach the sealing. The crack inlet closure 

time tstop = 25.2 h, 227.8 h, and 7912.8 h for relative supersaturation SI = 2, 1.2, and 0.5, 

respectively. Equation (5) suggests that the precipitation rate is positively correlated to the 

relative supersaturation. An increase in supersaturation results in a faster crystal growth. As a 

result, the crack inlet region can be closed more rapidly and thus the crack cannot be filled over a 

very long distance. However, if the reaction time is controlled to be identical as shown in Figure 

4.8(b), higher supersaturation results in more solute precipitating and a higher healing ratio. 

Figure 4.9 shows the influence of flow velocity on the fracture evolution. For high flow velocity, 

precipitation in the fracture is more uniform and the fracture inlet region close to throughflow 

less rapidly. This is because the reaction rate is relatively small comparing to the flow velocity, 

and thus the dominant effect is that of a faster advection, which can move the solute to a larger 

distance while losing the same concentration. On the contrary, smaller ratio of advection to 

reaction, precipitation in the fracture is highly nonuniform and the final healing ratio is much 
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lower. Again if we set the reaction time very short, it can be seen that the change of fracture 

aperture under high flow velocity can hardly be noticed.  

The influence of unhydrated cement ratio or sample age on the healing ratio and healing 

pattern is shown in Figure 4.10. It can be seen that the continued hydration contributes to the 

entre crack, and the younger sample has a higher healing potential. Nevertheless, the hydration 

product growth outside of the original reacting clinkers is very limited. Even assuming with 

100% unreacted cement particles on the crack wall, the increase of healing ratio due to hydration 

is only about 10% for a 50 µm crack. For old sample, especially with larger crack width, the 

contribution of continued hydration to the crack volume change is negligible. 

4.4 Summary 

The simulation modelling in this study is rigorously based on physical and chemical 

principles. The presented results may provide a mechanistic explanation and yield important 

information about the complex autogenous healing processes. These results can be used as a 

basis for the development of more complex models to fully understand water-concrete 

interactions in cracks. Here we list some parameters that have not been taken into account in this 

paper, which can be studied as future work: 

• For simplicity, the precipitation reaction in this study are described by a linear kinetic surface 

reaction model. More complex, nonlinear models that characterize mineral precipitation are 

readily introduced in the simulation.  

• The competition between the carbonation and continued hydration could be involved in the 

future study. And more parameters that might influence the hydration product growth can be 

considered. 
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• The influence of fracture aperture heterogeneity on the flow transport profile is neglected in 

this study. Next step the two surfaces of a random crack can be characterized mathematically 

and added as the initial boundary conditions. 

• The dependence of reaction rate on other parameters, such as crack surface roughness and 

mineral distribution, can be incorporated in the model. 

• The simulation ending point can be modified by considering the continued flow penetration 

through the porous sealing layer.  

The presented results show that there is a significant decreasing trend for the healing ratio 

along the flow transport direction. This non-uniform healing phenomenon is because the crystal 

growth activity is directly related to the concentration of the solution. As the flow travels through 

the crack, the continued crystallization process leads to a decline in the supersaturation and the 

associated growth rate along the crack depth. This progressive depletion of solute in the moving 

fluid causes the crack to be firstly sealed at the inlet region. At the time of crack surface sealing, 

large portions of the deep region of the crack remains devoid of healing products, which suggest 

that the quickly sealing part significantly limits long range fluxes to deliver enough dissolved 

minerals to uniformly fill the crack downstream. The contribution of the continued hydration on 

the crack volume change is depending on the unhydrated cement ratio. But even for very young 

sample, the healing ratio change due to hydration products growth is still insignificant.   

The numerical study shows that the initial crack aperture, the fluid velocity, and the 

supersaturation condition have profound influences on the healing patterns. A large initial crack 

width, low saturation content, and fast flow rate can enhance the potential to heal a crack greatly 

and homogenously, but require a much larger volume of mineral resource in the solution and 

longer temporal scale.  
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Figures 

 
(a)  

 
(b) 

Figure 4.1  A schematic view of intrinsic self-healing mechanism in cementitious materials: (a) 

micro crack scale., (b) molecular scale. 
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Figure 4.2  Schematic diagram of the crack-solution system for numerical simulation. 
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Figure 4.3  Flow chart of the numerical simulation routine. 
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Figure 4.4  Crack morphology of sample T2 before and after self-healing: (a) crack upper wall, 

(b) crack lower wall, and (c) crack aperture field.  
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Figure 4.5  Experimental measured (dots) and simulated (lines) crack healing ratios along the 

crack depth direction.  
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Figure 4.6  Numerical simulation of changes in fracture aperture for (a) flat tension crack and (b) 

constricted bending crack at the conditions of SI = 1.2, uin = 1 µm/s. 
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Figure 4.7  The influence of change of initial crack width on the healing ratio (uin = 1 µm/s, SI = 

1.2): (a) at the end of simulation; (b) at the same stop time (tstop = 16.8 h). 
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Figure 4.8  The influence of change of initial supersaturation on the healing ratio (b0 = 0.1 mm, 

uin = 1 µm/s): at the end of simulation; (b) at the same stop time (tstop = 25.2 h). 
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Figure 4.9  The influence of change of initial flow velocity on the healing ratio (b0 = 0.1 mm, SI 

= 1.2): at the end of simulation; (b) at the same stop time (tstop = 63.4 h). 



132 
 

 

Figure 4.10  The influence of the undyrated cement ratio (b0 = 0.025 mm, SI = 1.2, uin = 1 µm/s). 
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CHAPTER 5 MATERIALS DESIGN FOR ROBUST SELF-HEALING 

CAPACITY 

5.1 Introduction 

The development of self-healing cementitious materials can open a new world of 

opportunities for resilient concrete infrastructure under various service loading conditions. 

However, the self-healing potential in conventional concrete is significantly limited by the 

localized fracture, the unsatisfactory healing extent, and the non-homogenous healing kinetics. A 

key motivation of this dissertation is to develop novel self-healing cementitious materials with 

enhanced intrinsic healing capacity, allowing for self-repair after multiple damage events.  

Guided by the findings from the previous chapters about healing mechanisms, this work 

combined the micromechanics-based strain-hardening material design theory with cement 

chemistry to design new cementitious composites uniquely featuring robust and repeatable self-

healing capacity. The fundamental hypothesis (Figure 5.1) is that robust and repeatable self-

healing in cementitious materials can be possible if a combination of conditions are met: (1) the 

presence of a multitude of essential chemical species that are spatially available through the 

entire crack region and can react with natural actuators upon cracking, (2) the material exhibits a 

self-controlled, distributed multiple cracking behavior that provides greater chance for more 

healing compounds contributing to the healing process, and (3) the healing process and reaction 

kinetics can lead to the formation of high strength and high toughness healing products with 

sufficiently large volume, leading to recovery of both mechanical and transport properties.  

In order to boost the intrinsic healing potential in cementitious materials, this study 

strategically tailored fly ash and Nano MgCO3 into fiber reinforced strain-hardening system. The 



136 
 

addition of reactive particles is to provide sufficient chemical compounds to form profound 

healing products deep inside the crack. The strain-hardening behavior of the fiber reinforced 

cementitious composites system is achieved by tailoring the synergistic interaction between 

fiber, matrix, and interface using a micromechanics theory to ensure the formation of multiple 

microcracking. In this study, the tensile stress-strain response and the change in permeability as 

well as 3D damage pattern were measured and evaluated during the loading and self-healing 

cycle. The surface tomography and chemical composition of the healing products within 

microcracks were analyzed by scanning electron microscopy and energy-dispersive X-ray 

spectroscopy. 

5.2 Material Design Framework 

5.2.1 The Incorporation of Nano MgCO3 to Promote the Homogenous Healing 

The minerals dissolution and precipitation induced crack aperture alteration is a 

ubiquitous feature in cementitious materials when they are exposed to water. This intrinsic 

process, is controlled by a wide range of microscale processes, such as the mass transport 

mechanism and reaction kinetics at mineral surface. Such a complex system controls the local 

autogenous healing rate and extent at various temporal and spatial scales. Among different 

healing products, the previous studies have suggested that the carbonation products CaCO3 is the 

most dominant precipitate in terms of size and volume, especially in mature concrete when there 

is not sufficient amount of anhydrate cement. In presence of atmospheric carbon dioxide, it can 

dissolve in water to form carbonic acid: 

CO2 (g) ⇌ CO2 (l) (5.1) 

CO2 (l) + H2O ⇌ H2CO3 (5.2) 
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The carbonic acid a weak acid that dissociates in two steps, leading to the formation of 

bicarbonate and carbonate ions: 

H2CO3 ⇌ HCO3
−+ H+ (5.3) 

HCO3
− ⇌ CO3

2− + H+ (5.4) 

The formation of solid calcium carbonates results from the reaction of these dissociated 

CO3
2− carbonate ions with free Ca2+ ions from the dissolution and leaching of the unreacted 

cement clinkers and hydration products such as calcium hydroxide and CSH: 

C3S + 3H2O        3Ca2+ + H2SiO4
2- + 4OH- (5.5) 

Ca(OH)2 ⇌ Ca2+ + 2(OH)- (5.6) 

Ca2+ + CO3
2− ⇌ CaCO3 (s) (5.7) 

The above reactions can be presented more schematically: 

                               + H2O               + H2O               + H2O                 + Ca2+ 

CO2(g) ⇌ CO2 (l)      ⇌      H2CO3      ⇌      HCO3      ⇌      CO3
2-       ⇌       CaCO3(s)  (5.8) 

The local reaction rate of CaCO3 deposition is primarily controlled by the ionic 

concentrations of [Ca2+][CO3
2-] in the crack. While Ca2+ is rich in the cementitious system, the 

solubility of CO2 at natural condition is very low and the transition from CO2(l) to CO3
2- is 

kinetically slow. At equilibrium, only a small fraction (~0.2 - 1%) of the dissolved CO2 is 

converted to H2CO3. Most of the CO2 remains as solvated molecular CO2. In addition, when the 

water flow carrying Ca2+ and CO3
2- percolates through a crack, the mass flux at the sample 

surface is large to the advective flux deep inside the crack, resulting in the precipitation mainly 

accumulated at crack shallow region. At the time of crack shallow region sealing, large portions 

of the deep region remain devoid of healing products. This quick sealing process further isolates 

the crack deep region from the surroundings environment. It thus becomes more difficult for 

carbon dioxide in the environment to transport through the sealed layer and reach the interior 
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region of the crack. Therefore, the self-healing in normal cementitious materials usually shows 

non-uniform pattern along the crack depth, and the overall healing extent is significantly limited. 

