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Abstract

The nature of microcracks that developed in concrete is not well understood. One reason for this is the
lack of suitable techniques to detect and characterise the microcracks. Conventional methods include imaging
polished cross sections with scanning electron microscopy and optical microscopy. However, these techniques
only provide a two-dimensional representation of a three-dimensional structure, which significantly reduces the
insights from such analysis. Another reason is that the development of microcracks may be associated with
various complex forms of concrete deterioration during service life, e.g. due to mechanical loading, drying,
thermal effects and chemical reactions. This complicates laboratory scale experiments and inducing “realistic”

microcracks in concrete samples becomes very difficult.

The aim of this study is to develop new techniques for three-dimensional quantitative characterisation
of microcracks and to apply these to understand the properties of microcracks in concrete. A thorough literature
review was conducted to identify the causes of microcracking in concrete, mechanisms of microcrack initiation
and propagation, transport properties of micro-cracked concrete and methods to characterise microcracks in two
dimensions (2D) and three dimensions (3D). Materials and experimental procedures for inducing different types
of microcracks, sample preparation for imaging and image analysis of microcracks are discussed. The feasibility
of three-dimensional techniques such as focused ion beam nanotomography (FIB-nt), broad ion beam combines
with serial sectioning (BIB), X-ray microtomography (u-CT) and laser scanning confocal microscopy (LSCM)
for imaging microcracks were investigated. A new approach that combines LSCM with serial sectioning was

proposed to enhance the capability of LSCM for imaging microcracks in 3D.

A major focus of this thesis was dedicated to microcracks induced by autogenous shrinkage because
this has been previously neglected due to the dominant role of drying shrinkage. Nonetheless, the increasing use
of high strength concretes containing low water/binder ratio, complex binder systems and multiple chemical
admixtures in recent years has highlighted the problem of autogenous shrinkage in these concretes. This study
presents a first attempt on direct characterisation and understanding of the microcracks caused by autogenous
shrinkage in 3D. Various concrete samples were produced and sealed cured to induce autogenous shrinkage.
The water/binder ratio, cement type and content, and aggregate particle size distribution were varied to vary the
magnitude of autogenous shrinkage and degree of microcracking. Linear deformation measurement was
performed to correlate autogenous shrinkage with degree of microcracking. Samples were imaged in 2D using
laser scanning confocal microscope (LSCM) and in 3D with X-ray microtomography (u-CT). Subsequently, 2D

and 3D image analysis was employed to quantify microcracks > 1 pm in width.

A major challenge was to isolate the microcracks that are inherently connected to pores and air voids.
Therefore, an algorithm was developed to separate microcracks from pores, and to extract quantitative data such
as crack density, orientation degree, distribution of width and length, as well as connectivity and tortuosity. The
results show that use of supplementary cementitious materials and low water/binder ratio can increase linear
deformation and the amount of the microcracks. The thesis discusses the effect of autogenous shrinkage on the
characteristics of the induced microcracking, which is critical to understanding the transport properties and long-

term durability of concretes containing supplementary cementitious materials.
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Notation

Abbreviations:
2D two dimensions
3D three dimensions
ASR alkali — silica reaction
AU Airy Unit
av air voids
BIB broad ion beam
DSLR digital single-lens reflex
FIB-nt focused ion beam nanotomography
FOV field of view
FT Freeze -thaw
GGBS ground granulated blast furnace slag
HPC high-performance concrete
LICM line intercept count method
LSCM laser scanning confocal microscope
MG morphological gradient
MSA maximum size of aggregates
oM optical microscope
OPC ordinary Portland cement
PSF point-spread function
PMT photomultiplier tube
REV representative elementary volume
RH relative humidity
SC sealed curing
SCMs supplementary cementitious materials
SEM scanning electron microscope
SF silica fume
SLR single-lens reflex
SSD surface dry condition
UHPC ultra-high-performance concrete
uv ultraviolet light
VFA voxel face area
XRF X-ray fluorescence

p-CT X-ray micro-computed tomography



Roman letters:

Ax area fraction

Acrack total area of the microcracks

Aimage area of the image

Aind. crack area of an individual microcrack

AR aspect ratio

C connectivity of the largest microcrack
Cio connectivity of the 10 largest microcrack
C.S dicalcium silicate

CiA tricalcium aluminate

CsS tricalcium silicate

C4AF tetracalcium aluminoferrite

Cind. connectivity of individual microcrack
DA degree of anisotropy

Den density of connections

Dp crack dendritic density

Dy numerical density

E elongation

L crack lenght

1 the length of the centroid path curve
Lo initial length reading

Laistance Euclidean distance of skeletonised microcracks
Limean mean length

L, subsequent length readings

Liotal total crack length

ng refractive index of immersion oil

NA numerical aperture

Nerack total number of crack

P pinhole aperture size

SA surface area

SD surface density

Shape AP parameter describing circularity of particle

SSA specific surface area

Vimage image volume

Vind. crack volume of an individual microcrack
Vv volume fraction

A\ crack widths

Wnean mean width



Greek letters:

™

linear deformation (pstrain)
spacing factor

diameter

equivalent spherical diameter
excitation wavelength
centroid path tortuosity
geometric tortuosity
sphericity

dilation

erosion

closing
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Chapter 1
Introduction

1.1 Research motivation

The microstructure of concrete has a great influence on its performance and research on the
microstructure of concrete has attracted much attention in recent decades. This has been partly a result of the
considerable developments in microscopy and image analysis techniques. Most studies on the microstructure of
cement-based materials have been carried out by imaging fractured surfaces or polished cross sections with
optical microscopes (OM) (Bisschop and Van Mier, 2002, Soroushiana et al., 2003) and scanning electron
microscopes (SEM) (Soroushiana et al., 2003, Bisschop and Van Mier, 2002, Wong et al., 2006, Scrivener,
2004). However, these imaging methods require invasive specimen preparation procedures that may alter the
microstructure or produce artefacts. Additionally, these techniques can only observe a two-dimensional cross-
section of a three-dimensional structure. This is a major limitation that significantly reduces the insights that can
be gained from such analyses. Thus, there is a real need to develop and explore three-dimensional imaging
techniques for characterising the microstructure of cement-based materials. Such 3D imaging techniques hold

great promise, yet many technical challenges remain.

Research has also been driven by the needs to understand various deterioration processes affecting
concrete and to develop more durable and sustainable concretes. Many studies have been dedicated to
understanding the deterioration processes in concrete. Nevertheless, there is a general lack of studies on the
microcracking induced by these deterioration processes. The microcrack network, besides connected pores,
plays a major role in transport processes due to the ability of liquids and gases to penetrate through them (Wu et
al., 2017 and 2019; Abyaneh et al., 2016). Microcracks provide channels for deleterious substances to penetrate
concrete, which would initiate and accelerate deterioration. In addition, microcracks can propagate to
macrocracks, which can cause the ultimate failure of concrete structures. Therefore, the development of
microcracks is a significant concern and more efforts should be given to characterising and understanding
microcracking. Understanding the microstructure of cementitious systems and its impact on transport processes
will enable us to develop more durable materials, improve performance prediction and prolong the service life

of concrete structures.

It is also important to point out that microcracks in concrete range from few microns to hundreds of
microns in width, depending on the origin of the microcrack. On one hand, this means that the 3D imaging
technique would require a resolution of approximately 1 pm to fully detect the microcracks. On the other hand,
a minimum representative volume of the sample should be imaged to accurately characterise the microcracks.
The representative elementary volume (REV) at the cement paste scale for the purpose of characterisation 3D

microstructure and transport processes is of the order ~ 100 x 100 x 100 um?® (Yio et al., 2017, 2019). The
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volume of concrete for representatively analysis depends on the largest aggregate size present and is around 2.5
times the maximum aggregate size according to Abyaneh et al. (2013) for crack-free concrete and around 5-10
times the maximum aggregate size for concrete containing dying-induced microcracks (Wu et al., 2015). This
makes 3D characterisation of microcracks in concrete very challenging since none of the existing imaging
technique can fulfil the requirement of imaging at high resolution (1 pm) to capture the microcracks in a

sufficiently representative sample volume.

A primary attention of this work was put on characterising microcracks induced by autogenous
shrinkage. This type of microcracking is mainly associated with low water to binder ratio concretes, such as
high-performance concretes (HPC). The sensitivity of HPC to early-age cracking is often considered as its
Achilles’ heel and attracts much attention of researchers, even though no one has performed direct

characterisation of these microcracks.

HPC has become increasingly used, especially in recent years, in civil engineering because of its
excellent performance in terms of high workability, high strength and low permeability. These properties are
obtained by employing a low water to cement ratio and incorporating mineral and chemical admixtures such as
silica fume, fly ash, ground granulated blast furnace slag and superplasticiser (Neville and Aitcin, 1998, Aitcin,
1998). Unfortunately, such concretes are susceptible to microcracking caused by self-desiccation (reduction in
internal relative humidity as the water is consumed during cement hydration) and autogenous shrinkage.
Numerous studies have been performed to study the nature of autogenous shrinkage (Lura, 2003, Lura et al.,
2003, Lura et al., 2009, Igarashi et al., 2000) and how internal curing can minimise microcracking caused by
this phenomenon (Huo and Wong, 2006, Jiang et al., 2014). Several shrinkage-counteracting techniques have
also been proposed. Examples include shrinkage reducing admixtures (SRA) and internal curing (IC) by means
of lightweight aggregates (Lura, 2003, Zhutovsky and Kovler, 2012, Zhutovsky et al., 2013) or super-absorbent
polymers (Craeye et al., 2011). Despite this, there is no fundamental study that explains the development of

microcracks, characterise them and investigate their actual influence on bulk properties of concrete.

1.2 Objectives and scope
The overall aim of this project is to characterise microcracks in cement-based materials in three-
dimensions (3D). The main sub-objectives are:

e  Evaluate different ways of introducing microcracks to concrete samples in the laboratory

environment.

e Develop and apply new 3D imaging techniques such as focused ion beam nanotomography
(FIB-nt), broad ion beam serial sectioning (BIB), X-ray microtomography (u-CT) and laser

scanning confocal microscopy (LSCM) to image microcracks.

e Develop 3D image analysis methods to segment and extract quantitative data of the

microcracks such as size distribution, density, connectivity, tortuosity and orientation.

e  Apply the most suitable 3D imaging technique and image analysis method to study the

characteristics of microcracks induced by autogenous shrinkage in concrete.
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1.3 Thesis outline

Nine chapters are presented in this thesis. Chapter 1 introduces the research background, objectives and
scope of the study. Chapter 2 presents a literature review on the topics relevant to the scope of this thesis.
Chapter 3 describes the methodology of experimental work, including sample preparation, detailed protocols for
microscopy techniques and image analysis procedures. The main findings of this study are presented in the next

five chapters, i.e. Chapter 4, 5, 6, 7 and 8.

The aim of Chapter 4 is to examine the feasibility of three-dimensional microscopy techniques for
imaging microcracks. Several types of sample containing different degrees of microcracking induced by drying
shrinkage with internal and external restraints, autogenous shrinkage, and freeze-thaw cycles are investigated.
Focused ion beam nanotomography (FIB-nt), broad ion beam serial sectioning (BIB), X-ray microtomography
(n-CT) and laser scanning confocal microscope (LSCM) are evaluated. The advantages and limitations of these

techniques are discussed.

Chapter 5 presents a solution to extend the imaging depth of LSCM for cement-based materials, which
is achieved by combining confocal imaging with a serial sectioning procedure. This new approach has been

developed in collaboration with Marcus Yio, a PhD student in the group.

3D image analysis is very challenging especially for microcracks, partly because they share similar
grey scale (brightness) values in the image histogram as pores and air voids. Chapter 6 proposes methods for
image pre-processing which strongly depends on the imaging techniques and develops algorithms for
segmentation and separation of microcracks from other porous features. This chapter also presents the

characteristic parameters of microcracks that can be measured in such analysis.

The main objective of Chapter 7 is to determine the magnitude of autogenous shrinkage (by linear
deformation measurements) for a range of concrete mixes and to understand its effect on microcracking. The 2D
characteristics of early-age microcracking in concretes with different water to binder ratio, type of binder, age,
maximum aggregate size, aggregate content and sample size are investigated. Additionally, degree of

microcracking is correlated with degree of linear deformation.

Chapter 8 presents 3D characteristics of the microcracks induced by autogenous shrinkage using X-ray
microtomography. Selected samples from Chapter 7 are scanned with Metris X-Tek HMX ST 225 CT, which is
capable of achieving a voxel size resolution of 1/2000 of sample size. This allows for detection most of the
microcracks caused by autogenous shrinkage. 3D image analysis is performed on the captured 3D images to
quantify the propagation of microcracks as a function of time and effect of water to binder ratio and type of
binder. The algorithm developed in Chapter 6 is applied to separate microcracks from pores, and to extract
quantitative data such as crack density, areal fraction, average width and length, orientation degree and

distribution of width, as well as connectivity and tortuosity.

Finally, the main findings from this thesis are summarised in Chapter 9, together with suggestions and

recommendations for further research.
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Chapter 2

Literature review

A literature review has been conducted to establish the state-of-the-art of research related to this

project. The review covers the causes of microcracking, in particular, autogenous shrinkage induced

microcracking, mechanisms of crack initiation and propagation, transport properties of microcracked concrete,

and methods to characterise microcracks including 2D and 3D imaging techniques. These four sections are

summarised, and the main references are given.