In order to overcome these limitations and promote the homogenous healing, the 

incorporation of carbonate salts (Mx(CO3)y) into cementitious system during the process of 

mixing could provide a potential path toward the enhanced carbonation rate deep inside the 

crack. When crack occurs, the carbonate salts around the crack walls are exposed to the humid or 

water environment, leading to the salts dissolution. The dissolved carbonate ions can thus serve 

as additional healing agent to react with Ca2+ ions, yielding new CaCO3 precipitation inside the 

crack. Rather than the healing in normal concrete, the extent of which severely limited by the 

move of carbon dioxide (equation 5.8) in the environment, this new system can rely on the pre-

embedded carbonate phase in the material as healing resource to maximize the healing potential 

in the crack interior region. 

                     + H2O             + Ca2+ 

Mx(CO3)y(s)      ⇌     CO3
2−      ⇌      CaCO3(s)  (5.9) 

To pull the equilibrium condition more to the right in equation 5.9, the carbonate salts 

(Mx(CO3)y) should have higher solubility than CaCO3. Based on the solubility rules, carbonate 

salts containing the common metal cations can be ranked in the following sequence for solubility 

at room temperature: 

Na2CO3 (340.7 g/L) > K2CO3 (31.1 g/L) > MgCO3 (0.139 g/L) > CaCO3(0.013 g/L)  (5.10) 

Despite the high solubility of Na2CO3 and K2CO3, they are not suitable for using as healing 

agents in the cement based matrix because most of the carbonate ions will be activated and 

consumed during the mixing or initial hardening by the moist calcium silicate minerals, resulting 

in the shortage of healing materials when the crack occurs. Therefore, from the perspective of 

solubility, MgCO3 becomes a potential candidate. Figure 5.2 summarizes the hypothesis that the 
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addition of carbonate salt can enhance intrinsic healing in the cementitious system by providing 

extra healing resource. This study aims to test this hypothesis. Furthermore, the influence of the 

influence of addition of MgCO3 on the cementitious composites behaviors was also investigated 

in terms of hydration kinetics, mechanical properties, and chemical evolution.  

5.2.2 Micromechanics Based Strain-Hardening Composite Design to Control the Cracking 

Behavior 

The strain-hardening behavior of the fiber reinforced brittle matrix composites is 

achieved by tailoring the synergistic interaction between fiber, matrix, and fiber/matrix interface 

using a micromechanics theory to ensure the formation of multiple cracking [1]. One of the most 

important conditions for multiple cracking failure mode is the presence of steady state cracking 

[2]. In fiber reinforced composites, during crack opening, the fiber bridging stress increase as 

fiber/matrix interfaces debond and the debonded segments of fibers stretch. If the maximum 

bridging stress can exceed the matrix tensile stress, the crack flanks will not result in catastrophic 

loss of loading capacity but flatten to maintain the applied stress level, which is termed as the 

steady state cracking. As a result, load can be transferred from this crack plan back into the 

matrix and cause the formation of another new crack. Repeating this process creates the behavior 

of multiple cracking. Based on the J-integral analysis, a steady state crack requires the crack tip 

toughness Jtip must satisfy  


SS

d)(J SSSStip
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where δss is the constant cracking opening corresponding to steady state crack stress σss. Jtip can 

be approximately expressed by Km
2/Em at small fiber content. Km is the matrix fracture toughness 

and Em is the matrix elastic modulus, both of which are sensitive to the mixture design, such as 

the aggregates content and water/ binder ratio. The condition for steady state then can be 

expressed as 

/

btip Jd)(J  
0

0

00



  (5.13) 

where δ0 is the cracking opening corresponding to maximum bridging stress σ0. The 

complementary energy Jb
’ can be calculated from the fiber bridging stress versus crack opening 

σ(δ) curve, as illustrated in Figure 5.3. The σ(δ) relationship, viewed as the constitutive law of 

fiber bridging behavior, is expressible as a function of micromechanics parameters, including 

fiber properties such as volume content Vf, fiber diameter df, length Lf, and Young’s modulus Ef, 

and fiber/matrix interface properties like interface chemical bond Gd, frictional bond τ0, and slip-

hardening coefficient β accounting for the slip-hardening behavior during fiber pullout. It is clear 

from Equation (5.13) that the successful composite design for robust strain-hardening requires a 

high ratio of Jb
’/Jtip. Based on the theoretical discussions presented above, in this investigation 

we tailored the cementitious composite with different fly ash and MgCO3 replacement ratios to 

find moderate matrix toughness and high complementary energy, result in sufficient compressive 

and tensile strength, meanwhile adequate margin between Jb
’ and Jtip to activate a large number 

of microcracks. 

5.3 Experimental Procedures 

5.3.1 Effect of MgCO3 Addition on Cement Hydration 

A. Calorimeter 
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To study the effects of MgCO3 on cement hydration rate and hydration degree, isothermal 

calorimetry (TAM AIR) tests were performed at 25 °C with a time resolution of 1 min. This 

instrument has a precision of ± 20 μW and an accuracy > 95 %. Preblended mixture of hematite 

nanoparticles and water were added to cement to achieve MgCO3-cement mass ratios of 5.0%, 

10.0%, and 20.0%, and a water/(cement+fly ash+MgCO3) ratio of 0.30. Right after mixing, 2.0 g 

of mixture was tightly sealed inside the glass ampule and placed into the calorimetry 

immediately.  

 To exclude the exothermic effect of early rapid dissolution of cement, the calorimetry 

data from the initial 15 min were not recorded for the sample temperature to become completely 

equilibrated with the instrument. Triplicate samples were measured for each mixture design. 

B. Compression test 

The effects of MgCO3 on the mechanical properties of cementitious samples were studied 

through uniaxial compression tests. Uniaxial compression tests were conducted on cylinder 

specimens (5 cm in diameter, 10 cm in height) using a hydraulic testing frame with a data 

acquisition system. The compression tests were performed at different specimen ages of 1, 7, 14 

and 28 days, to measure the strength development of each mixture. The specimens were prepared 

following the ASTM Standard 192/C 192 M. Before testing, the top and bottom surfaces of each 

cylinder specimen were capped with sulfur to ensure more evenly distributed stress under 

loading and to minimize lateral confinement effect. The test was conducted under displacement 

control at a quasi-static condition with a loading rate of 0.025 mm/s. Each specimen was loaded 

till there was a 20% drop of the peak load. The compressive strength was calculated by dividing 

the failure load (i.e. the peak load) by the initial cross-sectional area of the cylinder. For each age 

and mixture design, three specimens were tested and the results were averaged. 
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C. XRD 

To study the potential effects of MgCO3 nanoparticle addition on cement hydration 

products, preblended mixture of MgCO3 and water were added to Portland cement to achieve 

MgCO3-cement mass ratios of 0.0%, 5.0%, 10.0% and 20.0% and a water-cement ratio of 0.40. 

After curing for 3 and 28 days, the cementitious specimens were ground into powders, and 

Fourier transform infrared spectroscopy (FTIR, IS50, Nicolet) and X-ray diffraction (XRD, 

Miniflex600, Rigaku) measurements were conducted to identify the hydration products. 

5.3.2 Verify the Enhanced Self-Healing Property 

A. Materials and Sample Preparation 

The mix compositions of all the matrixes used in this study are listed in Table 5.1. All 

the mixtures were prepared and cured at room temperature 25  5 C and relative humidity of 70 

 20 %. In a typical procedure, the solid powders such as cement, fly ash, MgCO3, and sand 

were firstly blended in a paddle mixer for 2 min, and then the water and superplasticizer were 

poured and continued mixing for 2 min until the mortar fluidized and stabilized. For fiber 

reinforced composites, polyvinyl alcohol (PVA) fibers with a surface oil coating of 1.2% by 

weight were incorporated into the matrix system. The main properties of the fiber are presented 

in Table 5.2. The PVA fibers were added manually into the mortar matrix very slowly to ensure 

proper distribution, and keep mixing for several minutes until no additional improvement in 

workability was observed. Upon mixing, the mixture was then cast into various modes for 

compression and toughness tests. The specimens were covered with plastic sheets and stored at 

room temperature for 24 hours; then they were demoded and cured in the laboratory until the age 

for testing.  

B. Crack Scale: Micro CT, Microscopy, and SEM 
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After the preloading test, prismatic sample of 10 by 10 by 32mm contained cracks were 

sawn from the big coupon specimens for SEM inspections. The SEM sections were cleaned in an 

ultrasonic bath for about 1 min and then prepared by carbon coating under vacuum. Studies of 

the fractured surfaces were performed at 1000 × using a JeolJSM-6010LV SEM with EDX 

detector. The SEM scanning was carried out before and after self-healing treatment for multiple 

damage-healing times.  

C. Sample Scale: uniaxial tension and water permeability.  

Unlike conventional concrete, tensile strain-hardening behavior represents one of the 

most significant features of strain hardening material. To assess the quality of self-healing in the 

new materials, the magnitude of recovered mechanical properties were measured under uniaxial 

tension test. Firstly, the deliberate damage should be induced by tensioning a coupon specimen 

(6 in. by 2 in.) to pre-determined strain levels called preloading. To develop multiple cracking, a 

displacement-controlled uniaxial tensile test was applied. Tests were carried out on an 

electromechanical system under 0.0025 mm/s rate.  Extension meter with a gauge length of 3 in. 

was attached to the specimen to measure the elongation. The tensile specimen dimensions and 

testing setup are shown in Figure 5.4. The preloading for the samples was imposed to the strain 

of 1% to simulate in-service loading conditions. After unloading, specimens were exposed to 

water/dry environmental exposures for 5 cycles, allowing potential self-healing to occur. 

Subsequently, the specimens were undergone the reloading, using the same method and the same 

strain magnitudes described above for preloading. In the stress-strain curves of the reloading 

stages, the permanent residual strain introduced in the preloading stage was not accounted for, 

which gave a conservative measurement of the tensile strain capacities of re-healed specimens. 
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Cylindrical molds (3×6 in.) were used for casting the water permeability samples. After 

24 hours, the demolded samples were stored in a controlled chamber at 25 °C and 100% relative 

humidity until the age of 28 days and then cut into 25-mm-thick slices for testing. After cutting, 

the slice samples were soaked in water for 7 days at room temperature to make it saturated and to 

avoid any further shrinkage microcracking. The saturated disks were clamped in the water 

permeability test setup as shown in Figure 5.5. The setup was based on the idea of axial water 

flow through the sample. The water drop was measured at regular time intervals, normally once a 

day, depending on the water flow rate of the specimen. After each measurement, water was 

restored to the original level by refilling the pipette with a syringe from top. The test results were 

plotted with a curve of the cumulative water flow versus time. To investigate the permeability 

behaviors of normal SHC and MgCO3 enhanced SHC during self-healing process, the cylinder 

samples were first loaded to induce multiple microcracks using the standard split test setup. 