2.1 Types and mechanisms of microcracking

Microcracking occurs in concrete due to a variety of causes. They can be induced by external loads, or

through the interaction between the concrete and its environment, or through physico-chemical degradation
processes. Microcracks may propagate, become highly interconnected macrocracks and contribute to ultimate

failure of concrete. They can provide channels for deleterious substances to penetrate concrete and thereby

accelerate its deterioration.

The common types of cracks are listed in Figure 2-1:

Construction - Formwork Movement
Movements - Sub-Grade Movement
- Plastic Shrinkage
Before Plastic : y
Hardening - Plastlg Settlement . .
- Chemical/Autogenious Shrinkage
Frost damage - Premature Fre.:ezmg
- Scaling, Crazing
Types of
cracks . -
- Drying Shrinkage
Volume rying g
Instability - Thermal Change
- Creep
- Design Load/ Overload
After Structural/ esign Load/ Lverioa
Hardening Design - Deslgn/ Subgrade
- Fatigue
Physico- i ‘;AIT/CASM QEF
Chemical - steel LorTosl

- Freeze-Thaw Cycling

Figure 2-1 Common causes of cracking in concrete structures (Meyer, et al., 2006).
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Cracks, which occur before hardening of concrete, primarily due to settlement, construction
movements and excessive evaporation of water, are called plastic cracks. These can be minimized through
proper attention to the mixture design, material placement and curing. Cracks that occur after the concrete has
hardened may be due to various reasons such as mechanical loading, moisture and thermal gradients, and
degradation reactions such as alkali-aggregate reactions, sulphate attack, freezing — thawing, and corrosion of

reinforcement (Meyer, et al., 2006).

Although numerous factors influence whether or not concrete cracks, it can be stated according to
elasticity theory (Goltermann, 1995) that cracking occurs when the tensile stress that develops in response to
load or restrained volumetric changes exceeds the tensile strength of the material. According to fracture
mechanics, the cracks will then propagate if the energy released during crack propagation is equal or larger than

a critical fracture energy (Goltermann, 1995).

Cracks are either macrocracks, which are detectable by visual inspection, or microcracks, which can
only be detected with the aid of a microscope. The focus of this research is microcracks, and these are

commonly defined as cracks with widths above 1 um and below few hundreds of microns (<1 mm).

Microcracks can also be classified according to their location in the heterogeneous concrete composite.
Accordingly, three types of microcracks are distinguished: cracks that occur through the cement paste (matrix
cracks), cracks at the interface between aggregate particle and cement paste matrix, i.e. at the Interfacial
Transition Zone (bond/radial cracks) and cracks that occur through the aggregate particle. It is also observed that
matrix cracks tend to propagate from the surface of one aggregate particle to the surface of a neighbouring
aggregate particle. Such arrangement of microcracks is related to strain distribution in a stressed system.
Maruyama and Sasano (2014) experimentally showed that the maximum stress occurs between cement paste
and coarse aggregates (at the [TZ), where most of microcracks developed as matrix or bond cracks. This

mechanism is illustrated in Figure 2-2.
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Figure 2-2 Matrix (a) and bond (b) crack opening mechanism (Maruyama and Sasano, 2014).

Many other authors have observed the same typical pattern of microcracks (e.g. Goltermann, 1995;

Bisschop & van Mier, 2002; Wong et al., 2009). Figure 2-3 shows a SEM image of cracked concrete due to
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drying shrinkage (Wong et al., 2009) with all three types of microcracks: bond cracks, crack through an

aggregate and matrix cracks propagating from one aggregate particle to a neighbouring aggregate particle.

\ Bon‘ cracks
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Figure 2-3 Typical microcrack pattern observed in concrete subjected to oven drying (Wong et al., 2009).

In practical construction, it has been found that microcracking is commonly caused by drying
shrinkage. This is particularly true especially in concrete overlays and slabs where single-sided drying occurs,
and shrinkage is restrained by internal or external restraints (Bissonnette et al., 1999). External restraint is
caused by the surrounding of the structure while internal restraint is caused by two mechanisms: self-restraint
and aggregate restraint. Self-restraint is a result of non-uniform shrinkage of the material caused by a moisture
gradient that develops during drying. Important factors are the size and geometry of the sample (ratio of surface
area to volume). In cement paste, this type of restraint causes tensile stresses near the drying surface and
compressive stresses in the core of the sample. This leads to a development of microcracks that extend
perpendicular to the drying surface with a limited depth, forming cell-like crack pattern on the drying surface as
shown in Figure 2-4 (Bisschop & Wittel, 2011). The second type of internal restraint is caused by the presence
of stiff aggregate particles in mortars and concretes. If the restraint caused by an aggregate particle in a
shrinking matrix is large enough, radial and bond cracks will form around the aggregate particle (Goltermann,
1995). The size, surface roughness (bond), and volume fraction of the aggregates, and the contrast between the

Young’s modulus of the aggregate and surrounding matrix are the main influencing parameters.
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Figure 2-4 Examples of crack pattern on the drying surface of cement paste exposed to different drying
regimes: (a) Sh drying at 95% RH; (b) 5h drying at 26% RH; (c) 2 months drying at 26% RH; (d) 5 h drying at
25% RH and 590 Pa (ESEM chamber). Image size is 3%3 cm (Bisschop & Wittel, 2011).
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Drying induced microcracks occur mainly on the surface of concrete. However, they tend to penetrate
to a depth of up to 10 mm (Wu, 2014, Wu et al., 2017 and 2019). Similar crack pattern is observed in surface
crazing, although these are much shallower microcracks, usually less than 3 mm in depth (Mircea, 2009).
Crazing cracks are a network of fine cracks induced by rapid evaporation of moisture (due to drying or cooling)
from the surface of concrete and thus differential contraction between the surface and interior sections (White et

al., 1928; Mircea, 2009). Crazing cracks develops at an early age, usually up to one week from casting.

Many concrete structures suffer from microcracking induced by physico-chemical processes. For
instance, alkali—silica reactions (ASR), a chemical reaction that takes place between the alkaline pore solution of
the cement paste and reactive silica in aggregate particles. ASR produces an expansive alkali — silica gel that
gives rise to internal pressure, expansion and eventually cracking. The cracks propagate from the interior of the

aggregate particles out into the surrounding cement paste (Lee, 1992).

External sulphate attack is another example, where cracking and scaling is caused by chemically-
induced volume expansion of the concrete. Sulphate attack involves two chemical reactions. First, the sulphate
ions from waste water or naturally occurring soil or ground water sulphate salts (e.g. sulphates of sodium,
potassium, calcium, or magnesium) react with free calcium hydroxide released during hydration processes to
form calcium sulphate (gypsum). Next, the gypsum combines with hydrated calcium aluminate to form calcium
sulpho-aluminate (ettringite). Both products, particularly ettringite, result in volume increase followed by

internal cracking starting from exposed to sulphates regions (Lee, 1992; Neville, 1995).

Chloride-induced corrosion of steel reinforcement is the most frequent and severe cause of
deterioration of concrete structures. In general, ordinary Portland cement (OPC) concrete provides good
protection to embedded reinforcing steel, which is attributed to the high alkalinity pore solution and to the
relatively high electrical resistance of this concrete. Even then, this highly alkaline environment can be reduced
over a period of time by carbonation and the electrical resistivity can be decreased by the presence of chemicals
(e.g. chloride salts). Under such conditions, corrosion cells may be established between individual reinforcing
rebars. Expansive corrosion products forming on the steel surface cause pressure at the interface between the
reinforcement and concrete. This pressure eventually leads to cracking if the resultant tensile stress exceeds the
tensile strength of the concrete. The cracks are usually parallel to the rebars and appear on the steel — concrete
interface first, propagating afterwards through the concrete cover. The severity of cracking increases with the

progression of corrosion processes (Lee, 1992; Kurdowski, 2002).

Highly saturated concrete members in areas of fluctuating water levels or under spraying conditions
such as tops of walls, piers, parapets, and slabs enhance the vulnerability of concrete to the harmful effects of
repeated cycles of freezing and thawing, which intensify during winter seasons. The volume expansion of
approximately 9% of pore water on freezing in the capillary pores of the cement paste and aggregates causes an
increase of internal pressure and damage by means of internal microcracking or surface scaling — related to use
of deicing chemicals (Pigeon et al., 1996). The degree of deterioration strongly depends on the number of freeze
— thaw cycles and also on the length of the freezing period. The cracks induced are in general, uniformly
distributed and can become very well connected if the concrete is subjected to severe cyclic freezing and

thawing (Promentilla and Sugiyama, 2010).
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2.2 Autogenous shrinkage microcracking

The volume changes caused by autogenous shrinkage are inevitable in concrete. When the volume
change is restrained either by external or internal restraints, internal stresses are produced. Autogenous
shrinkage may lead to the occurrence of microcracking when the induced stresses exceed the tensile strength of
concrete. This will subsequently accelerate the ingress of aggressive agents into concrete structures and
therefore, degradation of concrete. Thus, it is of great importance to have a better understanding of the
mechanism of microcracking induced by autogenous shrinkage, of their characteristic parameters (i.e. density,
orientation, connectivity), as well as their influence on transport properties of microcracked concrete (i.e.

sorptivity, diffusivity and permeability) that control the long-term durability of concrete structures.

2.2.1 Autogenous shrinkage

The autogenous shrinkage phenomenon was originally used to describe the shrinkage of concrete by
itself that seemingly occurs without any external influences such as loads, moisture or temperature changes. A
later definition of autogenous shrinkage was related to the changes in volume of concrete under a sealed
condition (Davis, 1940). Nowadays, it is widely agreed that autogenous shrinkage is a macroscopic volume
change caused by the hydration process of cement after initial setting that occurs without external loading or
external drying. Autogenous shrinkage starts at very early ages as a result of chemical shrinkage (volume
reduction due to the hydration process) and self-desiccation caused by internal consumption of water by the

hydration reaction, lowering the internal relative humidity (Tazawa, 1998).

The contribution of autogenous shrinkage in typical concrete mixes has been previously neglected due
to the dominant role of drying shrinkage. One of the first reports found in literature was the work done by Davis
(1940). He observed that autogenous shrinkage in concrete using ordinary Portland cement at 28 days was about
40 pe, much smaller than drying shrinkage which ranges from 400 to 800 pe. His study reported that

autogenous shrinkage for ordinary concrete ranges between 50 to 100 pe after 5 years of hardening.

Nonetheless, the increasing use of high strength and high-performance concretes containing low
water/binder ratio, complex cementitious materials and multiple chemical admixtures in recent years has
highlighted the problem of autogenous shrinkage in these concretes. Concretes with a lower water to cement
ratio can achieve much higher autogenous shrinkage, as reported by Tazawa & Miyazawa (1995). In their
experiment, a total shrinkage of almost 700 pe was measured for high strength concrete with a water to cement
ratio of 0.17. Similar results were achieved by the group of Aitcin (1998), they observed that autogenous
shrinkage will develop rapidly if the w/c ratio is lower than 0.42. The effect of cementitious materials addition
on autogenous shrinkage was also investigated. Silica fume modified cement pastes show much greater self-
desiccation and autogenous shrinkage than Portland cement pastes (Jensen & Hansen 1996). Similarly, GGBS
cement pastes exhibit lower internal RH and greater autogenous shrinkage than Portland cement paste
(Hanehara et al., 1999). The severity of autogenous shrinkage may also be related to the following aspects:
cement class and fineness, amount of tricalcium aluminate (C3A) and tetracalcium alumino ferrite (C4AF) in

Portland cement and temperature (Tazawa & Miyazawa, 1995).
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2.2.2 Measurements of autogenous deformation

Autogenous shrinkage is associated with two phenomena: chemical shrinkage and self-desiccation
effects. There are also two testing methods, direct and indirect to measure both effects. Direct methods measure
either the volumetric or linear changes while indirect methods correlate the autogenous shrinkage with
measurement of the porosity or changes in the relative humidity of cement-based materials. A summary of all

the existing method is shown in Figure 2-5 (Hu et al., 2013).

Autogenous shrinkage testing methods

Direct Indirect
measurements measurements
|
| |

Volumetric Linear changes — Porosity
changes
— Membrane || Contact —  Humidity
— Capillary tube |*— Non-contact

Figure 2-5 Methods to measure autogenous shrinkage (Hu et al., 2013).

Direct measurements are simpler and therefore more common. Volumetric methods are usually applied
to establishe the shrinkage of cement pastes, while linear changes are measured in concrete and mortar samples.
Volumetric changes can be measured by using a membrane or a capillary tube. Membrane method is based on
the change in buoyancy of cement paste when it is placed in a tight elastic membrane (e.g. a balloon) and
immersed in water. The change in volume of the cement paste is measured by weighing the immersed sample
over time. Here, re-absorption of bleeding water and thermal action may affect the results (Tazawa, 1998). The
capillary tube method is based on Le Chatelier contractions of a cement paste placed in a tube. Autogenous
shrinkage is measured with a pipette inserted on top of the paste that controls the water or oil movement laid in

the cement paste, Here, thermal action and sample size may affect the results (Hu et al., 2013).