Then, the samples were installed in the water permeability apparatus to allow the healing to 

happen. The water head was monitored and recorded every 8 hours and up to 14 days for all the 

specimens tested.  

Water permeability is commonly quantified by a permeability coefficient. Calculations 

assumed laminar flow, Darcy’s law for the flow through the samples, and continuity of flow 

throughout the system. Thus, the permeability coefficient k can be expressed as: 

k = (
𝐴′𝑑

𝐴∆𝑡
)𝑙𝑛(

ℎ0

ℎt
)  (5.14) 

where A is cross-sectional area of concrete sample; A’ is the area of the pipette; d is the thickness 

of the sample; Δt is the time between two successive readings; and h0 and hi are water head at the 

beginning and the end of the test, respectively. 
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5.4 Results and Discussion 

5.4.1 Amount of MgCO3 Addition Affects Cement Hydration  

Figure 5.6(a) shows the isothermal calorimetry data for Portland cement paste hydrated 

with MgCO3 particles for the first 48 h after mixing. Compared with the cementitious samples 

without MgCO3, all samples with the addition of MgCO3 particles showed delayed rates of early 

hydration, and the height of the hydration peaks decreased. The corresponding total heat evolved 

at the end of the main hydration period, which represents the degree of hydration at 28 days, is 

presented in Figure 5.6(b). The degree of hydration, α, was calculated by dividing the total 

amount of evolved heat at a given time (T) by the ultimate heat of reaction (Q∞). Using a value 

of Q∞ = 438 J/g reported in literature[3], 5.0% of MgCO3 particles addition led to slightly higher 

hydration degree than pure cement paste. However, the mixtures with 10% and 20% MgCO3 

particles showed significantly lower hydration heat release. Although it is natural to hypothesize 

that higher addition of small particles in cementitious materials provide more additional 

nucleation sites for cement hydration, in practice, increasing the amount of nanoparticles added 

in cementitious materials makes nanoparticle dispersion more difficult, resulting in agglomerates 

that can reach a micrometer length scale. This dispersion difficulty depends on the nature and 

size of nanoparticles, rheology and properties of cementitious mixture, and the interactions 

between nanoparticles and cementitious mixture. In addition, the mixing of nanoparticles with 

the ultra-high surface area usually consumes large amount of water to dissolve the materials, 

leading to insufficient water for cement hydration. In this study, increasing MgCO3 particles 

addition from 5% up to 10% did not lead to an increase in hydration; instead, negative impacts 

were observed. This result suggests that an upper limit of MgCO3 dosage need to be considered 

on order to avoid the adverse effect on cement hydration. 
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The mechanical properties of cementitious materials are very important for their 

successful applications. The mechanical property evolution with age can also indirectly reflect 

the cement hydration process. In this study, the age-dependent development of compressive 

strength of cementitious specimens with 0%, 5%, 10%, and 20% MgCO3 particles were 

compared (Figure 5.7). The addition of 5% hematite nanoparticles to cementitious samples led 

to the largest compressive strength at different ages up to 28 days. Compared with the 

cementitious samples without MgCO3 particles, the increases in compressive strength were 7 % 

at 28-day with 5% MgCO3 addition. It is known that the degrees of hydration of cement clinker 

phases and the microstructure (e.g. pore structure) of the hardened material determine its 

mechanical strength [4]. Higher degree of hydration leads to lower porosity or increases the 

proportion of fine pores, resulting in increased strength. In addition, the nano/micro-size particles 

can be adsorbed at the surfaces of sands due to Van der Waals forces, leading to a higher degree 

of hydration and an improved filling effect at the sand/binder interfacial transition zone [5]. This 

can result in a denser interfacial transition zone and higher compressive strength of the 

cementitious material. The mechanical test results further elucidated that the addition of 

optimized amount of MgCO3 particles can modify the pore structure development of 

cementitious materials, leading to improved mechanical properties. However, excessive addition 

of MgCO3 over 10% can cause the decline of mechanical strength.  

The hydration products of cementitious samples with and without MgCO3 addition after 

28 days were characterized by XRD measurements. Based on X-ray diffraction patterns (Figure 

5.8), it is shown that the major Ca(OH)2 and CSH peaks can be observed for both samples, 

indicating that the addition of MgCO3 did not significantly change the composition of cement 

hydration products. Another finding from the XRD result is that the MgCO3 peaks can be clearly 
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detected in the sample with MgCO3 addition after the major hydration stage. This confirms the 

hypothesis that the MgCO3 can exit in the cementitious system during mixing and hardening, and 

be ready to provide healing species once the crack being initiated.  

5.4.2 Improved Healing Property by the Addition of MgCO3 

 Micro-CT measurements and image analyses provided accurate (±2 μm) description of 

crack morphology and aperture field before and after self-healing. Figure 5.9 and Figure 5.10 

show the mapping of the crack aperture field (in X-Z plane) of samples without and with MgCO3 

addition, respectively. Both samples contain one crack with similar initial crack width around 60 

m. The comparison between the initial and final aperture field in the two different samples 

reveals the three-dimensional self-healing extent of the crack. For both samples, a reduction in 

crack apertures due to self-healing was observed. But the extent of self-healing in normal SHC 

sample was lower than sample with MgCO3 seeding, reflected by the transition from the green 

color to more blue color along the Z axis, as shown in Figure 5.9(d) and Figure 5.10(d).  

The quantitative self-healing ratios were calculated based on the CT image data. The 

results are presented in Figure 5.11. The self-healing ratio η is defined as: 

Healed CrackWidth

Initial CrackWidth
 

 (5.15)

 

Compared with the normal SHC sample without MgCO3 particles, the increases in total healing 

ratio were 7 % at 7 cycles, 10% at 14 cycles, and 20% at 28 cycles with 5% MgCO3 addition. 

Figure 5.12 shows the typical microscopy images of the crack plane before healing (Figure 5.12 

(a)) and after healing at different magnification factors (Figure 5.12(b)-(d)). The healing 

products refilled the crack are clearly visible. Most of the crack part were fully swelled with 

newly formed large crystals. The SEM image in Figure 5.12(d) shows that the single crystal size 
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within the crack can reach over 30 microns. The result revealed that the embedded and 

distributed MgCO3 particles can provide extra CO3
2- ions for the entire crack region to react with 

Ca2+ released from the dissolved concrete, yielding large calcite precipitates to fill the crack.  

Figure 5.13 shows the typical 1% preloading tensile stress-strain curves of specimens 

with and without MgCO3 addition. It can be distinctly seen that the self-healing functionality was 

achieved in the specimens. Comparing to the reloaded specimen without MgCO3 addition, the 

most significant effect of MgCO3 is the stiffness recovery which is defined by the slope of the 

initial linear segment on the stress-strain curve. the quantitative recovery of first crack strength 

that is defined as the stress value when the first crack opens, corresponding to the first stress 

drop, and the ultimate strength that is defined as the stress value corresponding to the maximum 

strain on the stress-strain curve. The first cracking strength of nearly all specimens after self-

healing drops below the virgin specimens. However, the relative tensile stress after self-healing 

remains higher than preloading. It was found that about 95% of ultimate strength, 80% stiffness, 

and 75% first crack strength were regained. 

Figure 5.14 shows the normalized flow rate as a function of the duration of exposure to 

water. The curves are the mean of all three relevant specimens. The flow rate is normalized with 

respect to the initial rate at the beginning of the healing test. The average crack width measured 

at the sample surface was about 50 m for both mixtures. It can be seen that in ambient 

temperature, the characteristic flow curve shows significant decreasing trend because of self-

healing. The initially high leakage dropped to a reduced level. Figure 5.14 also shows a clear 

tendency to a faster and more robust self-healing in the case of samples with MgCO3 addition. 

After only 50 h the flow rate dropped to about 30% of the initial flow rate, and after 

approximately 200 h a flow rate of just about 2% of the original flow rate can be measured. 
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While in the case of normal SHC sample without MgCO3 seeding, the normalized flow rate was 

approximately 60% after 50 h and 20% after 200 h. The permeability test result further confirms 

the positive effect of the addition of MgCO3 particles on both the rate and extent of autogenous 

healing in cementitious materials.  

5.5 Summary 

In this study, nano carbonate particles was strategically tailored into strain hardening 

cementitious composite system to promote the intrinsic self-healing. The effects of MgCO3 

addition on cement hydration and self-healing extent in cementitious materials were studied for 

the first time. The MgCO3 addition did not change significantly the chemical composition of 

cement hydration products, but did affect the rate and degree of cement hydration, thus affecting 

the pore structure development and mechanical properties of the hardened cementitious material. 

Particularly, adding more than 5% MgCO3 particles in cementitious materials resulted in 

negative impacts on hydration degree and compressive strength. The effect of MgCO3 on self-

healing behaviors in terms of crack volume recovery and transport property recovery were 

verified by the Micro-CT scanning and the water permeability test, respectively. The improved 

volumetric healing extent and the quickly decreased water flow rate indicated that the addition of 

MgCO3 can be a promising strategy for enhanced intrinsic healing. Furthermore, robust self-

healing phenomena was observed in MgCO3 modified strain hardening cementitious composites 

after multiple loading events. These findings provided new insights for intrinsic self-healing 

cementitious materials design. Future studies are suggested to study the effect of different sizes 

and types healing agents addition to cementitious materials, with different mix design to improve 

the healing extent as well as the healing products quality.       
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Tables 

Table 5.1 Mixture proportion of MgCO3 enhanced SHC  

Mix W/(C+FA+M) Cement Sand Fly ash MgCO3 Superplasticizer Fiber 

SHC 0.3 1 0.8 2.2 - 0.005 2% 

SHC+5%M 0.3 1 0.8 2.2 0.05 0.005 2% 

SHC+10%M 0.3 1 0.8 2.2 0.1 0.005 2% 

SHC+20%M 0.3 1 0.8 2.2 0.2 0.005 2% 

 

 

Table 5.2 PVA fiber properties 

Parameter Value 

Nominal Strength (MPa) 1620 

Density (kg/m3) 1300 

Diameter (µm) 39 

Length (mm) 8 

Young’s modulus (GPa) 42.8 

Elongation (%) 6 
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Figures 

 

(a) 

 

(b) 

Figure 5.1 The schematic illustration of healing mechanism at composite scale for (a) 

conventional concrete and (b) proposed new cementitious composites. 
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(a) Crack scale 

 
(b) Molecular scale 

Figure 5.2 The proposed healing mechanism at (a) crack scale and (b) molecular scale. 
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Figure 5.3 Typical fiber bridging stress vs. crack opening curve (Shaded area represents Jtip and 

hatched area represents maximum complementary energy Jb
’). 