Linear deformation measurement can be carried out using contact or non-contact methods. In general,
contact methods adopt gauges connected to semi-embedded studs located at both ends of specimens, or sensors
(e.g. thermocouples), which are totally embedded in the sample to measure the length change over time (Hu et
al., 2013). More advanced applications have replaced the gauges with linear variable differential transformers
(LVDT) to obtain more accurate results (Amin, et al., 2010). Non-contact methods measure linear deformations
using laser sensors equipped with computer system and current sensors. These measurements are carried out

automatically and continuously, without producing constraints in the samples (Morioka et al., 1999).
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Indirect methods are based on measuring internal humidity or porosity as the occurrence of autogenous

shrinkage is closely related to relative humidity and pore pressure of specimens (Hu et al., 2013).

Among all the existing methods, linear measurements provide the most reliable method because factors
such as bleeding, setting time, thermal action are taken into account during the testing (Hu et al., 2013).

Therefore, the linear deformation contact method will be applied in the present work.

2.3 Methods for characterising microcracks

To-date, the nature of microcracks in cement-based materials is still relatively not well understood.
One reason for this is the lack of suitable techniques to detect and characterise microcracks. Indirect methods for
detecting microcracks include ultrasonic (Kesner et al., 2004; Jacobs & Whitcomb, 1997) and acoustic emission
(Ohtsu et al., 1998; Ouyang et al., 1991). The ultrasonic method measures the propagation of sound waves
through the concrete and the signal is then calibrated to give microcrack density. The acoustic emission
technique works by detecting the sound waves produced by crack nucleation and propagation in real time.
However, these methods provide limited information about size, position and geometry of the developed crack

pattern. Therefore, they will not be used for characterisation of microcracks within this project.

Conventional methods for direct imaging of microcracks include optical microscopy (OM) and
scanning electron microscopy (SEM) (Bisschop & van Mier, 2002; Bisschop, 2002; Litrowicz, 2006). However,
both techniques are destructive as they require a cross-section through the material and the obtained
measurements are only two-dimensional. More recently three-dimensional imaging methods using computed
tomography based on conventional X-ray and synchrotron radiation have been introduced (Promentilla &
Sugiyama, 2010; Landis et al., 2006; Gallucci et al., 2007). These techniques can image the true nature of cracks
in 3D rather than its 2D projection. However, the resolution of these techniques is limited and decreases with

increase in sample size.

In conventional image analysis of micrographs obtained from scanning electron microscopy and optical
microscopy, parameters such as crack length, density, orientation degree and width are often measured
(Litrowicz, 2006). However, three-dimensional parameters such as connectivity and tortuosity of microcracks,
which are critical with respect to understanding transport phenomena are completely unattainable with these
methods. The following sections provide a review of various 2D and 3D imaging techniques, and discus their

potential for characterizing microcracks.

2.3.1 Optical microscopy

Optical microscopy (OM), also called light microscopy, is an imaging technique by reflection on a
polished sample, or by transmission through a polished thin section using a beam of visible light and a system of
lenses. As cement-based materials are relatively opaque to photons within the visible wavelength (Coster &
Chermant, 2001), reflected mode with ultraviolet (UV) light can be utilised to image microcracks in a sample

impregnated with fluorescent epoxy resin. The areas that are filled with epoxy such as microcracks and pores
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will appear bright and therefore distinguishable from the dark solid phases in concrete (Bisschop, 2002; Shiotani
et al., 2003).

2.3.2 Laser scanning confocal microscopy

Laser scanning confocal microscopy (LSCM) is an extension of 2D optical microscopy. It is capable of
collecting serial optical sections from a thick specimen to produce a 3D image. The principle of LSCM is
explained in Section 5.2. Essentially, a highly focused laser beam is used as a light source and a pinhole is
employed to remove out-of-focus light emanating from below and above the focal plane so as to give a very
small focal volume. By scanning the light source across the sample and by displacing the focal plane in the Z-

axis, a high-resolution 3D image can be built up from sequential thin optical slices.

The resolution of the confocal microscope is affected by several different factors (Head & Buenfeld,
20006), such as the properties of the objective lens and wavelength of the light source (laser). In ideal conditions,
the resolution of LSCM approaches the wavelength of the light source (~ 500 nm) and so is sufficient to detect
microcracks in concrete. However, the most problematic aspect of LSCM is that the intensity of the detected
signal in concrete drops dramatically with depth and this limits the imaging depth to several microns. A
maximum imaging depth of 12 um was achieved by Head and Buenfeld (2006) in their experiment. Imaging
depths of 13.5 um and 18.2 um were also reported in others work (Kurtis et al., 2003; Nichols & Lange, 2006).
This is a major limitation of LSCM. Hence, a new approach combining serial sectioning and confocal

microscopy is proposed in this study to overcome the imaging depth limitation of LSCM.

2.3.3 Scanning electron microscopy

A scanning electron microscope (SEM) produces images of a sample by scanning it with a focused
high-energy beam of electrons. The electrons interact with atoms in the sample, producing various signals
(radiations) that can be detected and that contain information about the sample surface topography and

composition.

Two types of radiation, the secondary electrons and backscattered electrons are usually used for
imaging. Secondary electrons are electrons caused by inelastic scattering. They emerge from a smaller sampling
volume and are able to achieve a better spatial resolution than other signals. The intensity of secondary electrons
relies on the local inclination of the specimen surface. Hence, topographic images can be produced by secondary
electrons. Backscattered electrons (BSE) are elastically scattered electrons having a larger sampling volume and
a lower spatial resolution compared to secondary electrons. However, the intensity of backscattered electrons
increases with increase in the mean atomic number of the solid phases of a polished sample (Stutzman &
Clifron, 1999). This enables compositional imaging to be achieved. The phase with largest mean atomic number
appears brightest in a BSE image, which enables quantitative analysis of the various phases in the
microstructure. For cement-based materials, resin-filled pores and cracks will appear as the darkest phase.
During the last two decades, backscattered electron imaging of polished surfaces has become a well-established

method for studying the microstructure of cementitious materials (Scrivener, 2004; Wong, 2006).
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2.3.4 Focused ion beam and broad ion beam with scanning electron microscopy

SEM imaging combined with ion beam processing such as focused ion beam nano-tomography
(Giannuzzi & Stevie, 2005) and broad ion beam serial sectioning (Desbois et al., 2013) has been shown to be a

versatile method for 3D investigation of microstructure of heterogeneous materials.

The Broad Ion Beam (BIB) method uses an argon gas source to produce an ion beam of approximately
500 pm in diameter. The ion beam irradiates the edge of the sample as shown in Figure 2-6 a. The sample is
milled with the ion beam and imaged sequentially with the SEM. By using a standard BIB polisher, a minimum
slice thickness of 10 pm is achievable. However, it was reported by Desbois et al. (2013) that the first BIB-cryo-

SEM machine is capable of achieving a minimum slice thickness of 350 nm.

Broad lan Beam cross-sectioning Focussed lon Beam cross-sectlioning

Figure 2-6 Principles of ion beam cross-sectioning methods with typical cross sections performed by BIB (a)
and FIB (b) on a clay sample Desbois et al., 2010).

In comparison to BIB, the Focused Ion Beam (FIB) method uses a gallium metal source to produce a
focused beam. It also does not require a shielding plate and the cross section produced by irradiating the region
of interest is much smaller (tens of um) as shown in Figure 2-6 b. The combination of an electron beam for
imaging and an ion beam for exposing successive surfaces provides a suitable tool for 3D imaging with
resolutions of about 10 nm in XY and Z directions for FIB (Trtik et al., 2010). The resolution for BIB is about

10 nm in XY, but its Z resolution is much coarser (affected by the slicing step).

FIB nano-tomography (FIB-nt) is now an established technique and combine a dual beam SEM-FIB
systems are commercially available. However, its application to cement-based materials remains limited
because of the very small imaged volume. Available studies have focused on characterising the particle size
distribution and morphology of cement particles (Holzer et al., 2006; Miinch et al., 2006), morphology and
spatial arrangement of early hydration products (Holzer et al, 2007), surface roughness (Trtik et al., 2008),
nanoscale porosity of hardened cement paste (Miinch & Holzer, 2008), and 3D morphology of different solid
phases in hardened cement pastes (Trtik et al., 2010).

It has been reported that the next generation of ion beam-SEM instrument uses a Xe plasma source
FIB, which has higher probe current and sputtering rate than the conventional Ga* FIB. Thus, a larger area of up
to 300 x 300 pm? can be achieved (Hrn¢if et al., 2012). However, this is a relatively new technique and has not

yet been tested on cement-based materials.

With the advancement of 3D imaging techniques such as X-ray nCT and Xe* plasma source FIB-nt, it

may be possible in the future to characterise the pore structure in 3D at different length scales.
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2.3.5 X-ray microtomography

X-ray micro-computed tomography (1-CT) is a non-destructive 3D imaging technique, where hundreds
of 2D projection radiographs are taken of a specimen at many different angles. These projections are then used

to produce a 3D mathematically reconstructed image as shown in Figure 2-7.
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Figure 2-7 Image acquisition with X-ray microtomography.
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u-CT is able to scan a large sample volume from hundreds of um? to tens of cm?. However, the
resolution decreases with increase in sample volume. Spatial resolution is also affected by CT scanner
characteristics and the linear attenuation coefficients of the sample (Hsich, 2009). The important parameters are
the X-ray source spot size, detector resolution, vibrational, electrical and thermal stability, magnification
geometry, and imaging conditions. Image contrast depends on the absorption of X-rays of the different phases in
a sample. As a consequence, low atomic number (low Z) materials, such as soft tissue and polymers, and
materials of similar Z number, such as ceramic compounds do not provide sufficient imaging contrast, and

therefore are difficult to segment for quantitative image analysis.

Conventional p-CT scanners are capable of achieving a spatial resolution of > 1 pm. This has been
applied in cement and concrete research in a number of applications for imaging large scale features, e.g. freeze-
thaw induced microcracking (Promentilla & Sugiyama, 2010), quantitative measurements of crack growth under
loading (Landis et al., 2006), in situ observation of cracking and fracture behaviour under progressive uniaxial
compressive loading (Yang et al., 2017) and characterisation of deterioration due to sulfate attack (Naik et al.,
2006; Stock et al., 2002), carbonation (Han et al., 2012) and leaching (Burlion et al., 2006). Synchrotron pu-CT
with a better resolution of between 0.7 to 1.0 pm has been used to image pores in hardened cement paste

(Gallucci et al., 2007) and anhydrous cement particles (Garboczi & Bullard, 2004).

Over the last few years, commercial X-ray CT systems continue to push the limits of tomographic
imaging resolution. Recently, new laboratory-based systems are benefiting from developments in synchrotron
facilities by employing new detector and focusing optic technologies (Zeiss, 2013). For instance, the Xradia
VersaXRM uses a detector pixel size down to ~150 nm to produce spatial resolutions ~700 nm on samples
several millimetres in size or at working distances measured in the several tens of millimetres (Merkle & Gelb,
2013). In addition, as a result of small effective pixel dimensions and tuneable detector and source positions,
propagation phase contrast can effectively highlight interfaces in samples that exhibit low absorption contrast.

However, it is unsure if such resolution can persist on cement-based materials.
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2.4 Influence of microcracks on the bulk transport properties of concrete

Microcracks are inherent features of the microstructure in most concrete structures. This is due to the
fact that the tensile strength of concrete is very low compared to its compressive strength. The presence and
continuous development of microcracking affecting microstructure of concrete may also influence the bulk
transport properties of concrete such as permeability, diffusivity and sorptivity. Thus, this topic has attracted
attention of many researchers who are trying to isolate and investigate the effect of microcracking on the mass
transport properties of concrete. Researchers have studied the relationships between water transport properties
and different deterioration mechanisms causing microcracking e.g. carbonation, chloride-induced corrosion and
freeze-thaw attack (Yang et al., 2006; Basheer et al., 2001). Generally, the rate of deterioration and severity of
microcracking increases with transport properties, although the exact relationship varies depending on the test
methods adopted (Basheer et al., 2001). There are studies, which investigated and compared the effects of
microcracking on transport properties (Yang et al., 2006; Jacobsen et al., 1996; Wong et al., 2009; Chena et al.,
2010). These studies have indicated that the presence of cracks could increase the permeability by several orders

of magnitude.

Scheydt and Muller (2012) investigated the effect of microcracking induced by the autogenous
shrinkage on the durability of ultra-high-performance concrete (UHPC). Their results confirm that high
autogenous shrinkage leads to deformation and consequently to microcracking, which strongly affected the
microstructure of dense UHPC. Their presence significantly increased the transport properties of the cracked-
UHPC compared to crack free- (fibre reinforced) UHPC. This was proven by experiments on water absorption

(an increase up to 90%), chloride ingress and chemical attack.

Samaha and Hover (1992) investigated transport properties of concrete under different loading levels.
It was found that different types of loading induce different characteristics of cracking, and therefore direct
correlation between loading level and transport properties are difficult to determine. Their work emphasised that
transport properties of concrete are strongly influenced by the characteristics of cracking. A similar observation
was described by Guayasamin (2015). He examined the influences of autogenous shrinkage induced
microcracking on mass transport properties and found out that the depth and speed of water penetration in the

prepared samples was affected by the orientation of cracking and its connectivity.

Moreover, different transport properties should be investigated separately since the influence of
microcracking on each mechanism might not be the same (Wong et al., 2009). For instance, diffusivity and
sorptivity of samples exposed to oven-dried samples were less sensitive compared to permeability, where the

effect of drying-induced microcracks on transport properties was investigated.
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2.5 Numerical modelling based on image analysis of microcracks

Researchers have proposed several approaches that combine numerical simulations and experimental imaging
techniques to model complex microcracking in heterogeneous cementitious materials. For instance, Ren et al.,
(2018) performed a study where in situ X-ray computed micro-tomography was applied to characterise the 3D
microstructure and cracking behaviour of concrete under progressive uniaxial compressive loading. The images
were subsequently processed and used to build microscale realistic 3D finite element (FE) models. A finite
element simulation of uniaxial compression was then conducted, and the results were compared to the in situ p-
CT compression test results. Following that, the same image-based model was used to simulate the effect of
tensile loading to investigate cracking behaviour. A similar study was carried out by Nguyen (2015). He
proposed a three-dimensional numerical model to predict the initiation and the propagation of microcracks at the
scale of the actual microstructure of a real sample subjected to compression. The predictions were validated by

direct comparison with the actual crack network characterized using 3D imaging techniques.
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Chapter 3

Methodology

In this chapter, the materials and experimental procedures used in this thesis are described. Details of

sample preparation, linear shrinkage measurement, imaging techniques and image analysis approaches are

introduced. The described methodology is mainly related to the experiments presented in Chapter 7 and 8.

3.1 Materials, sample preparation and conditioning
3.1.1 Materials

Ordinary Portland cement CEM I 52.5 R, CEM I 52.5R with 9% by mass replacement of silica fume
(SF), and pre-blended CEM II1I/B 42.5N with 70% ground granulated blast furnace slag (GGBS) were used as
the main binders. The oxide composition (XRF), loss on ignition, specific gravity and fineness of CEM I, SF
and CEM III are shown in Tables 3-1 and 3-2. The calculated Bogue composition of CEM I 52.5R was 53.1%
C38, 19.1% C28S, 10.8% C3A, 7.2% C4AF by mass.

Oxide composition (%)

Materials CaO SiO2  ALO; Fe20s MgO Na2O KO0  SOs Cl-  TiO2 P05 Mn03
CEMI1525R 634 208 5.4 2.4 1.5 0.3 0.7 29  <0.1 - - -
CEM1325R 63.4  20.6 5.6 2.4 1.6 0.2 0.7 2.9 <0.1 - - -
CEM 11I/B 42.5N 480 292 8.9 1.2 4.8 0.2 0.6 2.6 0.1 - - -
Silica fume 0.15 987 0.31 0.02 0.04 0.09 0.30 - - 0.39 0.02 0.01

Table 3-1 Oxide composition of cementitious materials.

Materials Loss on ignition [%] Specific gravity Fineness[cm?/g]
CEMI525R 2.1 2910 3.06
CEMI1325R 2.1 2.905 3.06
CEM 11I/B 42.5N 1.4 4.635 2.90
Silica fume 0.47 - 2.30

Table 3-2 Loss on ignition, specific gravity and fineness of cementitious materials.
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Additionally, an ordinary Portland cement CEM 1 32.5R was used for selected samples of cement
pastes and mortars prepared for assessment of different 3D imaging techniques in Chapter 4. The calculated
Bogue composition of CEM I 32.5R was 52.7% CsS, 19.3% C:S, 10.6% C3A, 7.4% C4AF by mass. The oxide

composition, loss on ignition, specific gravity and fineness of CEM I 32.5R are presented in Tables 3-1 and 3-2.

A polycarboxylate-based superplasticiser admixture (Sika® ViscoCrete 20RM) that complies with
British Standards (BS EN 934-2) was used to improve the workability of low water to binder mixes. It has a
density of 1.01 kg/l and water-soluble chloride content and alkali content of <0.10% and <0.35% respectively.

Thames Valley sand with maximum particle size of 2.5 and 5 mm were used as fine aggregates, and
Thames Valley gravel with maximum size of 5 mm, 10 mm and 20 mm were utilised as coarse aggregates.
Additionally, CEN reference sand with maximum aggregate size of 2.5 mm was used to prepare mortars for
evaluation of different strategies for introducing microcracks (Chapter 4). The particle size distributions of the
fine and coarse aggregates are shown in Figure 3-1. The sieve analysis showed that gravel complied with British
Standards overall grading (BS EN 12620), and the sand complied with the recommended medium grading (BS
882). The specific gravity at saturated and surface dry condition (SSD), 24-hour absorption, and moisture

content of the aggregates are given in Table 3-3.
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Figure 3-1 Grading curves for fine and coarse aggregates.

Asoresate tvpe Max agg size Specific 24-hr absorption Moisture content
sgreg yp (mm) gravity (%) (%)
Sand 2.5 2.45 0.86 0.20
5 2.56 0.80 0.20
5 2.68 0.79 0.50
Gravel 10 2.70 0.76 0.45
20 2.74 0.72 0.40

Table 3-3 Specific gravity, moisture content and absorption values for fine and coarse aggregates.
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3.1.2 Mix proportions

Mixes prepared in this thesis are tabulated in Table 3-4:

Agg. vol

CEM

Silica

. . MSA . Water CEMI Sand Gravel Sp
Dostgnation Wby ICON i) ki) (ML M ) e k)
0.20C-10/68 0.20 10 68 117 586 - - 718 1077 12
0.25C-10/68 0.25 10 68 136 542 - - 718 1077 8
0.30C-10/68 0.30 10 68 151 503 - - 718 1077 5
0.35C-10/68 0.35 10 68 165 470 - - 718 1077 2
0.40C-10/68 0.40 10 68 176 441 - - 718 1077 -
0.45C-10/68 0.45 10 68 186 413 - - 718 1077 -
0.30C-5/68 0.30 5 68 151 503 - - 702 1053 5
0.30C-20/68 0.30 20 68 151 503 - - 724 1086 5
0.30C-10/50 0.30 10 60 188 625 - - 636 954 6
0.30C-10/60 0.30 10 50 236 786 - - 528 792 8
0.20SF-10/68 0.20 10 68 117 534 - 53 718 1077 12
0.25SF-10/68 0.25 10 68 133 485 - 48 718 1077 8
0.30SF-10/68 0.30 10 68 149 451 - 45 718 1077 5
0.35SF-10/68 0.35 10 68 162 422 - 42 718 1077 3
0.40SF-10/68 0.40 10 68 174 396 - 39 718 1077 -
0.45SF-10/68 0.45 10 68 183 371 - 37 718 1077 -
0.30SF-5/68 0.30 5 68 149 451 - 45 702 1053 5
0.30SF-20/68 0.30 20 68 149 451 - 45 724 1086 5
0.30SF-10/50 0.30 10 60 185 560 - 56 636 954 6
0.30SF-10/60 0.30 10 50 232 703 - 70 528 792 8
0.20S-10/68 0.20 10 68 113 - 567 - 718 1077 11
0.25S-10/68 0.25 10 68 132 - 526 - 718 1077 8
0.30S-10/68 0.30 10 68 147 - 489 - 718 1077 5
0.35S-10/68 0.35 10 68 160 - 458 - 718 1077 2
0.40S-10/68 0.40 10 68 172 - 430 - 718 1077 -
0.45S-10/68 0.45 10 68 181 - 403 - 718 1077 -
0.30S8-5/68 0.30 5 68 147 - 489 - 702 1053 5
0.30S-20/68 0.30 20 68 147 - 489 - 724 1086 5
0.308-10/50 0.30 10 60 182 - 608 - 636 954 6
0.30S-10/60 0.30 10 50 229 - 764 - 528 792 8
Ref0.50C-10/68  0.50 10 68 194 388 - - 718 1077 -

Table 3-4 Mix proportions.

Absolute volume method was used to determine the proportions of cements, silica fume, tap water, fine

aggregate, coarse aggregates and superplasticiser for all mixes. This method assumes that the volume of a fully

compacted sample equals the sum of the volumes of all ingredients (Neville, 1995). Samples were carefully

compacted layer by layer on a vibrated table to remove entrapped air. However, it is difficult to achieve a full

compaction especially for concretes with low water to binder. Hence, an entrapped air content of 1-2% vol. was

assumed for each mix.

Table 3-3 shows that all of the aggregates used had moisture content lower than the 24-hr absorption.

Therefore, it is important that the mix design considers the amount of water absorbed by the aggregates when

the concrete is in the fresh state. This is to ensure that the targeted free w/b ratio is achieved. The additional

water required to bring the aggregates to SSD condition is the difference between 24-hr absorption and moisture

content.
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Trials were carried out to determine the amount of superplasticiser required to achieve good
compaction for stiff mixes. The amount of superplasticiser used was 2%, 1.5%, 1% and 0.5% by mass of the
binder for concrete mixes with w/b of 0.20, 0.25, 0.30 and 0.35 respectively. Concrete mixes with w/b ratio of

0.40 and 0.45 did not required application of superplasticiser.
The following samples were prepared:

e CEMI, CEM I with 9% of silica fume and CEM III concrete samples with w/b ratio of 0.20,
0.25, 0.30, 0.35, 0.40 and 0.45 (MSA: 10 mm, aggregate fraction: 68%, age: 14 days). These
samples were used to study the effect of water to binder ratio on autogenous shrinkage and

shrinkage induced microcracking.

e CEMI, CEM I with 9% of silica fume and CEM III concrete samples with aggregate volume
fraction of 50%, 60% and 68% and MSA4 at 5 mm, 10 mm and 20 mm (w/b: 0.30, age: 14
days). These samples were cast to study the effect of aggregate size and aggregate content on

autogenous shrinkage deformation and autogenous shrinkage-induced microcracking.

e CEMI, CEM I with 9% of silica fume and CEM III concrete samples (w/b: 0.30, MSA: 10
mm, aggregate fraction: 68%). For each mix, five replicates were prepared and imaged after 1,
3,7, 14 and 28 days from casting, in order to study the effect of age on microcracking induced

by autogenous shrinkage.

e CEMI, CEM I with 9% of silica fume and CEM III concrete samples (w/c: 0.30, age: 14 days,
MSA: 10 mm, aggregate volume fraction: 68%). These samples were cast into cylindrical
moulds of 65 mm height and diameter of 95, 50 and 25 mm to study the influence of sample

size on characteristics of microcracks caused by autogenous shrinkage.

The sample designation used in this thesis is shown in Figure 3-2.

w/bratio MSA (mm) Age (days)

0.30C-10/68-14

Type of binder  Aggregate % vol.

Figure 3-2 Sample designation.

3.1.3 Mixing, casting and conditioning

Cement and aggregates were first dry mixed for around 30 seconds in a 30-litre capacity pan mixer.
Water was then added and mixed for a further 3 minutes. For mixes with low water to binder ratio (w/b = 0.20,
0.25, 0.30, 0.35) that required superplasticiser, the admixture was mixed with the batch water before adding into
the dry ingredients. For mixes containing silica fume, the silica fume was first dispersed in water or in water

with superplasticiser and then mixed with dry ingredients. A vibrating table with adjustable frequency was used
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for compaction. Samples were cast in moulds, compacted in three layers and each layer was vibrated until no
significant release of air bubbles. All the mixes produced were easily compacted with no evidence of significant

bleeding or segregation.

Because the work presented in Chapter 7 was dedicated to the study of microcracking induced by
autogenous shrinkage, it was essential to isolate this phenomenon from other external influences such as drying
shrinkage. Therefore, the specimens were sealed to prevent moisture exchange with the environment from the
moment of casting until the end of the experiments. This was achieved by casting samples in polythene lined
postal tubes with end caps, or in plastic containers with lids as moulds. This approach is also advantageous from
an economical and practical consideration since the study required the preparation of a large number of samples

cast in single-use moulds.

The test methods employed in this thesis required specified sample size and geometry. Three replicate
cylinders were cast for linear deformation measurements and disc-shaped samples were prepared for 2D
imaging with LSCM and 3D imaging with X-ray microtomography. In total, 90 cylindrical samples and 48 disc

samples were prepared and tested.

Cylindrical specimens were cast in purpose-made moulds with diameter of 78 mm and height of 300
mm for linear deformation measurement. The moulds were made of stiff cardboard postal tubes (3-inch size)
with plastic end caps. The tubes were internally lined with a waterproof polythene sheet to avoid leakage and
reduce friction between sample and mould. A hole of approximately 6 mm in diameter was drilled in the middle
of each end cap. This was done to allow a steel stud (@5 mm and 16.5 mm length) to be attached through each
end cap which is then sealed using melting wax. During casting, the moulds were filled with fresh concrete and
compacted in three layers, then sealed with the end caps. This produces samples with half of the stud embedded
in concrete and the other half protruded to allow length change measurements. Small sized studs were chosen to
ensure good bonding and to avoid generating large restraints when the concrete shrinks. Geometry of the stud,

end cap and tube are shown in Figure 3-3.