 

Figure 5.4 Experimental setup for uniaxial tension test. 
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Figure 5.5 Schematic view of water permeability apparatus. 
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Figure 5.6(a) Rates of heat evolution during curing of cementitious samples with 0 %, 5 %, 10 

%, and 20 wt % MgCO3 additions 

 

Figure 5.6(b) Hydration degree and total isothermal hydration heat as a function of the MgCO3 

dosage in cement pastes. 
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Figure 5.7 Compressive strength development of cement mortar made with 0 %, 5 %, 10 %, and 

20 wt % MgCO3 additions. Error bars show the standard deviation of three replicates. 
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Figure 5.8 XRD spectra of cement samples at 28-day age. 
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Figure 5.9 Sample SHC: (a) Crack morphology before healing, (b) Crack morphology after 

healing. (c) crack aperture field before healing, (d) crack aperture field after healing.  
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Figure 5.10 Sample SHC+5%M: (a) Crack morphology before healing, (b) Crack 

morphology after healing, (c) crack aperture field before healing, (d) crack aperture field 

after healing.  
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Figure 5.11 The total healing ratio for cementitious composites with and without MgCO3 

addition. 
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Figure 5.12 Microscopy images of crack region and healing products: (a) before healing, (b-d) 

after healing.   



162 
 

 

Figure 5.13 Typical reloading tensile stress-strain curves of specimens preloaded to 1%. 

 

 

Figure 5.14 Decrease of the normalized flow rate because of the self-healing of the 

crack for samples with and without MgCO3 addition (Average crack width level = 50 µm). 
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CHAPTER 6 DAMAGE SENSING OF SELF-HEALING CEMENTITIOUS 

MATERIALS 

6.1 Introduction 

Early detection of cracking and damage level in concrete is critical to provide timely 

maintenance and prolong structural service life. Current management practices of concrete 

structures rely on regular visual inspections that can be subjective and are limited to accessible 

locations [1] . Advanced structural health monitoring approaches mainly depend on point-based 

sensors that provide local measurements [2]. To identify spatially distributed damage such as 

cracking, a dense network of point-based sensors is needed, but highly costly and requires 

complex analytical models to extrapolate the point measurements to the damage state [3]. 

Emerging digital image correlation techniques applied to concrete structures can provide 

distributed information such as strain and displacement, but is limited to surface features [4]. 

These challenges can potentially be tackled by a new generation of multifunctional strain-

hardening cementitious composite materials (multifunctional SHC), which are encoded with a 

distributed microcracking damage process coupled with damage self-sensing capacity [5]. The 

sequential formation of steady-state microcracks during material strain-hardening stage leads to a 

prolonged damage process, while allowing detection of microcracking damage level in the 

material long before localized fracture failure occurs. Through electrical probing and advanced 

tomography method, it is possible to achieve distributed damage sensing in SHC materials [6]. 

Nevertheless, advances in multifunctional SHC materials require a fundamental understanding 

on how the damage and healing process in SHC affects its frequency-dependent electrical 

response (i.e. complex impedance), and how such effects can be captured in analytical models 
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capable of explaining and predicting the electromechanical behavior of the material system 

containing cracks.  

Resistivity (under DC) or impedance (under AC) of cementitious materials has been 

explored as a sensing functionality for hydration monitoring [7-14], composition and pore structure 

assessment [15-23], chloride penetration [16, 24, 25], and has recently emerged as a method for 

measuring the material’s mechanical state [26-33]. Cementitious materials have a porous, 

heterogeneous microstructure. Under an applied steady electric field, the ions in pore water are 

mobilized to create current. The electrical response of a cementitious material strongly depends 

on its heterogeneous microstructure, such as the distribution and connectivity of pores, the 

interconnecting layers of C-S-H gels, their interfaces [18, 34-37], or any conductive particles or 

fibers as inclusions in the cementitious matrix [38-41]. Chung [42-46] explored multi-point DC 

probing of plain cementitious matrix and cementitious pastes with conductive carbon-based 

fibers, and revealed that the electrical properties of cementitious materials can be correlated to 

their mechanical behavior. Peled et al. [47] first reported AC electrical impedance spectroscopy 

characterization of carbon and steel fiber reinforced cementitious composites featuring a tension-

softening post-cracking behavior. The electrical impedance spectroscopy method revealed the 

difference in the contribution of electrical response of conductive fibers vs. cementitious matrix 

phases. The work established the correlation between crack mouth opening displacement and 

impedance during the material fracture (i.e. localized cracking) process. Because this study 

focused on tension-softening cementitious composites reinforced with conductive fibers, the 

findings, despite their importance, are not applicable to SHC containing nonconductive 

polymeric fibers. Due to the fundamental difference in terms of the damage behavior between 

SHC and tension-softening fiber reinforced cementitious composites, the effects of SHC’s 
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multiple cracking process and steady-state crack propagation on its frequency-dependent 

electrical impedance remain unknown. Tensile piezoresistive behavior of SHC was first 

experimentally studied by Hou and Lynch [48] and Li et al. [5, 6]. Their work showed that the 

resistivity of SHC can be correlated to mechanical strain during both elastic and strain-hardening 

stages. Most recently, Ranade et al. [49] experimentally and analytically studied the influence of 

microcracking patterns on the resistivity of SHC through 2-point DC probing. Based on the 

experimental measurements, the work correlated the bulk resistivity change with cracking 

characteristics such as crack number and crack width distribution. 

Despite the recent advances, knowledge gaps remain. A fundamental question is whether 

the electrical response of cementitious materials, considering high material heterogeneity, can be 

fully represented by resistivity. A cementitious material is not an ideal resistor whose resistance 

value is independent of frequency. Therefore, AC current and voltage signals through a 

cementitious material are not in phase. This is further complicated when cracks are present in 

cementitious materials. These cracks introduce discontinuity to the existing inhomogeneity of the 

material, and the “impedance” of the cracks to electrical current is highly frequency-dependent. 

In this sense, frequency-dependent impedance is a rather correct measure than resistance for 

cementitious materials. It is also unclear how the cracking behavior of SHC affects its frequency-

dependent impedance response. At single crack opening scale, the mechanics of single crack 

opening is known to be governed by tensile stress vs. crack opening relation ( ~ , the fiber 

bridging “spring law”) [50]. The crack is bridged by polymeric fibers that are nonconductive. The 

electromechanical behavior of a single crack opening, i.e. the frequency-dependent complex 

impedance vs. crack opening relation (Z ~ ) is unknown. At multiple cracking scale, tensile 

stress vs. strain relation ( ~ ε) describes the mechanical response of SHC under tension; the 
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strain represents a “smeared strain” due to the multiple cracking process. However, the 

electromechanical response of SHC under tension, the frequency-dependent complex impedance 

vs. strain relation (Z ~ ε), is not established. Furthermore, due to the tightly controlled crack 

width at micrometer scale within SHC, autogenous healing can naturally occur with time as a 

result of calcite precipitation and continued hydration reaction [51-53]. Autogenous healing of 

cracks in SHC represents a reversed damage process. It is important to understand whether and 

how this reversed damage process can lead to changes in material electrical response. 

To answer these questions, frequency-dependent 4-point AC electrical impedance 

spectroscopy (EIS) and equivalent circuit analysis were performed on SHC specimens at single 

crack opening scale, at multiple cracking scale, and during self-healing of cracks, respectively. 

Impedance spectroscopy is a powerful method for characterizing electrical properties of 

materials and their interfaces with electrodes [54]. It can be adopted to investigate the dynamics of 

bound or mobile charge in the bulk or interfacial regions of solid materials, including ionic, 

semiconducting, dielectric and mixed electronic-ionic materials [54]. Through impedance 

spectroscopy, the frequency-dependent electrical behavior of the SHC can be represented by an 

idealized model circuit consisting of discrete electrical components, which describe the physical 

processes taking place in the material-crack system. Analyzing the changes of model parameters 

due to cracking and healing processes will reveal the mechanisms that contribute to the overall 

electromechanical response of SHC materials.  
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6.2 Experimental Investigation 

6.2.1 Materials and Specimen Preparation 

The designed SHC (Table 6.1) binder system contained water, a high-range water 

reducer, Type I ordinary Portland cement, ASTM standard Class F fly ash, and silica sand with 

mean grain size of 270 μm. The chemical compositions of the cement and fly ash are shown in 

Table 6.2. Polyvinyl alcohol (PVA) fibers were incorporated into the mixture at a volume 

fraction of 2.0%. The PVA fibers are 8 mm long and 39 µm in diameter, with nominal tensile 

strength of 1620 MPa and density of 1300 kg/m3.  

All dry particles such as cement, fly ash, and silica sand were firstly mixed for 1 minute. 

Water was then added with high-range water reducer to form a homogeneous mortar with 

optimum rheology favoring uniform dispersion of PVA fibers. Short PVA fibers were then added 

and mixed for 2 minutes until uniformly dispersed. The fresh mixture was cast into a series of 

coupon specimens with dimensions of 152×50×12.5 mm. The specimens were covered with 

plastic sheets and cured in laboratory air with a temperature of 20 ± 1°C and relative humidity of 

45 ± 5% until the age of 3 days before demolding. Because the moisture content in the specimens 

can significantly affect electrical measurements, the demolded specimens were then cured in 

water until the age of 28 days for testing. By this means, the isolated effect of crack formation 

and self-healing on the electrical properties of SHC can be accurately measured without the noise 

caused by the variation in the moisture content in the uncracked region of the specimens.  

6.2.2 Experimental Methods 

An experimental program was devised for preloading the specimens under uniaxial 

tension to different damage levels, and then subjecting the specimens to different numbers of 

wet/dry cycles for self-healing to occur. Each complete cycle contained a 24-h dry cycle 
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followed a 24-h wet cycle. Under uniaxial tension, SHC exhibits a multiple microcracking 

behavior at macro-scale. The increasing level of applied tensile strain leads to an increasing 

number of microcracks formed in the material. Each microcrack, at the meso-scale, follows the 

fiber-bridging “spring law” describing the relation between the tensile stress across the crack and 

crack opening. Therefore, in terms of damage level, the tests in this study were performed at (1) 

single crack opening scale (meso-scale), to investigate the effect of single crack opening on 

material complex impedance, and (2) multiple cracking scale (macro-scale), to investigate the 

combined effects of crack opening and crack number increase on material complex impedance. 

Electrical impedance spectroscopy was conducted on undamaged specimens before loading, after 

different levels of damage, and after different cycles of self-healing.  

6.2.2.1 Impedance spectroscopy  

The frequency-dependent electrical responses of the specimens were measured by four-

point AC electrical impedance spectroscopy (EIS) (Figure 6.1). Compared with DC resistance 

measurements, the results from AC EIS measurements can be correlated with many complex 

material variables, e.g. microstructure, inhomogeneity such as defects and cracks, dielectric 

properties, and compositional influences [54]. EIS explains fundamental electrical properties of 

materials, and provides means of analytical prediction of material electrical response through 

equivalent circuit modeling. Furthermore, four-point EIS avoids contact impedance and 

polarization which is evident during DC measurement. It provides critical insights into 

frequency-dependent electrical properties that cannot be obtained by resistance measurements.  

Four electrodes made of copper tapes were attached to the specimen surface with 

conductive silver colloidal paste (Figure 6.1). The two outer electrodes were used to inject AC 

current at various frequencies into the specimen. The two inner electrodes were used to measure 
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the in-situ voltage within the specimen. The electrodes were parallel to each other and spaced 

with sufficient distance in order for the current to be continuous and perpendicular to the 

electrodes. The EIS measurements were carried out using an impedance analyzer configured for 

a 100 mV amplitude excitation, which was slight enough to ensure that the material system was a 

linear system. A wide AC frequency ranging from 0.1 Hz to 1MHz was investigated. Impedance 

was measured at each frequency by applying a single-frequency current to the specimen through 

outer electrodes and measuring the amplitude and phase shift of the resulting voltage using Fast 

Fourier Transformation analysis of the response. Data were collected with 35 points per decade. 

The impedance as a function of frequency was then plotted, yielding the impedance spectrum. 

EIS were performed on specimens before tension and after various predetermined crack opening 

(for double-notched specimens) or tensile strain levels (for un-notched specimens). After damage 

the specimens were subjected to wet-dry cycles for self-healing to occur, EIS was performed on 

these specimens every 48 hours. All specimens were kept in saturated water condition before 

tests to eliminate the effect of moisture level on EIS measurements.  

6.2.2.2 Uniaxial tension test 

Uniaxial tension tests were conducted using a servo-hydraulic testing system at a fixed 

cross head displacement rate of 0.06 mm/min (Figure 6.2(a)). Two types of specimens were 

prepared: (i) un-notched specimens to investigate multiple microcracking at macro-scale, and (ii) 

double-notched specimens to investigate single crack opening at meso-scale. Figure 6.2(b) 

shows the configuration of un-notched specimens. The specimens were gripped at both ends by 

the testing system with a gripping length of 30 mm. Four copper tapes were attached onto the 

specimen surfaces through conductive silver paste to serve as electrodes for the EIS 

measurements. LVDTs were attached parallel to these electrodes with a gage length of 60 mm. 
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Figure 6.3 shows the measured tensile stress-strain curve of SHC loaded up to failure. In 

addition, six levels of loading conditions were carried out, corresponding to the maximum 

applied strain of 0.5%, 1%, 1.5%, 2%, 2.5%, and 3%, respectively, as marked in Figure 6.3. The 

electrical responses of these specimens were measured using EIS method before and after each 

level of loading, yielding the impedance vs. tensile strain (Z ~ ) relation. Six specimens were 

tested for each loading scenario.  

Uniaxial tension tests were also conducted on double-notched specimens to measure the fiber 

bridging stress vs. crack opening ( ~ ) relation as well as the impedance vs. crack opening (Z ~ 

) relation. The double notches were artificially created to ensure the initiation and propagation 

of a single crack along the notched cross section. The details of the specimen and notches are 

shown in Figure 6.2(c). Four electrodes were attached to the specimen surface for injecting AC 

current at various frequencies and measuring voltage change during crack opening. The crack 

opening during loading was measured using LVDTs. The loading rate was reduced to 0.005 

mm/min for the single crack opening test. Figure 6.4 shows the  ~  curve of SHC. The test 

was paused at different crack opening values at 10, 20, 50, 100, 200, 400 µm, denoted as a, b, c, 

d, e, f, respectively. Each time the test was paused, EIS was performed to measure the impedance 

spectrum at a fixed crack opening value.  

6.2.2.3 Image documentation 

A 16.1-megapixel camera was used to record images of crack propagation during 

uniaxial tension tests. The digital images were then post-processed to identify and characterize 

the cracks. The crack edges were marked according to the maximum changing slope on the gray 

level curve (Figure 6.5), allowing for crack recognition. The images were then converted to 

binary images.  
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The change of crack opening during self-healing was observed and recorded each time 

before EIS measurement using a digital microscope (magnification ×200) with a CCD camera. 

The specimen was fixed on a movable micro-positioning stage to examine the cracks in the 

specimen. Based on the measurements, the change in statistical distribution of crack width due to 

increasing healing cycles was determined. In addition, the morphology of crack healed region 

was observed through a scanning electron microscope (FEI Quanta 3D FEG Dual Beam). 

Prismatic samples of 10 mm  10 mm  10 mm containing cracks were cut from the coupon 

specimen. The samples were firstly dried in vacuum chamber to remove the vapor inside the pore 

space. The sample surfaces were then coated with carbon for subsequent SEM imaging. The 

scanning was operated under low vacuum condition at 10 kV voltage using back-scattered 

electron signal.  

6.3 Equivalent Circuit Model 

An equivalent circuit model is proposed in this study to represent the electromechanical 

behavior of SHC. In equivalent circuit modeling, the experimental impedance data is 

approximated by the impedance of an equivalent circuit made of ideal resistors, capacitors and 

inductances, with various distributed circuit elements [55]. In this model, the bulk regions of the 

crack and the uncracked cementitious matrix are regarded as continuous media, for which the 

parameters are averages of the parameters appearing at microscopic and atomistic scales. The 

uncracked region of the cementitious material is represented by an equivalent parallel circuit 

containing a capacitor (Cml) and a resistor (Rm1) connected in series, in parallel with a capacitor 

(Cm2), and a resistor (Rm2) (Figure 6.6(a)). Cm1 and Rm1 connected in series represent the overall 

electrical behavior of the partially conductive paths, for which the partially connected pores in 

the direction of the electrical current behave as a resistor (Rm1); the regions in between connected 
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pores behave as dielectrics in between conductors, providing a capacitor effect (Cm1). Cm2 

represents the overall capacitor effect of the nearly nonconductive paths along the direction of 

current in the cementitious material. The electrical insulation is attributed to the presence of 

calcium silicate hydrate gel binding silica aggregates and nonconductive polymeric fibers. Rm2 

represents the overall resistor effect of conductive paths in the direction of electrical current, that 

is, the well-connected pore structure where ions are mobilized to generate current.   

When a crack is present in the cementitious material, the crack is idealized as a parallel 

circuit connecting a capacitor (Cc) and a resistor (Rc). It is hypothesized that if the crack only 

contains air phase (e.g. a dry crack), the capacitor effect dominates and the resistor effect 

becomes negligible. If the crack is connected by conductive path (e.g. conductive fibers, 

dissolved ions), the resistor effect becomes prominent. In this study, a crack in SHC is not 

traction-free; it is bridged by numerous nonconductive polymeric fibers with random orientation 

and embedment lengths. In addition to moisture level within the crack, the resistor Rc effect is 

also contributed by the contact impedance existing at the interfaces between fibers and the 

cementitious matrix. Consequently, the crack in SHC can be represented by the a capacitor Cc in 

parallel with a resistor Rc. 

When SHC experiences multiple cracking under uniaxial tension, it is further assumed 

that a number of (N = the number of cracks) crack circuit elements are connected in series 

(Figure 6.6(b)) to represent the effect of multiple cracking process on the material electrical 

response. Each crack element (the ith element) is assigned with a pair of model parameters Cc,i 

and Rc,i whose values depend on the crack opening of the ith element. The total impedance of all 

cracks Zc,total (ε) at a given strain is thus the sum of the impedance of each individual crack Zc,i.  
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In this model, a single-step charge transfer reaction in the presence of diffusion at the 

electrode-specimen interface is considered. The electrode-specimen interface is represented by a 

resistor Rele-inter and the Warburg diffusion element Zdiff connected in series, and then connected 

with a capacitor Cele-inter in parallel.  

The total frequency-dependent impedance Z(ω) of the entire SHC material-crack-

electrode system can be written as: 

m c e( )Z Z Z Z      (6.1) 

where Zm, Zc, and Ze denote the impedance of the SHC uncracked matrix, cracks, and electrode-

interface, respectively, given as: 
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where j is the imaginary number, ω is the angular frequency of the sinusoidal signal, and AW is 

the Warburg constant.  
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Based on the impedance spectra measured by EIS, the parameters of the equivalent 

circuit model were determined and analyzed to reveal the impact of cracking and healing on the 

electrical properties of SHC. A representative Nyquist plot of the AC impedance response of the 

material-crack-electrode system and equivalent circuit model results are shown in Figure 6.7. 

The spectrum exhibits a high frequency semicircle arc (left) describing the electrical response of 

the bulk material and cracks, and a semi-infinite arc (right) ascribed to the electrode-interface 

behavior. 

In this study, it was recognized that the impedance change of SHC during loading can 

arise from various mechanical, physical and chemical processes. For example, moisture can 

evaporate from the specimen during the mechanical testing, leading to an increase in the 

measured impedance. Continued hydration can also occur in the SHC specimens between tests, 

resulting in a change of the microstructure and consequently the bulk material electrical 

response. To remove the effects of these physical and chemical processes, and to probe the sole 

effect of mechanical cracking on the change of electrical parameters, EIS measurements were 

conducted on a set of control specimens. These control specimens were prepared from the same 

batch under the same curing conditions, had the same age as the other testing specimens when 

EIS was performed, but were not subjected to mechanical loading to induce cracks. For example, 

the single crack opening test took approximately 20 minutes to reach a crack opening of 0.1 mm. 

Correspondingly, EIS was performed on the control specimen 20 minutes (or the same duration 

as the single crack opening test) after the control specimen was taken out from water curing. The 

electrical parameters in Zm were then calculated by employing the impedance spectra of the 

control specimens based on Equation (6.2). Once determined, these parameters were then input 

into the model described in Equation (6.1) to determine the cracking electrical parameters Rc and 



176 
 

Cc in Zc based on the impedance spectra of the cracked specimens. The effects of cracking and 

self-healing on the electrical properties of SHC were thus determined by the changes of these 

parameters in Zc. The role of each parameter (i.e. circuit element) in the overall conduction 

mechanism was also discussed.  