Stud: End cap:

S A4

8
N {l,_:jgg, @78
el P —

Postal tube:

| 300 |

Figure 3-3 Geometry of the stud, end cap and postal tube used to prepare concrete cylinders
for linear deformation measurement. (All dimensions in mm).
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The cylinders were placed horizontally in a temperature-controlled laboratory at 21+ 1°C, 50% RH for
sealed curing. The mass of the cylinders was frequently monitored in order to check that the sealed curing is
effective. Figure 3-4 presents the mass changes plotted over time for three exemplary mixes. Results show that a
small amount of mass loss has occurred. At the age of 70 days, concrete with neat CEM I, CEM I with silica
fume and CEM 111 lost about 0.33%, 0.32% and 0.37% respectively. This is a negligible amount, perhaps caused
by a slight but inevitable moisture loss to the environment. It can be also explained as a drift in accuracy of the

laboratory scales (+0.1g).

Cylindrical samples were also prepared in plastic containers of 95 mm diameter and 65 mm height or
30 mm diameter and 65 mm height for 2D imaging with LSCM and 3D imaging with X-ray microtomography
respectively. These containers were sealed with plastic lids and additionally wrapped with a cling film to
prevent any moisture exchange with the environment. The sealed samples were then placed in a temperature-
controlled laboratory at 21+ 1°C, 50% RH for sealed curing until the required age.
Time [days]
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Figure 3-4 Examples of mass change of sealed cured concrete cylindrical specimens.

3.2 Linear deformation measurement

Quantification of autogenous shrinkage was carried out to assess the possibility of internal cracking
due to volumetric changes in concrete. In this study, the linear contact method was adopted to measure
longitudinal deformation of the cylindrical concrete specimens. The measurement was carried out on a length
comparator device with a 1/1000 mm digital gauge and a 300 mm invar bar used for calibration purposes. A
schematic illustration of this set up is presented in Figure 3-5 a). Additionally, a thermometer and hygrometer

were used to monitor the temperature and humidity of the laboratory.

The device was calibrated with the 300 mm invar bar prior to each length measurement. The specimen
with embedded two steel studs at each end was placed at the bottom end of the length comparator and aligned
with the upper indicator spindle, which was slowly released until it touched the upper steel stud of the specimen.
This is shown in Figure 3-5 b) and c). When the reading from the digital gauge stabilises, the actual length of the

specimen is the reading plus 300 mm (the invar bar length).
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Figure 3-5 Linear deformation measurement using length comparator: a) calibration with invar bar, b) length
measurement of cylindrical concrete specimen, and ¢) a photo of laboratory set up.

The initial length measurement (Lo) was taken after initial set of concrete, which is approximately 6 to
12 hours after casting depending on the type of binder used in the concrete mix. Subsequent readings (L,) were
taken daily for the first two to three weeks and then weekly or longer for a total period of at least 70 days. Three
replicate specimens were prepared and measured for each concrete mix, and the device was calibrated (reset)

with invar bar after each reading.

Based on the measurements, linear deformation was calculated using Equation 3-1

e= L"L‘—L" x 1000000 (Eq. 3-1).
0

Where, ¢ is the linear deformation (pstrain), and Lo with L, are respectively, the first and the
subsequent readings after the initial set of concrete (mm). An average linear deformation was calculated from

the three measurements over time for each concrete mix.

3.3 2D and 3D microscopy techniques

Laser scanning confocal microscopy (LSCM) and X-ray microtomography (u-CT) were used to image
microcracks in two and three-dimensions. The following sections explain in detail the sample preparation and

imaging procedures for both techniques.

3.3.1 Sample preparation for imaging

LSCM is able to image only microcracks and pores that are filled with fluorescent resin. Therefore, an
appropriate sample preparation is required prior to imaging using this technique to ensure that all microcracks
present in the sample are captured. Figure 3-6 shows a flow chart summarising the sample preparation

procedure.
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Figure 3-6 Sample preparation for imaging using LSCM.

At the required age, the disc-shaped sample is removed from its mould and sectioned with a diamond
saw to extract a 65 x 95 x 8 mm slice from the centre. This is so that the degree of internal microcracking can be
observed on the cross-section. The slice is then dried prior to impregnation with fluorescent resin. There are a
number of drying methods available and this require careful consideration for this study. Severe drying
techniques such as oven drying (typically at temperatures ~ 50 to 105°C), drying at low relative humidity and
microwave drying can remove evaporable water effectively, but they can also alter the microstructure by
accelerating cement hydration and increasing capillary pressure. In addition, they may induce microcracking as
a result of tensile stresses deformation from differential thermal expansion or volumetric shrinkage between the
aggregates and hardened cement paste (Zhang and Scherer, 2011). Vacuum drying also induces tensile stresses
and microcracking similar to those found in oven-dried samples as reported by Gallé (2001). Additionally, this
technique is slow and thus cannot effectively arrest early age hydration at the desired time. Others techniques
such as D-drying, P-drying and solvent exchange methods are time consuming and may last up to several weeks
depending on sample size, porosity and diffusivity of the solvent (Zhang and Scherer, 2011). The long time
needed for D- or P-drying or solvent exchange to be complete for concrete slices of 65 x 95 x 8 mm is

unacceptable, especially when the samples ought to be examined at the age of 1, 3, 7 and 14 days.

Considering the factors above, it was decided that the most appropriate method is freeze-drying, which
removes water by sublimation. The sample is first rapidly frozen by immersion in liquid nitrogen (-196°C). The
frozen sample is then placed into a freeze dryer under vacuum, where the solid ice crystals sublime directly to
vapour without passing through the liquid state. This eliminates the risk of damage caused by capillary stresses
induced by pore water meniscus (Zhang and Scherer, 2011). The freezing process itself could potentially be
damaging because of stresses from volume expansion, hydraulic pressure, and crystallization pressure
(Marchand, et al., 1995). However, the risk of this is reduced because rapid freezing avoids the formation of
large ice crystals in the pore structure. As observed using SEM in a study by Collier et al. (2008), the
microcracks present in freeze-dried samples are very small, approximately of 0.1 pm in width, which is beyond

the detectability by X-ray microtomography or LSCM.

The cut slices were weighed and immersed directly in liquid nitrogen (—196 °C) for approximately 20-
30 min until there was no significant bubbling. This indicates that the freezing process has completed. The
frozen slices were then transferred into a Lyotrap freeze dryer and kept at -30°C and ~7 kPa pressure. Under
these conditions, water will be removed effectively within 5 to 7 days, depending on the sample composition
(especially, the water to binder ratio) and curing age. Typically, ~ 70% of the removable water is sublimated in
the first 24 hours according to the daily weight measurements. After drying, the slices were allowed to return to
room temperature and atmospheric pressure gradually, and then impregnated with fluorescent resin following a

2-step impregnation method developed by Wong and Buenfeld (2006).
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A low-viscosity fluorescein-dyed epoxy resin was prepared by adding a fluorescein dye (Struers
Epodye) into epoxy resin (Araldite AY103) at 5 grams per 1 litre of resin and mixed with a magnetic stirrer for
one day to ensure uniform dispersion of the dye. The fluorescent epoxy was then heated up to 40°C prior to
mixing with hardener and toluene. The proportion of resin: hardener: toluene used was 25: 3: 1.5 by mass.
Toluene was used to reduce viscosity of the resin. The edge and bottom sides of the slice were sealed with two
layers of waterproof adhesive tape, and then de-aired in vacuum (1 bar below atmosphere) for 40 minutes. Next,
the prepared resin was poured onto the sample to cover its entire surface without breaking its vacuum. The
vacuum was then released and a compressed air at 0.25 MPa above atmospheric pressure was applied to push
the resin further into the sample. Figure 3-7 schematically shows the epoxy impregnation procedure. The
impregnated sample was cured at room temperature for 2 days to allow proper hardening of the epoxy. The
fluorescent epoxy resin penetrates the sample via microcracks and pores, and protects the sample from further
damage during subsequent grinding and polishing operations.
a) b)

1 bar below atm

2.5 bars above atm

Figure 3-7 Illustration of the impregnation procedure: a) impregnation under vacuum,
b) application of additional pressure to push the resin farther into the sample.

After the resin has hardened, the impregnated slice was ground and polished on the Struers LaboPol-5
polishing machine at successively finer size. The slice was ground using diamond disc (Struers MD —Piano) of
grit sizes 120, 240, 500 and 1200, and then polished with diamond pastes of 9, 6, 3 and 1 um fineness on
polishing cloths to obtain a flat surface for imaging. Figure 3-8 shows examples concrete slices after a) freeze
drying, b) vacuum impregnation and c¢) grinding and polishing.

©)

Figure 3-8 Preparation of epoxy impregnated flat polished concrete sections for microscopy. The images
were obtained after: a) cutting and freeze drying, b) vacuum impregnation and c) grinding and polishing.
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Sample preparation for microscopy may induce some additional microcracking, especially during the
initial diamond saw cutting and freeze-drying with liquid nitrogen steps. However, the possibility of
preparation-induced microcracking is reduced by epoxy impregnation because the hardened epoxy provides
protection and preserves the microstructure. Furthermore, if the mechanical grinding and polishing stages

produce new microcracks, these would not be epoxy-filled and therefore will not be imaged with LSCM.

A reference sample was prepared in order to assess the potential damage caused by sample preparation.
The reference sample was prepared with CEM I 52.5R, coarse (10 mm) and fine (5 mm) aggregate at 68% vol.
fraction and water to cement ratio of 0.50. It was cast in a cylindrical mould (@100 mm, height 50 mm),
demoulded after initial 24 hours and cured in saturated calcium hydroxide for 14 days. The sample was then
sectioned, freeze-dried, epoxy impregnated, ground and polished following the same procedures that were
applied to sealed-cured samples. A proper wet curing and high w/c ratio should minimise autogenous shrinkage
and avoid internal cracking, so any microcracks present in the reference sample is likely due to sample
preparation. The polished sample was imaged using LSCM, and microcracks were characterised by image
analysis (see Sections 3.3.2 and 3.4.1 for more details). The results show that the reference samples contained
some amount of microcracking, but these are small, short, and spatially distributed. The measured dendritic
density and area fraction of these microcracks is only 0.06 mm/mm2 and 0.07% respectively. About 95% of all
microcracks have widths below 20 um (average width 11.5 pm) and 90% have lengths below 250 pm (average
length 121 um). These values have to be kept in mind when characterising autogenous shrinkage-induced
microcracks. Unfortunately, there is no other way to omit this problem since fluorescence microscopy requires

fluorescent resin impregnation.

X-ray microtomography requires a much simpler sample preparation. This is because the technique is
non-destructive and does not require special sample preparation techniques. Furthermore, the sample can be
imaged as is, without requiring any pre-drying unlike fluorescence microscopy. It can image any shape and
sample volume in a range from hundreds of pm? to tens of cm®. However, the resolution decreases with increase
in sample volume. Therefore, it was decided that 30 mm diameter cores of concrete will be prepared for
scanning. The samples were either cast into a plastic container of @30 mm and height 65 mm or drilled from

larger volume (cylindrical samples of @95 mm, height 65 mm).

3.3.2 Imaging with LSCM

Laser scanning confocal microscopy (LSCM) was used to image and characterise microcracks in two-
dimensions in this study because it can image a large area of the sample cross-section at a good resolution and in
a relatively short time. The fluorescent resin impregnated samples were imaged using a Leica TCS SP5 LSCM
with an objective lens of 5x magnification. The theoretical resolution and achievable field of view of the
objective lens is 1.30 pm and 3.10 x 3.10 mm?, respectively. Each sample was placed on the motorized scanning
stage of the microscope. Then, the sample was levelled to ensure even brightness and focus of the captured
images, while the entire area (65 x 95 mm?) was imaged. This was achieved using several layers of adhesive

tape on the underside of the sample.

49



An argon laser line of 488 nm was used to excite the fluorophores in the fluorescent resin impregnated
sample and the beam splitter was configured to a range of 500 nm to 600 nm to allow the emitting fluorescence
to be collected by the PMT. The laser intensity was set to 15% and the PMT sensitivity was adjusted
correspondingly to prevent oversaturation. The pinhole aperture was maintained at 1 Airy unit and a zoom factor
of 1x was adopted while imaging, which corresponds to 50x overall magnification. The images were digitised to
2048 x 2048 pixels at a pixel spacing of 1.5144 um. The entire surface area of the sample was captured in tiles

with 10% of overlapping, and this required 600 images (a mosaic of 20 x 30 images) per sample.

These settings were kept consistent for all samples to ensure repeatability. An example of three
consecutive fluorescent images captured using the LSCM at 10% overlap is shown in Figure 3-9. The images
captured in tile scans were aligned and then stitched to produce a large montage of the entire epoxy-intruded

area using Image J with Grid/Collection Stitching plugin (Stitching plugin).

Figure 3-9 Example of consecutive fluorescence images captured by LSCM at 10% edge overlap.

3.3.3 Imaging with X-ray microtomography

X-ray microtomography was carried out using the Metris X-Tek HMX ST 225 CT scanner available in
the Natural History Museum in London. The concrete core was mounted on the rotating stage between the cone
beam of the X-ray source and the detector that has a matrix of 2000 x 2000 pixels. The stage was positioned in a
way to achieve maximal geometrical magnification while maintaining an optimal fitting of the whole sample
into the field of view. This was obtained (for @30mm cylindrical samples) at the X-ray source to sample
distance and sample to detector distance of 91.5 mm and 1088 mm, respectively. The rotation step was set at
0.1146°, thus 3142 projections were acquired with exposure time of 1.25 seconds per frame. The voltage and
current of the X-ray source were set at 220 kV and 200 pA respectively, due to high density of the scanned
material. Additionally, a 5 mm thick copper filter was applied to improve image quality by removing low-

energy X-rays which do not provide useful information.

The imaging process was completed within 65 min per sample. This was followed by an automated
mathematical image reconstruction using the PRO Metris X-Tek software, which is accomplished by correcting
for centre shift (offset of the axis of rotation) and beam hardening effects (an increase in mean X-ray energy of

the X-ray beam as it passes through the scanned object). The reconstructed image volume with 15.52 pm voxel
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size resolution was achieved and the result was saved as 2D reconstructed slices in 16-bit tiff files. An example

of the reconstructed 3D image is presented in Figure 3-10 in orthogonal views and as a 3D rendering.

All concrete cores were scanned with the same settings and their 3D images were processed by means

of an image analysis to quantify the observed microcracks in 3D.

Figure 3-10 An example of concrete core scanned by X-ray microtomography.
The orthogonal views in XY, XZ and XY directions with 3D rendering.

3.4 Image analysis

Microcracks were imaged in two and three dimensions using fluorescence LSCM and X-ray
microtomography respectively. The characteristics of the microcracking were obtained by applying quantitative
image analysis. This generally consists of: a) image pre-processing, where the microcracks are segmented and
separated from other porous features based on size and shape characteristics, and b) quantifying parameters such
as the microcrack density, area/volume fraction, surface area, distribution of crack widths and lengths,

orientation/degree of anisotropy, connectivity and tortuosity (in the case of 3D imaging).
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3.4.1 2D image analysis

Images collected with LSCM were pre-processed to obtain binary images that consists of only
microcracks. Figure 3-11 presents a flow chart summarising the main steps in this process and Figure 3-12

presents example images at different stages of the procedure.

Stitch Cro

A) Raw data p

(&) Grid/Collection 20000 x 30000 pix Grey scale LUT
. (C) Threshold (B) Median filter

(E) Manual tracing ALT-Sauvola 20 05 Invert

v
| (F) Subtract (E)-(C) = (G)Shape>1.5 }——>|  (H) Close 3 — Fill holes |
v

(L) Skeletonise (K) Fill holes Dilate 5 (I) Despeckle
v ¢ v
Measurement: Measurement:
» crack length * area fraction .
. (J) Local thickness
* density * surface area
* orientation

v

Measurement:
» crack width

Figure 3-11 Flow chart showing the main steps of image pre-processing.

The raw data (Figure 3-12-A) were first stitched into a montage image of the entire area of the sample.
Then a sub-area was cropped to exclude edges because these tend to be out of focus and noisy. The cropped
images were converted to grey scale and inverted to highlight features of interest. Additionally, a median filter

of 0.5 x 0.5 was applied to remove noise. An example is shown in Figure 3-12B.

The grey scale images were subsequently thresholded with an auto local threshold, which applies
different threshold values to different parts of the image. This type of segmentation method was chosen because
imaging such a huge area inevitably produces images with slight variation in brightness intensity. The Sauvola
method (Sauvola and Pietaksinen, 2000) with radius of 20 pixels was adopted to all images and the method was

implemented in Image J. An example of thresholded image is shown in Figure 3-12-C.

In the next step, the microcracks were separated from other porous features by manual tracing. The
tracing was done on the thresholded image enlarged to 1:1 scale montage image in Avizo Fire with a Brush tool.
Using different brush sizes and referencing grey scale images as a mask enable us to select only those regions
with microcracks that are clearly visible in the enlarged image and can be differentiated from other porous
regions. The adopted microcrack separation procedure is a very time consuming process, but is the most reliable

method. The tracing procedure and traced microcracks are presented in Figures 3-12-D and 3-12-E respectively.
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Figure 3-12 Image processing: A) raw data, B) grey scale LUT & invert & median filter 0.5, C) ALT
Sauvola 20, D) manual tracing, E) traced microcracks, F) subtraction: (E)-(C), G) application of circularity
factor (Shape AP: noise < 1.5 > microcracks), H) accurate microcracks, I) closing 3 pixels’ disc & fill holes

& despeckle, J) local thickness measurement, K) dilating 10 pixels’ disc & fill holes, L) skeletonisation.
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The microcracks were then obtained by subtracting the thresholded image (C) from the traced image
(E). The result of the subtraction may still include some undesirable features, such as those seen in Figure 3-13-
F. To remove these features, the image was labelled and analysed with sieve analysis in Avizo Fire. In the
sieved analysis, a parameter describing circularity of particle (Shape AP) was measured and set to distinguish all
circular particles (Shape AP < 1.5) coloured in green from elongated microcrack (Shape AP > 1.5) coloured in

red. The result of the sieve analysis is presented in Figure 3-12-G.

The images with circular particles removed (e.g. Figure 3-12-H) were subsequently subjected to two
morphological operations: closing with three-pixel sized disc as structuring element and filling holes.
Additionally, a despeckle filter was applied to remove any remaining noise. The result (shown in Figure 3-12-I)
is the final binary image of the microcracks, which is used to measure parameters as area fraction, surface area

and orientation of the microcracks.

The quantitative analysis of the microcrack width was carried out by applying local thickness
measurements on separated images (Figure 3-12-J). Crack length and density measurements were performed on
skeletonised microcracks. To do this, binary images of the microcracks were dilated with ten-pixel sized disc as
structuring element and all remaining holes were filled as shown in Figure 3-12-K. This procedure smooths
jagged edges of the microcracks, enabling precise skeletonisation. The skeletonised microcracks are presented in

Figure 3-12-L.
The main quantified parameters are:

e  Area fraction (Aa) was calculated as the ratio between the total area of the microcracks (Acrack)

to the area of the image (Aimage)-

e  Crack density (Dp) was defined as the total length of skeletonised microcracks divided by

image area. It can be also expressed as the number of microcracks (Nerck) per image area.

e Surface area of the microcracks (SA) was estimated using line intercept count method (LICM)
(Huang and Klette, 2004) implemented in Avizo Fire software. This method generates a line
probe and searches for an object boundary, then it counts the object-probe intercepts and
finally estimates surface area by stereology. From the surface area measurement, two other
parameters can be calculated: specific surface area (SSA), which is the ratio between the SA
to the total area of the micocracks, and surface density (SD), which is the ratio between the

SA of the microcracks to the image area.

e  Distribution of crack widths (W) was obtained using local thickness measurement
implemented in BoneJ (Doube et al., 2010). It estimates local thicknesses by fitting maximal
circle to every point in the structure (Dougherty and Kunzelmann, 2007, Hildebrand and
Riegsegger, 1997). The circle diameter at each point represents the microcrack width. From
these local thicknesses, a mean width (Wmean) and distribution of microcrack width can be

obtained.

e  Length of the microcracks (L) was measured as dendritic length of the skeletonised

microcracks, which is the skeletonised crack area divided by the pixel size. Measured values
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for each microcrack were used to calculate a mean length (Lmean) and distribution of

microcrack length.

e Degree of anisotropy (DA), which determines the microcrack orientation, was measured by
the intercept method and presented by means of rose of intercepts (Launeau and Robin, 1996).
This method is based on counting intercepts between microcracks and test lines drawn on the
image montage at regular intervals and at angles: 0°, 45°, 90°, 135°. The total number of
intercepts for each angle is divided by the total length of the test line and the results are

plotted on a rose diagram.

3.4.2 3D image analysis

3D image analysis is the focus of Chapter 6 and therefore the details of the methodology will be
presented in that chapter. Briefly, image pre-processing with algorithm for separating microcracks are proposed
and parametrisation approaches are consequently applied to the three-dimensional images. For more details,

please refer to Chapter 6.

3.5 Summary

This chapter describes the experimental methods and procedures used in this thesis. Details of
materials, mix proportion, sample preparation, conditioning regime to induce microcracking, 2D and 3D
imaging techniques with respective sample preparation for imaging and image analysis were presented. The

overall experimental programme is summarised in Figure 3-13.

The magnitude of the autogenous shrinkage indicates if the concrete is exposed to a higher risk of
internal microcracking. Results from the linear deformation measurements due to autogenous shrinkage will be

discussed in Section 7.3.

The autogenous shrinkage induced microcracks were characterised in two-dimensions using
fluorescence imaging and image analysis. Samples were impregnated with a fluorescent epoxy, and then imaged
with LSCM. The stitched montage images were used to quantify the microcracks in terms of length, width,

orientation, density, surface area and area fraction. Results from the analysis will be presented in Section 7.4.

X-ray microtomography was used to image the sample in three-dimensions, but at lower spatial
resolution compared to LSCM. The proposed image analysis with developed separation algorithm (Chapter 6)
was applied to quantify the microcracks. This includes parameters that cannot be obtained in 2D analysis such

as connectivity and tortuosity. The 3D analysis of microcracks will be discussed in Chapter 8.
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Experimantal programme

Autogenous shrinkage

2D characteristics of microcracks

3D characteristics of microcracks

Sample preparation:

e Casting in postal tubes with
end caps (cylinder @78 mm,

H300 mm),

e Steel studs embeded at the
ends of the samples

e Sealed curing at 21+£1°C

Sample preparation:

¢ Casting in plastic containers

with lids (cylinder 395 mm,
H65 mm)

¢ Sealed curing at 21+1°C

Sample preparation:

e Casting into plastic containers
with lids (cylinder @95 mm,
65H mm and cylinder 30 mm,
50H mm)

e Sealed curing at 21£1°C

Shrinkage measurement:

* Length change measurements

between the two studs over time

e Linear deformation calculation

Sample preparation for imaging:
e Cutting into 95x65x8 mm slices

e Freeze drying with LN
* Fluorescent resin impregnation
¢ Grinding & polishing

Sample preparation for imaging:

o Drilling cores of 330mm

2D imaging with LSCM:
* Magnification 50x
e Pixel size 1.5144um

e Tile scan: mosaic 20x30 (600
images of 2048%x2048pix)

¢ imaged area 65x95mm

3D imaging with X-ray
microtomography

o VVoxel size 15.52um

* Imaged volume @30 mm,
H30 mm cylinder

Image analysis

¢ See Chapter 6 for details of the
developed metholodology

Image analysis:
e Stitching montage image
* Manual tracing of microcracks

* Quantitative measurement

Figure 3-13 Summary of overall experimental programme.
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Chapter 4

Assessment of 3D microscopy techniques for imaging microcracks

The aim of this Chapter is to evaluate different ways for inducing microcracking in concrete in the
laboratory environment and to examine the feasibility of three-dimensional microscopy techniques for imaging
the microcracks. Several types of samples containing different degrees of microcracking induced by drying
shrinkage with internal and external restraints, autogenous shrinkage, and freeze-thaw cycles are investigated. A
range of three-dimensional microscopy techniques is evaluated including focused ion beam nanotomography
(FIB-nt), broad ion beam serial sectioning (BIB), X-ray microtomography (u-CT) and laser scanning confocal

microscope (LSCM). The advantages and limitations of these techniques are discussed.

4.1 Background

Concrete as a widely used construction material is subjected to various forms of deterioration during its
service life due to mechanical loading, moisture and thermal gradients, and degradation mechanisms such as
alkali-aggregate reactions, sulphate attack, freezing—thawing, and corrosion of reinforcement. These are very
often associated with development of microcracks. To-date, the nature of microcracks in cement-based materials
is still relatively poorly understood. The main reason for this is the lack of suitable techniques to detect and
characterise microcracks. Conventional methods for detecting and characterising microcracks include imaging
polished cross sections with scanning electron microscopes (SEM) and optical microscopes (OM). However,
these techniques can only observe a two-dimensional cross-section of a three-dimensional structure. This is a
major limitation and significantly reduces the insights that can be gained from such analyses. Consequently,

three-dimensional imaging techniques should be exploited to fully characterize microcracks.

Focus ion beam (FIB) nanotomography is a well-known and established 3D imaging technique.
Nowadays, dual beam SEM-FIB systems are available in many microscopy laboratories. However, only a small

number of investigations have applied this technique to cement-based materials.

The next generation of ion beam-SEM instrumentation will probably include a broad ion beam (BIB)
source in addition to FIB. The first BIB-cryo-SEM microscope was installed at RWTH Aachen University in
Germany (Desbois et al., 2013). As it is a relatively new technique, this instrument has so far only been applied

for investigating the microstructure of sedimentary rocks (Desbois et al, 2009 & 2013).

3D imaging with the laser scanning confocal microscopy (LSCM) has been widely applied in
biological sciences. However, until now, only a few studies have used this technique in cement and concrete

research. This is mainly due to the imaging depth of LSCM in concrete being limited to several microns. Using
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the fluorescent mode of the LSCM, 3D imaging of capillary pores, ‘Hadley’ grains and microcracks in concrete
was performed by Head and Buenfeld (2006) and Head et al. ( 2006, 2008). Various studies have also used the
reflected mode of LSCM for characterization of surface roughness of cement-based materials, for example

Kurtis et al. (2003), Ficker et al. (2010) and Lange et al. (1993).