6.4 Results and Discussion 

6.4.1 Effect of Single Crack Opening 

Figure 6.8 shows the binary images of a single crack (in white color) initiated and 

propagated from the notches in a SHC specimen during uniaxial tension test. The binary images 

were converted through post-processing from the raw images with a resolution of 4000×4000. 

Five crack opening levels, ranging from 20 µm to 400 µm, are shown to represent different 

stages of crack propagation. At different crack opening levels, the Nyquist plots of impedance 

spectra of the material-crack system in the complex plane are shown in Figure 6.9. The 

electrode-interface response data was removed from the plots because it was not related to the 

SHC material response. At each crack opening, the experimental data yield a depressed 

semicircular arc in the complex plane. The center of the arc is displaced below the real axis 

because the material-crack system contains distributed elements, leading to a relaxation time that 

is not single-valued but continuously distributed. The angle by which the semicircular arc is 

depressed below the real axis is related to the width of the relaxation time distribution [54]. The 

arcs do not pass through the origin on the real axis, showing that the resistance of the material at 

infinitely high frequency is larger than zero (Rm > 0). Figure 6.9 also reveals that as the crack 

opening increases, the impedance spectrum shifts to the right along the real axis, and the 

impedance arc diameter increases. This indicates that the material impedance increases at both 
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very low and very high frequencies with increasing crack opening. At a low frequency (e.g. 0.5 

kHz), such increase is dominated by increasing Rc, the circuit element that represents the resistor 

effect of the crack; at higher frequencies, this increase is due to the combined effects of 

increasing Rc and decreasing Cc as explained by Equation (3). Furthermore, the increase in the 

arc diameter indicates the increase in the imaginary part of material complex impedance during 

crack opening; the imaginary part represents the phase lag between voltage and current and also 

the energy storage of the circuit elements. The results in Figure 6.9 suggest that the crack 

exhibits a strong capacitor effect, leading to the frequency-dependent change in the electrical 

response of the material during increasing crack opening.  

The Nyquist plots in Figure 6.9 depict the impedance response of the material-crack 

system. To quantify the isolated effect of crack opening on the changes in impedance magnitude 

cZ  and phase angle c  ∆θc , the impedance data of uncracked control specimen ( test
controlZ

Zcontrol
test ) was subtracted from that of cracked specimens (Zcrack

test ). By this means, the influence of 

moisture variation within specimens was removed. The changes in impedance magnitude and 

phase angle due to crack opening were calculated based on Equation (6.6), and are plotted in 

Figure 6.10 at selected frequencies ranging from 0.5 kHz to 50 kHz. 

test test test

crack control

test test test
crack control

Z Z Z

  

  


  

 (6.6) 

Figure 6.10 shows that both the impedance magnitude and phase angle of the material 

increase with increasing crack opening. The increase in impedance magnitude is relatively slow 

when the crack opening is below 100 µm, and becomes faster afterwards (Figure 6.10(a)). This 

trend is obvious for most of the selected frequencies, except for the very high frequency 50 kHz. 

Based on the  ~  relation in Figure 6.4, the critical crack opening 0 that defines the transition 
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from steady-state flat crack to Griffith elliptical-shape crack occurs approximately at 100 µm 

during crack propagation. These combined experimental evidences suggest that the change in 

crack type and geometry at approximate 100 µm, which is governed by the fiber bridging “spring 

law” across the crack, leads to a faster increase in impedance magnitude beyond 100 µm crack 

opening. This phenomenon, however, becomes less obvious at a very high frequency (e.g. 50 

kHz), because the crack capacitor Cc exhibits less impedance to high-frequency AC current. 

Since the crack capacitor Cc more easily passes a very high frequency AC current, the rate of 

increase in impedance magnitude due to crack opening becomes less sensitive to crack type and 

geometry. 

The results in Figure 6.10 also reveal that the relation between impedance magnitude and 

crack opening is frequency-dependent. At low frequencies (e.g. 0.5 kHz), impedance magnitude 

increases more prominently during crack opening than at higher frequencies (e.g. 50 kHz). This 

is attributed to the capacitor effect Cc of the crack; a capacitor more easily passes high-frequency 

AC current but shows higher impedance to low-frequency AC.  

The phase angle change is also frequency-dependent and crack opening-dependent, as shown in 

Figure 6.10(b). At different frequencies except for at the very high frequency (50 kHz), the 

increase in phase angle is faster when the crack opening is below 100 µm, and becomes 

relatively slower afterwards. Interestingly, the most prominent increase in phase angle with crack 

opening does not occur at the highest or the lowest AC frequency; rather, it is found to be close 

to a frequency of 5 kHz, which is close to the maximum imaginary component of complex 

impedance and the maximum phase shift by which the current lags the voltage.  

The above data strongly suggest that crack capacitance Cc is a critical parameter to 

characterize crack opening. This is because the impedance of crack resistor Rc is frequency-
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independent, and will not lead to the change of imaginary part during crack opening. By fitting 

the experimental data with the equivalent circuit model described in Section 3, the electrical 

parameters Cc and Rc representing the crack impedance were extracted based on Equations (6.1-

6.3). This allowed the quantification of the relations between crack capacitance Cc and crack 

opening δ, and between crack resistance Rc and crack opening δ (Figure 6.11). The data reveals 

a nearly linear relation between Cc and δ. This supports our hypothesis that a crack in 

cementitious materials exhibits a capacitor behavior following Equation (6.7): 

r 0
c

A
C

 


 Cc = εrε0A/δ (6.7) 

where Cc is the capactance of the crack, εr is the dielectric constant describing the relative static 

permittvity of the material between the plates that represent the two walls of the crack, ε0 is the 

electric constant, and A is the area of overlap of the two crack walls. With constant values of εr ,  

ε0, and  A, Cc  linearly decreases with increasing crack opening, well describing the experimental 

data.  

Rc describes the resistor effect of the crack, mainly due to the presence of moisture and 

fibers in cracks. If the crack is dry and traction-free, it behaves as a pure capacitor. The air 

between the two crack walls is nonconductive and thus behaves as an insulator. However, when 

the crack is not dry, the water or moisture inside the crack contains dissolved ions from 

cementitious matrix, acting as a conductor. Ion-containing moisture also exists at the surfaces of 

PVA fibers bridging the crack, and at the fiber/matrix interfaces, thus providing conductive paths 

across the crack despite that the fibers are nonconductive. These “conducting” effects result in 

the resistor behavior of the crack, characterized by Rc. In Figure 6.11, the Rc ~ δ relation is found 

to be nonlinear, following a second-order polynomial relation. Because the specimens were in 

moisture-saturated conditions till testing, this nonlinearity is attributed to the combined effects of 
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the loss of moisture content during testing, and the reduction of the number of fibers bridging the 

crack resulting from fibers debonding, pullout or rupture during increasing crack opening.  

The results show that a crack in cementitious material can be treated as a capacitor Cc in parallel 

with a resistor Rc. While Rc depends on various parameters, such as crack opening, moisture 

condition, presence of conductive fibers (e.g. carbon fibers, steel fibers) or nonconductive fibers 

(e.g. polymeric fibers), Cc is dominated by crack opening δ. This suggests that Cc is a more 

suitable parameter to characterize crack opening in cementititious materials. Compared with Cc, 

Rc involves more uncertainties related to mix design and moisture condition of the cementitious 

material. The beauty of the impedance spectroscopy approach and the equivalent circuit model 

established in this study is that it can extract data and quantify Cc as a crack characterization 

parameter.  

6.4.2 Effect of Multiple Cracking 

Built upon the understanding of the electrical behavior of a single crack, the equivalent 

circuit model describing the multiple cracking behavior in SHC (Figure 6.6(b)) was used to 

predict the effect of multiple cracking on the complex impedance of the material system. 

Equations (1-4) were used. This model used crack opening of each crack as the input parameter, 

which was experimentally measured, and predicted frequency-dependent impedance magnitude 

and phase angle as the output parameters for the material system containing multiple cracks at 

different damage levels, which were experimentally validated.  

Uniaxial tension tests and impedance spectroscopy were conducted on SHC specimens. 

The images of crack pattern at different tensile strain levels (0.5%, 1%, 2%, and 3%) are shown 

in Figure 6.12. Higher strain level led to more microcracks formed in the SHC material. The 

crack number and statistical distribution of crack width were quantified using the image 
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processing method described in Section 2.2.4. The crack width distribution at different tensile 

strain levels are shown in Figure 6.13(a). The total crack number, mean crack width and 

maximum crack width at different tensile strain levels are summarized in Figure 6.13(b). It is 

observed that when the tensile strain increased, the number of cracks increased, and the mean 

crack width slightly increased. High strain level led to the formation of more microcracks with 

larger crack width. The multiple cracking process resulted in the pseudo-strain-hardening 

behavior of SHC. It was assumed that mechanical behavior of each crack follows the fiber 

bridging spring law (the σ ~ δ relation) and its electrical response followed the frequency-

dependent impedance vs. crack opening (Z ~ δ) relation established in the section above. Based 

on Figure 6.11, the capacitance Cc,i and resistance Rc,i of the ith crack with known crack width 

were determined. Then, Equations (3) and (4) were used to predict the frequency-dependent 

complex impedance of the material at different tensile strain levels. The results are plotted in 

Figure 6.14 in terms of the relation between impedance magnitude, or phase degree change, and 

tensile strain, at three different AC frequencies.  

To verify the modeling results, the material’s complex impedance was experimentally 

measured at different strain levels and plotted in Figure 6.15. The electrode-interface response 

data that appeared at high frequencies was removed from the Nyquist plots based on Equation 

(5), because it was not related to the SHC material response. The experimental data yields a 

depressed semicircular arc in the complex plane. As the tensile strain increases and the multiple 

cracking process progresses, the impedance spectrum shifts to the right along the real axis, and 

the impedance arc diameter increases, showing that material impedance increases at low and also 

high frequencies. Based on the experimental data collected from six specimens, the change in 

impedance magnitude and phase angle due to multiple cracking at different tensile strain levels 
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are plotted in Figure 6.14 for three different AC frequencies (0.5, 5, and 50 kHz). Figure 6.14 

shows that despite the variation in experimental data among specimens, the model-predicted 

results closely match the experimental data at different frequencies for both magnitude change 

and phase angle shift. The increase in impedance magnitude and phase angle with increasing 

tensile strain is contributed by the increase in crack number and the change of crack width 

distribution (Figure 6.13), which lead to a change in Rc,i and Cc,i distribution during material 

strain-hardening stage.  

The model comparison with experimental data shows that the present model can predict 

the electrical response of SHC reasonably well at different strain and multiple cracking levels. 

The present model is able to capture the frequency-dependency of the relation between material 

complex impedance and its multiple cracking process, which is essential for understanding the 

electromechanical behavior of SHC. It should also be pointed out that fiber dispersion in SHC 

specimens cannot be absolutely uniform in reality. Non-uniform fiber dispersion leads to a 

variation in the σ ~ δ relation and also in the Z ~ σ relation at different cracking region along 

each specimen; It also leads to a variation in material electromechanical properties among 

different specimens. This explains the difference between the experimental data and model 

prediction, because we assumed the same Z ~ σ relation for all cracks in the model.  

6.4.3 Effect of Crack Self-healing 

Self-healing of the microcracks in SHC can be viewed as a reversed damage process. It is 

hypothesized that this reversed damage process can be captured by the change in the complex 

impedance of the material. Experiments were conducted on SHC specimens preloaded to 2% 

tensile strain, and then subjected to different wet-dry cycles for self-healing to take place. Figure 

6.16(a) shows the optical microscopy of a crack, with the original crack width of 34 µm which 
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decreased to 21 µm after 2 days and to 0 after 14 days. Figure 6.16(b) shows the higher-

resolution SEM image of a region of the crack in the original condition and after 14 days of self-

healing. It is observed that the surface of the crack has been fully closed. Figure 6.17 shows the 

change in the statistical distribution of crack width in SHC specimens due to self-healing, 

characterized by microscopy from sample surface. With increasing wet/dry exposure cycles, both 

the crack number and mean crack width decreased in the SHC specimens. With the information 

on crack width distribution in Figure 6.17, the capacitance Cc,i and resistance Rc,i of the ith crack 

with known crack width were determined according to Figure 6.11, and were inputted into the 

equivalent circuit model to predict the frequency-dependent complex impedance of the material 

at different self-healing cycles. The results are plotted in Figure 6.18 in terms of the relation 

between impedance magnitude, or phase degree change, and healing time, at three different AC 

frequencies.  

The material complex impedance before cracking, after multiple cracking when loaded to 

a 2% tensile strain, and after different self-healing cycles were measured using EIS. The 

experimental results are shown in terms of impedance magnitude and phase angle in Figure 6.18 

and in Nyquist plots in Figure 6.19. It is observed that multiple cracking in SHC at 2% tensile 

strain leads to a significant shift of the impedance spectrum to the right long the real axis, and a 

significantly increase in arc diameter along the imaginary axis (Figure 6.19). Self-healing causes 

an opposite effect. With increasing healing time, the impedance spectrum moves backward to the 

left along the real axis, and the arc diameter decreases. This indicates that self-healing of the 

microcracks leads to a reduction in resistance at high and low frequencies, due to the decrease in 

the damage level reflected as the decrease in crack number and average crack width. 
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Furthermore, the decrease in arc diameter indicates a reduction in the capacitor effects of the 

microcracks.  

The model prediction results are compared with EIS measurements in Figure 6.18 at deferent 

frequencies. Both model prediction and experimental data show the same trend of decreasing 

impedance magnitude with healing time, and decreasing phase degree with healing time. The 

trend is prominent at lower frequencies (e.g. 0.5 kHz and 5 kHz), and becomes less obvious at 

higher frequencies (e.g. 50 kHz). This is because the cracks capacitors more easily pass higher 

frequency current; therefore, at a very high frequency the impedance of the cracks capacitors 

become less sensitive to the change in crack width distribution due to self-healing. It is also 

observed that the impedance magnitude decreases faster during earlier healing cycles (i.e. the 

initial 4 days), and becomes slower during later healing cycles. This suggests that the conductive 

paths inside the cracks were quickly re-established during the early time of self-healing. As 

water containing dissolved ions transports through a crack from outside environment, calcite 

precipitation occurs fast at the shallower region of the crack, because this region is at first in 

contact with ion-containing water. This healing process leads to an increased resistor effect of 

the crack, due to the partial closing of the crack that re-establishes the conductive path, and a 

decreased capacitor effect, due to the reduction in plate area; both effects take place in all the 

microcracks, resulting in a fast decrease in the material impedance magnitude during early 

healing cycles. During later healing cycles, the healing process becomes slower for the deeper 

region of the crack, because the fast closure of the shallower region of the crack makes it more 

difficult for ion-containing water to transport into the deeper region. This leads to a slower 

reduction in impedance magnitude. The decrease in phase degree with increasing healing cycles 

also suggests a reduction in the capacitor effect (which is responsible for the imaginary values of 
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the complex impedance) and an increase in the resistor effect with time due to self-healing of the 

microcracks.  

The comparison in Figure 6.18 shows that the present model reasonably predicts the 

decreasing trend of impedance magnitude and phase angle with healing time, indicating that the 

model captures the important mechanisms underlying the relation between damage level and 

frequency-dependent complex impedance. However, a larger discrepancy exits between the 

predicted values and experimental measurements (Figure 6.18) than the differences between the 

multiple cracking data and model results in Figure 6.14. This indicates that in addition to the 

variation in the Z ~ δ relation among different microcracks, which is assumed to be equal in the 

present model, there are other factor(s) contributing to this discrepancy. Experimental evidences 

from previous chapters obtained by X-ray microtomography show that the healing extent is not 

homogeneous along the depth of a crack in SHC; although the crack appears to be fully healed 

from top surface, very often its deeper region remains less healed. In the present model, the input 

crack width values were obtained from microscopic observations from the surfaces of the cracks, 

with the assumption that the healing extent is the same along the crack depth. Therefore, the 

actual volumetric healing conditions of the cracks are not considered in the model. This leads to 

an overestimation of the decrease in impedance magnitude and phase degree with increasing 

healing time, as shown in Figure 6.18. In addition to the change in physical properties (e.g. 

crack width and volume), the change in chemical properties of the healing products can also lead 

to a difference in the model prediction and experimental data. The chemical compositions of the 

newly formed healing products within cracks are quite different from the original bulk material; 

the former contains more calcite crystals and less porous calcium silicate hydrate. This 

mechanism can also result in a divergence between the model prediction and the real electrical 
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response of the material. This study suggests an interesting future research to refine the present 

model by considering the 3-dimensional healing profile of the cracks, and by considering the 

electrochemical properties of the self-healing products.  

6.5 Summary 

This study combines four-point electrical impedance spectroscopy measurements with 

equivalent circuit modeling to study the electrical response of strain-hardening cementitious 

materials at single crack propagation scale, multiple cracking scale, and during time-dependent 

self-healing process. The following conclusions are drawn: 

(1) SHC exhibits a frequency-dependent electrical response, which can be captured by 

complex impedance measurements through 4-point AC impedance spectroscopy.  

(2) The frequency-dependent electrical response of SHC can be approximated by an 

equivalent circuit made of ideal resistors, capacitors and Warburg diffusion element, with 

various distributed circuit elements representing the conductive, partial conductive and 

nonconductive paths in the SHC material-crack system, and at the material-electrode interface.  

(3) The change in SHC complex impedance due to the propagation of a single crack is 

governed by the crack complex impedance vs. crack opening (Z ~ δ) relation, which is 

experimentally determined in this study. This relation is frequency-dependent, and is contributed 

in parallel by the crack capacitor effect Cc as well as crack resistor effect Rc.   

(4) The crack capacitance Cc nearly linearly decreases with increasing single crack 

opening, following the equation describing the capacitance of a capacitor constructed of two 

parallel plates separated by a distance. The relation between Rc and crack opening is nonlinear, 

following a second-order polynomial relation. As Rc is mainly contributed by the conductive 
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media (e.g. moisture and fibers) present within the crack, Cc is a more suitable parameter to 

characterize crack opening.  

(5) The transition from a slower increase in impedance magnitude to faster increase 

occurs at approximately 100 μm crack opening, which is consistent with the transition from 

steady-state crack propagation to Griffith-type crack propagation. This phenomenon is 

frequency-dependent.  

(6) The frequency-dependent effect of multiple cracking on the complex impedance of 

SHC material is well predicted by the equivalent circuit model, which accounts for statistical 

distribution of crack width as well as Cc and Rc contribution of each individual crack.  

(7) The frequency-dependent effect of self-healing on the complex impedance of SHC 

material is reasonably explained by the equivalent circuit model. Self-healing leads to the change 

in crack number and crack width distribution, which is captured by the changes in Cc,i and Rc,i in 

the model. In order to more accurately predict the self-healing effect, the present model needs to 

be refined to take into account nonhomogeneous crack healing phenomena and the chemical 

composition of the self-healing products.  
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Tables 

Table 6.1  Mixing proportion of SHC. 

Cement Water Sand Fly ash Superplasticizer PVA Fiber Compressive 

strength (28d) 
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 Vol-% MPa 

266  309 456 956 2.7 2 47±4.6 

 

 

Table 6.2  Chemical compositions of fly ash and cement. 

Chemical composition, % Fly ash Cement 

SiO2 55.93 19.68 

Al2O3 26.52 5.23 

CaO 1.24 60.57 

Fe2O3 5.82 2.47 

MgO 2.74 1.12 

Na2O 1.18 0.22 

K2O 1.20 1.25 
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Figures 

 

 

Figure 6.1  Four-Point electrical impedance spectroscopy: (a) specimen details; and (b) EIS 

measurement. 
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Figure 6.2  Uniaxial tension test: (a) test setup; (b) un-notched specimen details; and (c) double-

notched specimen details. 
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Figure 6.3  Tensile stress-strain curve ( ~ ε relation) and multiple microcracking behavior of 

SHC. EIS was performed at different strain values as marked, corresponding to different damage 

levels within SHC.  
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Figure 6.4  Single crack opening behavior ( ~  relation) of SHC. EIS was performed at 

different crack opening values as marked on the curve. 

 

Figure 6.5  Gray level distribution for detecting the crack edge. 
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Figure 6.6  Equivalent circuit model of the material-crack-electrode system: (a) single crack 

opening; and (b) multiple cracking. 
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Figure 6.7  EIS Nyquist plot and fitted data by the equivalent circuit model. 
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Figure 6.8  Binary images of a crack at different crack openings during uniaxial tension test. 
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Figure 6.9  EIS Nyquist plots of SHC at different crack openings. 
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Figure 6.10  Effects of single crack opening on (a) impedance magnitude and (b) phase angle at 

different AC. 
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Figure 6.11 Effects of single crack opening on Rc and Cc. 
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Figure 6.12  Multiple microcracking patterns in SHC at different tensile strain levels. 
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Figure 6.13  Effect of tensile strain on statistical distribution of crack width: (a) frequency 

distribution; and (b) statistical parameters. 
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Figure 6.14  Effects of tensile strain on (a) impedance magnitude and (b) phase angle at different 

AC frequencies. 



202 
 

  

Figure 6.15  EIS Nyquist plots of SHC at different tensile strain levels. 