X-ray microtomography is a widely used technique in almost every field of materials science. This is
mainly because of its non-destructive nature and its ability to image a wide range of material types and sample
sizes in three dimensions. Also in cement and concrete research, this method has found a number of
applications, including characterization of microstructure of deteriorated mortars due to sulphate attack (Naik et
al., 2006), carbonation processes (Han et al., 2012), freezing-thaw action (Promentilla & Sugiyama, 2010) and
calcium leaching (Burlion et al., 2006), characterization of pore structure in cement paste (Promentilla et al.,
2008) and concrete (Lu et al., 2006), quantitative measurements of crack growth under loading (Landis et al.,

2006) and characterization of cement hydration products (Gallucci et al., 2007).

All of these three-dimensional microscopy techniques will be examined in this Chapter to evaluate

their feasibility for imaging microcracks in cement-based materials.

4.2 Strategies to generate microcracks

Microcracking is often caused by restrained drying shrinkage. This is particularly true in concrete
overlays and slabs where single-sided drying occurs, and the resultant shrinkage is resisted by internal or
external restraints. Consequently, one-directional drying at various temperature and relative humidity conditions
was chosen as the first strategy to generate microcracks. Several types of sample were prepared. Neat cement
pastes and mortars were subjected to drying in a ventilated oven at 30°C and 105°C. Moreover, cement pastes
and mortars cast against steel cylinders/rings, which act as an external restraint, were exposed to drying at

various relative humidity levels.

A second major source of microcracking is autogenous shrinkage, which is defined as volume change
that occurs without any moisture transfer between the sample and the environment (Lura et al., 2003). This is a
result of self-desiccation of concrete due to the reduction in internal relative humidity as water is consumed
during cement hydration. In normal strength concrete mixes, the magnitude of autogenous shrinkage is
relatively small compared to drying shrinkage and so is often ignored. This is not the case for high strength
concrete. The increasing use of high strength and high performance concretes containing low water/binder ratio,
supplementary cementitious materials and multiple chemical admixtures has highlighted the problem of
autogenous shrinkage in these concretes. For this reason, a second proposed strategy for generating microcracks
is by producing concrete samples with very low water to binder ratio followed by sealed curing to induce

autogenous shrinkage.

Another damaging action affecting concrete is temperature change. Cyclic freeze-thaw is one of the
major causes of deterioration of concrete structures especially in regions that experience sub-zero temperature
conditions such as the Arctic zone, Scandinavia, Canada, Russia and Northern China. Progressive deterioration

due to freezing and thawing of saturated concrete starts with surface scaling and can lead to very severe internal
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cracking and ultimate collapse. This is the last alternative strategy to generate microcracks that will be

considered, where water saturated concrete samples were prepared and exposed to cyclic frost attack.

4.2.1. Materials, mix proportion and samples

Sample preparation (materials, mix design, mixing, and curing) and drying conditions are explained as

follows. Cement paste, mortar and concrete samples were prepared at three w/c ratios of 0.25, 0.4 and 0.5 with

CEM132,5R, CEM I 52,5R CEM III/B 42,5N and silica fume as binders. Properties of the cementitious

materials including their oxides composition are given in Table 3-1 in Section 3.1.

Sample

Aggregate

Aggregate

Max agg.

Sample Age

Sample type Binder type fraction size [mm] dimensions [days] Exposure
Cement Cylinder
CP/C-7/30 CEM132,5R - - - ?100mm, 7 Oven 30°C
Paste
H25mm
Cylinder
M/C-730  Morar  CEMI1325R  CENRel g0, 2 o100mm, 7 Oven 30°C
sand
H25mm
Cylinder
cp/c-7/105 SOt cEMI32,5R - - - ©100mm, 7 Oven
Paste 105°C
H25mm
Cylinder
M/C-7/105 ~ Mortar ~ CEMI32,5R CENRef. 670, 2 ©100mm, 7 Oven
sand 105°C
H25mm
I/h?lm es Cylinder Oven
C/C-28/105  Concrete CEM132,5R aey 67% 10 @100mm, 7 c
sand 105°C
. H50mm
limestone
Climate
CP/C(S,SF) CEM132,5R Ring ch_amber
CEM III/B T=23°C
-1(3,7) Cement Oout 65SMm _
/35(50,65,  Past 42,5N - - - O 15 RA=35%
80) (50, 65, aste CEM132,5R Hlomm® RH=50%
+10% SF RH=65%
RH=80%
CEM132,5R .
CEM III/B Ring 1 Fog room
W (Cﬁ) ) Mortar 425N CERREE 67, 2 i T=23°C
’ CEM132,5R HZOmm 7 RH=50%
+10% SF
Thames Cylinder Freeze-
C/C-14/42FT Valley o thaw:
(S6FT,70FT) Concrete CEM152,5R sand 68% 10 A100mm, 14 42, 56,70,
H50mm
gravel 84 cycles
Thames Cylinder
C/SF-14/SC  Concrete  CLM152.5R - Valley 640, 10 @95mm, 14 Sealed,
+9% SF sand room tem.
H65mm
gravel

Table 4-1 Samples, materials and exposure conditions.

CEN Reference sand (< 2 mm), Thames Valley sand (< 5 mm), Thames Valley gravel (< 10 mm) and

limestone (< 10 mm) were used as fine and coarse aggregate. The volume of entrapped air voids, moisture

content of aggregates and their absorption of water were assumed to be negligible. The specific gravity of

aggregates, CEM I, CEM 111, silica fume and water are 2.65, 3.06, 2.90, 2.30 and 1.00 respectively. The sand to

total aggregate mass ratio was selected as 0.4 to obtain a good workability. A superplasticiser (Sika Visco
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Crete® 20 HE) was used in mixes containing silica fume. Table 4-1 lists the samples, materials and exposure
conditions used for all samples. Table 4-2 lists the mix proportions for all samples designed according to the
absolute volume method (Neville, 1995). Mixes were prepared, and all samples were exposed to the specified

exposure conditions to generate different types of microcracking.

Cement Cement Silica

Water Sand Gravel Limestone  Admixture

Sample wie g ]lfgh;InL gEkz[/g} SFf.-ul?gl 7m3 w: kg/m® s :kg/m® g :kg/m’ I:kg/m® sp: kg/m®
CP/C 0.4 1376 - - 550 - -
CP/S 0.4 - 1343 - 537 - -
CP/SF 0.4 1220 - 135.6 542 - - - 1.356
M/C 0.5 510 - - 255 1531 -
M/S 0.5 - 506 - 253 1518 -
M/SF 0.5 457 - 51 254 1523 - - 0.508
C/C-105 0.5 399 - - 200 702 - 1053
C/C-FT 0.5 388 - - 194 712 1068
C/SF 0.25 488 - 49 134 712 1068 - 5

Table 4-2 Mix proportions.

4.2.2 Conditioning

Samples were conditioned in the following regimes: Regimes A, B, and C were designed to produce
microcracking from internally restrained and externally (by steel disc/ring) restrained drying shrinkage. In

regimes D and E, samples were subjected respectively to autogenous shrinkage and cyclic freezing and thawing.

A) Oven drying at 30°C and 105°C

Disc samples of cement paste and mortar with diameter of 100 mm and thickness of 25 mm were
prepared and cured for 7 days in a fog room. The curved surface of each sample was then sealed with
waterproof adhesive tape to simulate one-directional drying. Following that, one sample of cement paste (CP/C-
7/30) and another sample of mortar (M/C-7/30) were placed in a ventilated oven at 30°C and their replicates
(CP/C-7/105 and M/C-7/105) were placed in another oven at 105°C. Moisture content of the sample was
frequently monitored until the mass change between the last two measurements was less than 0.2%, at which
moisture equilibrium was considered to be complete. Afterwards, one of the exposed drying surfaces of each

sample was vacuum impregnated with fluorescent epoxy resin to facilitate visibility of the formed microcracks.

B) Drying at relative humidity of 35%, 50%, 65% and 80%, and temperature of 23°C

Cement pastes with three different binders: CEM I, CEM III and CEM I + 10% of silica fume (CP/C,
CP/S, CP/SF) were cast around steel cylinders as shown on Figure 4-1, and cured in a fog room for 1, 3 and 7

days. Twelve replicate samples were prepared for each binder and curing period. The geometry of the samples
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was designed to induce more severe cracking by placing rigid object (steel cylinder) in the middle of the
shrinking matrix. This simulated drying shrinkage with external restraint. At the end of curing, flat surfaces of
the samples were sealed with adhesive foil to allow circumferential drying through the curved surface. The
samples were then exposed to drying in four climate chambers (three replicate samples in each chamber) at
relative humidity levels of 35%, 50%, 65% and 80%, and the temperature of 23°C, and their weight loss was

frequently measured.

Top View:

Cement paste

65mm

Steel cylinder

Cross Sectional View: =)

Sealed

Drying E

Figure 4-1 Geometry of cement paste samples.

Sealed

Moreover, the same cement pastes were cast into prisms with dimensions of 160x40%10 mm for linear
deformation measurement. Three replicate prisms with embedded steel studs at their ends were prepared and
exposed to drying in the climate chambers. Additionally, one set of prisms were constantly cured in the fog
room. Length change between the two studs of each prism was regularly measured by a length comparator

device. The details of this procedure and calculation of the deformation are presented in Section 3.2.

The measured linear deformation of cement pastes are shown in Figures 4-2 (a), (b) and (c)
respectively for different binder types and conditioning humidity. Until the age of 7 days, all prisms were cured
in the fog room and in this period, the highest shrinkage occurred in CEM III pastes. This is associated with
high chemical and autogenous shrinkage of systems containing GGBS compared to ordinary Portland cement.
After the first 7 days, samples were dried in climate chambers and the prisms started to shrink significantly. The
highest shrinkage rates were observed in the first 14 days of drying. Lower conditioning relative humidity
produced higher shrinkage. For example, the shrinkage in samples dried at 35% RH was about 1000 pe higher
than similar samples dried at 80% RH after 57 days of drying. Samples containing SCMs had greater shrinkage
compared to CEM I pastes. On the contrary, samples that were continuously cured in the fog room showed very
little shrinkage. In fact, CEM I pastes showed a small amount of expansion. Linear deformation measurement
indicates tendency to cracking when the measured strains are high. Based on these observations, microcracking
would be expected in samples with steel cylinders acting as external restraint to the surrounding shrinking

matrix, particularly in samples that were dried at low relative humidity.
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Figure 4-2 Linear deformation of cement paste prisms: (a) CP/C-7, (b) CP/S-7 and (c) CP/SF-7
exposed to conditioning regime at five different RH: 35%, 50%, 65%, 80% and 100%.

C) Drying at relative humidity of 50% and temperature of 23°C — restrained ring test

This was carried out in accordance with ASTM C1581/C1581M, a widely used standard test to assess
the potential for early-age cracking in concrete. Mortar or concrete is cast in a cylindrical mould around a steel
ring, which acts as the restraining support. The geometry of the sample and steel ring is shown in Figure 4-3.
Three mortar mixes (M/C-1/50, M/S-1/50, M/SF-1/50) were prepared for the test and cured in sealed plastic
bags for 24 hours. Following that, the samples were demoulded and exposed to circumferential drying at 50%
relatively humidity and 23°C by sealing the top and bottom surfaces of the samples with silicon. Each steel ring
was equipped with four strain gauges and linked to a data acquisition system that records strain at every 15
minutes interval from the time of casting. Therefore, the exact moment of cracking and the strain at the time of
cracking can be obtained. Example results are presented in Figure 4-4, where the relief in strain development
indicates the time when cracking occurs. It was observed that samples containing slag and silica fume cracked
approximately at the same time, after four days of drying with almost completely relief in strain, while mortars
containing only Portland cement cracked after a longer period of drying — five and a half day with step wise

relief of the strain. This indicates that mortars containing SCMs as a binder exhibit higher risk to cracking while

drying.
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Figure 4-3 Ring test — mortar samples. (ASTM Figure 4-4 Strain development in mortar samples
C1581/C1581M) (M/C-1/50, M/S-1/50, M/SF-1/50)

exposed to drying in the restrained ring test.

D) Sealed curing

Concrete samples were prepared using CEM I 52.5R with 9% silica fume at low water to binder ratio
of 0.25. Workability of the mix was controlled by reducing total aggregate fraction to 60% and by adding 1%
superplasticiser (Sika ViscoCrete® 20 HE) by mass of total binder. The mix was cast into a cylindrical plastic
container (095 mm, 65 mm height) and compacted in three layers on a vibrating table. The container was sealed
with a lid and wrapped in many layers of cling film to prevent any moisture exchange with the environment.
The sealed sample (C/SF-14/SC) was cured in room temperature until the age of 14 days. Moreover, the same
concrete mix was cast into three cylindrical tubes (75 mm, 300 mm height) for linear deformation
measurement. Each end of the concrete cylinder was embedded with a steel stud for length change
measurements. Details of this procedure and calculations are presented in Section 3.2. Measurement began after
initial set, which was approximately 6 hours after casting and the results are plotted in Figure 4-5. Since the
sample was sealed cured, it can be assumed that the observed deformation is associated with autogenous
shrinkage. The highest shrinkage increment was observed in the first two weeks after casting, reaching a value
of 322 p-strain. Afterwards, the rate of the shrinkage decreased. Such levels of shrinkage in early age concrete is

expected to produce microcracking.