 

 

Figure 6.16 Optical microscopy and SEM images of self-healing phenomenon in SHC. 
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Figure 6.17  Effect of self-healing on statistical distribution of crack width. 
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Figure 6.18 Effects of self-healing on (a) impedance magnitude and (b) phase angle at different 

AC frequencies. 
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Figure 6.19 EIS Nyquist plots of SHC before loading, after preloading to 2% tensile strain, 

during self-healing. 
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CHAPTER 7 CONCLUDING REMARKS 

7.1 Summary of Results 

This dissertation has focused on: (1) the understanding of the fundamental mechanisms of 

intrinsic self-healing in cementitious materials; (2) the development of new cementitious 

composites with designed physical and chemical characteristics that favor robust self-healing. A 

collaborative framework integrating a variety of experimental and numerical modeling methods 

and tools has been developed to quantify, characterize, and analyze the self-healing behavior 

under the influence of different chemical, physical, and environmental factors. The 

comprehensive understanding about the control mechanisms enables us to specifically design 

and tailor the materials to promote pervasive self-healing function. This dissertation highlights 

the use of a “bottom-up” fabrication approach, where molecular species are assembled and 

incorporated at the micro-scale to dictate macro-scale bulk properties (e.g. multiple cracking, 

mechanical strength, healing extent.).  

Five main research activities have been divided into individual chapters. In chapter 2, X-

Ray Computed Micro-Tomography (µCT) technique was adopted to quantitatively characterize 

the microstructure evolution of cracks during the healing process. This work showed that μCT is 

an effective technique to directly and quantitatively probe self-healing extent in three dimensions. 

This is extremely important when the cracks do not have a uniform geometry along their depth, 

such as bending cracks, so that self-healing characterization from the surface is not sufficient. 

Furthermore, compared to other techniques that provide bulk information of the self-healing 

extent, μCT can offer direct measurement of each crack in three dimensions, and can isolate the 

effect of pore network development from the self-healing of cracks under certain environmental 
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exposure. This chapter established a systematic method for mathematically quantifying the 

morphological evolution of microcracks and pore structure within cementitious materials. The 

μCT-based approach provides new knowledge on the true self-healing condition of the entire 

crack within a cementitious material. μCT together with other self-healing characterization 

techniques, provide a powerful set of tools at both the mechanisms study and the materials 

development stages. 

On the basis of the experimental methods developed in previous chapter, Chapter 3 

elucidated the influence of different chemical (e.g. materials composition, sample age, 

supplementary cementitious materials), physical (e.g. crack width, crack depth), and 

environmental parameters (e.g. flow rate, saturation index) on the healing products precipitation 

and crack evolution during the autogenous healing process. µCT was applied to quantitatively 

characterize the self-healing patterns in natural, rough-walled, water-saturated concrete cracks. 

The morphology and minerology of the healing products were analyzed by SEM, EDS, and 

Raman Spectroscopy. It has been shown that the intrinsic healing profile is nonhomogeneous 

along the crack depth, and strongly controlled by the relative rates of dissolved ion transport and 

reaction kinetics at the fractural surfaces. Because the mass flux (e.g. CO3
2- and Ca2+) at the 

sample surface is large to the advective flux through the crack, precipitation is found to mainly 

focused near the crack inlet. At the time of crack surface sealing, large portions of the deep 

region of the crack remains devoid of healing products, which suggest that the quickly sealing 

part significantly reduces long range fluxes to deliver enough dissolved minerals to uniformly fill 

the crack downstream. The thickness of this quickly sealed region is about 50~200 microns. The 

chemical analysis revealed that the healing products are mainly the mixture of Ca(OH)2 and 

CaCO3, especially at crack shallow region. For crack deep region, small amounts of CSH and 
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sulfate phases were detected in the healing products. Comparing with pure cement paste, the 

supplementary cementitious materials generally have negative effect on the healing extent, 

especially at the crack shallow region. The replacement of 50% silica fume caused the most 

significant reduction from ~70% to ~30%, followed by fly ash to ~50%. Slag had the least effect 

on healing ratio at shallow region, only about 5% decrease was observed. For the healing ratio at 

crack deep region. after 28 cycles of healing, pastes containing silica fume showed a lower 

healing extent than pure cement pastes, while the fly ash and slag systems showed slightly 

enhanced healing extent. The chemical compositional data for healing products in three different 

types of SCMs-cement systems with 50% replacement ratio have been determined from EDS 

mapping. The blending of cement with fly ash or silica fume leads to a decrease of the amount of 

portlandite and calcite, but the formation of more C-S-H with higher Si/Ca and Al/Ca ratios. 

Blending with slag has little effect on the change of portlandite and calcite phases inside the 

crack. However, because of the higher overall Si/Ca ratio of the system, more C-S-H with higher 

Si/Ca was formed. 

The experiments provide quantitative measures of the precipitation induced crack 

aperture alterations. However, the complicated and various boundary conditions, and the small 

length- or time-scale of the experiments, limit our ability to interpret and quantify the complex 

healing networks. Chapter 4 presents a hydro-thermodynamics model to mathematically predict 

the mineral precipitation along the crack, together with finite difference numerical solutions. 

This semi-analytical model considered the coupled hydrodynamic flow, solute transport, 

continued hydration, precipitation process, and the feedback between crack aperture evolution 

and fluid transmissibility. The numerical study shows that the initial crack aperture, the fluid 

velocity, and the supersaturation condition have profound influences on the healing patterns. A 
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large initial crack width, low saturation content, and fast flow rate can enhance the potential to 

heal a crack greatly and homogenously, but require a much larger volume of mineral resource in 

the solution and longer temporal scale. The contribution of the continued hydration on the crack 

volume change is depending on the unhydrated cement ratio. But even for very young sample, 

the healing ratio change due to hydration products growth is still insignificant.   

 Guided by the new findings from the previous chapters about healing mechanisms, 

details regarding new cementitious composites fabrication featuring robust self-healing capacity 

using micromechanics-based strain-hardening material design theory and cement chemistry are 

presented in Chapter 5. In particular, magnesium carbonate particles have been selected as the 

material of choice to provide extra healing resources. Upon materials fabrication, the inherent 

mechanical and healing properties of these novel composites are characterized. Meanwhile, the 

influence of the addition of magnesium carbonate particles on the cement hydration was 

investigated. It has been experimentally demonstrated that the magnesium carbonate addition did 

not change significantly the chemical composition of cement hydration products, but did affect 

the rate and degree of cement early hydration, thus affecting the pore structure development and 

mechanical properties of the hardened cementitious material. Particularly, adding more than 5% 

magnesium carbonate particles in cementitious materials resulted in delayed hydration and 

reduced compressive strength. The effect of magnesium carbonate on self-healing behavior in 

terms of crack volume recovery and transport property recovery were verified by the Micro-CT 

scanning and the water permeability test, respectively.  

Chapter 6 combines four-point electrical impedance spectroscopy measurements with 

equivalent circuit modeling to study the electrical response of strain-hardening cementitious 
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materials at single crack propagation scale, multiple cracking scale, and during time-dependent 

self-healing process.  

7.2 Future Work 

The ultimate goal for the proposed self-healing cementitious materials is to be applied on 

actual structural components to significantly improve the concrete long-term safety, 

sustainability, and economic efficiency. This has never been demonstrated and need to be further 

validated under field condition to illustrate their potential for real infrastructure applications. 

However, prior to field implementation, the multiscale experiments and modeling need to be 

conducted for a better understanding of the self-healing kinetics and further assurance of robust 

self-healing.  

At nano-scale, the healing related mineral dissolution and precipitation rate on the crack 

wall need to be measured through a combination of in situ atomic-force microscopy (AFM) and 

3D digital microscope. The mechanical properties of the precipitated minerals can be measured 

using the nano indentation or scratch tester. This analysis will be able to investigate how the 

crack surface heterogeneity (e.g. mineral distribution and aperture roughness) and local 

environments (e.g. pH and temperature) control the healing reaction chemistry and the 

mechanical properties of constituents of healing products. In addition, the measured healing 

reaction kinetic data will be used to refine the mechanistic simulation model.  

At crack-scale, the long-term healing stability need to be investigated. The impacts of 

various outdoor environmental conditions on the healing performance need to be identified. In 

addition, plane-strain toughness test on the single edge notched compact tension specimens can 

be used to determine the fracture toughness of the healed crack. The knowledge generated from 

the fracture toughness measurement will be utilized as input microstructure and micromechanical 
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parameters to construct the finite element model at the composite level. The robustness and 

repeatability of self-healing function at structural level need to be studied by standard 

mechanical and durability tests.  

In addition to experimental validation, the multiscale computational modeling is also 

necessary to enhance the fundamental theoretical understanding of self-healing behavior, and 

therefore facilitate the tailoring of new composite materials that simultaneously optimize 

mechanical and durability properties. Here, molecular dynamics simulations can be employed as 

a powerful tool to study the chemical and physical properties of the healing reaction at 

nanoscale. In addition, the transport hydro-thermodynamic modeling applied in this dissertation 

needs further modification to improve the accuracy and take account more parameters. 

Furthermore, at the composite or structural level, finite element analysis can be carried out to 

explore the effect of self-healing on the material properties (e.g. permeability and elasticity) 

regain and structural response recovery. All the computational model will be validated by 

comparing the predicted values with actual measured material behaviors through 

experimentation.  

The new-generation self-healing material aim to significantly improved sustainability of 

concrete infrastructure with reduced life cycle costs and environmental impacts. Such 

improvements need to be elucidated and rationally quantified by industrial ecology approaches. 

Industrial ecology is a scientific basis for assessing infrastructure sustainability by systematic 

analysis of global, regional and local material and energy flows associated with products, 

processes, economic sectors and other complex systems. Life cycle assessment (LCA) quantifies 

these flows and evaluates impacts that occur during materials production, manufacturing, use, 

and end-of-life stages. LCA will be an integral part of the development process, identifying 



215 
 

factors that will increase the sustainability of the final products. The bulk of the effort in 

performing LCA studies lies in collecting data (energy consumption and carbon production of 

each reactant, energy consumed during processing, etc.). In addition, the potential deterioration 

process of self-healing materials in a given infrastructure application is important in determining 

maintenance schedules that affect resource use and emissions. Such service life models of self-

healing materials do not yet exist, and need to be established based on future durability studies. 

Once data inventory has been created and the general composition and durability properties of 

the formulae are known, sustainability of the infrastructure system with self-healing materials 

will be assessed using environmental, economic and social indicators. It will lead to future 

insights on succeeding material design and improvements for more sustainable development with 

a holistic approach.  

 

 