E) Freezing-thawing (-20/+20°C) for 42, 56 and 70 cycles

Concrete disc samples (C/C-14/FT) of diameter 100 mm and thickness 50 mm were prepared and cured for 14
days in water at 20°C. The samples were then subjected to freezing and thawing according to the procedure
described in Standards of European Committee for Standardization (CEN/TR 15177:2006). The samples were
exposed to increasing number of freeze-thaw cycles, where each cycle consists of 8 hours of freezing at -20°C
and 4 hours of thawing at +20°C with weight measurement every 14 cycles. The results presented in Figure 4-6

indicate that mass loss increased with number of freeze-thaw cycles up to 56 cycles and then the mass loss
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stabilized. This is associated with frost attack and scaling of the concrete surface. The samples were removed

after 42, 56 and 70 cycles of freeze-thaw for microcrack characterisation.
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Figure 4-5 Linear deformation of sealed-cured
concrete sample (C/SF-14/SC).

Figure 4-6 Mass loss of concrete sample subjected to
84 cycles of freeze-thaw (C/C-14/84FT).

4.2.3 Observation of microcracks

Fluorescence microscopy and image analysis were used to observe and measure the microcracks
induced by the different conditioning regimes. Each disc sample was pressure impregnated at 0.7MPa above
atmospheric pressure with low viscosity fluorescent dyed epoxy resin. The resin penetrates the sample via
microcracks and pores and fills all of the connected empty spaces. The impregnated sample was then cured at
room temperature for 3 days to allow proper hardening of the resin. When the epoxy has hardened, a 10 mm
thick slice was extracted from the centre of each sample (cross-sectioned) and the slice was ground using silicon
carbide paper of P120, P240 and P500 grit sizes to obtain a flat surface for imaging. The cross-section was then
imaged with a petrographic microscope and SLR camera using UV illumination. The epoxy penetration depth,

microcrack pattern and other crack characteristics were characterised using image analysis.

A) Drying shrinkage microcracking (internal restraint)

Example images taken with the DSLR camera for cement paste (CP/C-7/30 and CP/C-7/105) and
mortar (M/C-7/30 and M/C-7/105) are shown in Figure 4-7, where the epoxy penetration depth and microcrack
pattern can be observed. The images clearly show that increasing the severity of drying induces more
microcracking and increases impregnation depth, which is expected. 2D image analysis on micrographs taken
by the petrographic microscope demonstrated that the microcracks formed approximately perpendicular to the
drying surface, with a penetration depth of less than 10 mm. The detectable microcracks had widths ranging
from 1 to 60um, however more than 80% of them had widths and lengths of <10 um and <100 pm. Despite
being subjected to drying at 105°C, which is much higher than what most structures are exposed to, the

microcracks were rather isolated with little tendency for branching and had very low density (approximately 1
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microcrack per mm?). More information on the 2D characteristics of this type of microcracking can be found in

a PhD study of Zhigen Wu (Wu, 2014).

Oven drying at 30°C Oven drying at 105°C

Cement paste Cement paste

Figure 4-7 Top and side view of cement paste (CP/C-7/30 and CP/C-7/105) and side view of mortar (M/C-
7/30 and M/C-7/105) samples impregnated with resin after drying at 30°C and 105°C.

B) Drying shrinkage microcracking (external restraint)

Substantial amount of cracks were visible on the circumferential surface of cement paste rings. These
are the 1, 3 and 7 days old cement paste samples (CP/C, CP/S, CP/SF) that were externally restrained and dried
in various relative humidity (35%, 50%, 65% and 80%). The bar charts presented in Figure 4-8 show the
average number of cracks formed after 1, 5 and 7 days of drying measured on three replicate samples each. It
can be seen that the number of cracks increases with drying time and with decrease in relative humidity. It can
also be observed that well hydrated samples and therefore denser systems cracked more easily than younger
samples. Pastes containing silica fume were the least resistant to cracking. However, these cracks were large
enough to be visible to the naked eye. These are macrocracks rather than microcracks and so they will not be

further considered in this project.
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Figure 4-8 Cracking of restrained cement paste rings after drying at a) 35%, b) 50%, c) 65% and d) 80% RH.

C) Autogenous shrinkage microcracking

Severe internal microcracking was observed in the concrete sample (C/SF-14/SC, w/b 0.25) that was
sealed cured to induce autogenous shrinkage. Images of the impregnated sample are shown in Figure 4-9. The
microcrack pattern can be clearly observed as the resin penetrated the samples via connected network of the
cracks. The formed microcracks are uniformly and densely distributed throughout the whole area of the cross-
section taken from the middle of the sample. The crack width range from a few um to few hundreds of pm,

however more than 80% of the cracks had widths of <50 um.
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Figure 4-9 Microcrack pattern of concrete sample (C/SF-14/SC) subjected to autogenous shrinkage.

D) Freeze-thaw microcracking

Severe cracking was also observed in concrete samples (C/FT) subjected to 42, 56 and 70 cycles of
freezing and thawing. The degree of microcracking varied depending on the number of the freeze-thaw cycles.
Images of the impregnated samples are shown in Figure 4-10. 2D image analysis of cross sections imaged with
fluorescence microscope show that increasing freeze-thaw cycles produced wider cracks with denser
distribution, which facilitated the resin to penetrate deeper into the sample. An average impregnation depth
measured on the cross sections were 11, 16 and 19 mm for samples exposed to 42, 56 and 70 cycles
respectively. This clearly demonstrates that the degree of damage can be controlled by varying the number of
freeze-thaw cycles. Moreover, the induced crack width ranged from several pm to mm. These cracks appear

densely distributed and well-connected.

70 cycles

42 cycles 56 cycles

Figure 4-10 Concrete samples impregnated with fluorescent resin after 42, 56 and 70 freeze-thaw cycles
(C/FT/42, C/FT/56 and C/FT/70).
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4.3 Focused ion beam nanotomography (FIB-nt)

FIB-nt allows the reconstruction of a three-dimensional structure from images acquired by serial
sectioning via a focused stream of high-energy ionized Ga+ and imaging the successively exposed surfaces by
either secondary or backscattered electron microscopy. An evaluation of the potential of FIB-nt to detect and
image microcracks in 3D was carried out on a Zeiss Neon 40 with cross beam FIB-SEM at an angle of 54° and
SmartSEM V05.04 operating software. This facility, shown in Figure 4-11, is located at the Centre for Research

in Nano-Engineering at UPC in Barcelona.
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Figure 4-11 Zeiss Neon 40 FIB-SEM workstation Figure 4-12 Sample positioning and
at UPC — CRnE, Barcelona, Spain. cube preparation for FIB-nt.

4.3.1 Samples

Cement paste (CP/C-7/30) and mortar (M/C-7/30) were prepared and oven dried at 30°C until constant
mass. Dried samples were vacuum impregnated with low viscosity epoxy resin and then ground with silicon
carbide papers (P120, P240, P500, P1200) and polished on cloths with diamond pastes (9, 6, 3 and 1 um) in
order to achieve a flat surface. Following that, the samples were placed on metal stubs with conductive adhesive

tape and coated with carbon to minimize charging during image acquisition.

4.3.2 Imaging procedure

The sample was transferred to the microscope chamber and placed on the sample stage. Because of the
oblique geometry of the SEM-FIB column, the stage has to be tilted to an angle of 36° during sectioning and
imaging as shown in Figure 4-12. The sample surface is perpendicular to the ion beam, but images are taken by
the electron beam at a 54° angle. Thus, the images has to be corrected for distortion. This is done via the
SmartSEM software by recalculating the y dimension of each pixel according to the equation: y'=yXsin (54°).
Serial sectioning is preceded by preparation of an imaging cube of the required size. A square region of interest
(ROI) was selected and deposited with a thin platinum layer using the gas injection system. The area of the Pt
deposition is slightly bigger than the size of the prepared cube to protect the surface from undesirable ion-

induced erosion. Then, three trenches were eroded around the Pt layer using a 30 nA milling current to expose
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the required cube size, which was 20x20x20 um? and 30x30x30 um? for CP/30 and M/30 samples respectively.
The two parallel trenches allow for re-deposition of milled material during serial sectioning and prevent

shadow-effects, while the third trench exposes the imaging plane as shown in the Figure 4-12.

Additionally, reference marks for precise overlay of acquired images were produced by eroding three
lines on top of the cube. This alignment is essential because any movements of the imaging plane during milling
will produce drift artefacts. The reference marks consist of one parallel to the slicing direction line and one
additional line at 25° angle to the first line. The reference lines are approximately 1 to 2 um deep and were
produced using a 1 nA milling current for approximately 10 sec. These lines are visible on the images as three

reference spots and the distance between them decrease on subsequent slices which allows precise alignment.

Automated serial sectioning was carried out by cyclical milling and imaging until the required
thickness was obtained. Low milling current of 1 nA was applied to achieve uniform milling with slicing
distance of 40 and 60 nm for cement paste and mortar samples respectively. The microscope was operated in the
secondary electron (SE) mode at 2 kV accelerating voltage and 5.1 mm working distance. Images were collected
at 14650x (CP/C-7/30) and 960x (M/C-7/30) magnification with brightness and contrast set at 50% and 35%
respectively. Images were digitized to 1024x768 pixels, which correspond to voxel size of 20%x20%40 nm for
CP/C-7/30 and 30x30x60 nm for M/C-7/30. Approximately 800 images were acquired for each stack and these

were saved as tiff files. The whole process took around 15 to 20 hours for each sample.

4.3.3 Results

The reconstructed image volumes for the cement paste (CP/C-7/30) and mortar (M/C-7/30) samples are
shown in orthogonal views and 3D renderings in Figure 4-15 and 4-16 respectively. Image alignment according
to the reference marks was carried out in Fiji/ Image] with Template Matching plugin (Template Matching, Fiji/
ImagelJ) for image registration. A landmark (reference mark) was first defined on the first image and the
software then finds this landmark on subsequent images throughout the whole image stack. The images are then
translated and aligned so that the landmark pattern stayed in the same position. Figure 4-13 shows a top view of
one of the imaged cube before and after alignment as an example. Following that, a sub-volume cube of
15x12x10 pm?® (cement paste) and 25%23%20 pm3 (mortar) was cropped to exclude superfluous regions

containing the references marks, Pt layer, etc.

Original top view" JA/igned top vie{
- !
3
. | N
-
| - 3
|

Figure 4-13 Original and aligned images. Figure 4-14 Raw and wavelet-FFT filtered image
Alignment according to the reference lines of cement paste (CP/C-7/30) captured by FIB-nt.
on the top of the sectioned cube.
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Additionally, a wavelet-FFT filter was applied to the images to remove vertical stripes known as
‘waterfall effect’. This is an artefact of FIB-nt that is particularly severe for samples having phases that exhibit
variable resistance to ion milling. The Matlab algorithm proposed by Miinch et al. (2009) was adopted for the

wavelet-FFT filter. An example of raw and filtered images are shown in Figure 4-14.

On grey scale (8 bit) images, dark areas correspond to voids spaces i.e. microcracks and pores, whereas
brighter areas are solids such as cement grains, hydration products and aggregate particles. The 3D image of
cement paste sample (Fig. 4.15) clearly shows radial and bond cracks around unreacted cement particles. This is
a typical example of cracking induced by the presence of an internal restraint (stiff particle) in a shrinking
matrix. The 3D image of the mortar sample (Fig. 4.16) shows the presence of microcracks perpendicular to the
dried surface caused by moisture gradient that develops during drying. The widths of the detected cracks are

between 50 nm to 1.5 pm.

Figure 4-15 Orthogonal views and 3D rendering of cement paste (CP/C-7/30) acquired using FIB-nt
showing bond microcracks around unreacted cement grain.

Figure 4-16 Orthogonal views and 3D rendering of mortar (M/C-7/30) acquired using FIB-nt
showing matrix and bond cracks.
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4.4 Broad ion beam (BIB) serial sectioning combined with SEM imaging

Broad ion beam is a technique for producing highly polished cross-sections of delicate composite
materials for SEM investigations. The combination of BIB irradiation and high resolution imaging of successive
layers provides another approach for 3D imaging that bears similarities to that of FIB-nt (Desbois et al, 2010).
To assess the feasibility of this method for 3D imaging of microcracks, an argon ion beam cross-section polisher
JEOL SM-09010 (Figure 4-17) and Zeiss Supra 55 scanning electron microscope were utilized. Both devices are
located at the Department of Structural Geology, Tectonics and Geomechanics in RWTH Aachen University,

Aachen, Germany.

Figure 4-17 JEOL SM-09010 Ar-BIB cross-section  Figure 4-18 Schematic of Ar-BIB cross-sectioning.
polisher at RWTH Aachen University, Germany.

4.4.1 Samples

A mortar sample (M/C-7/30) was prepared, cured and then dried at 30°C until constant mass. The dried
sample was vacuum impregnated with low viscosity fluorescent epoxy resin and then sectioned to produce a
block of dimension 10x10x5 mm?. The imaging surface was sputter coated with gold after each preparation of

polished cross-section in order to minimize charging effects during SEM imaging.

4.4.2 Imaging procedure

The sample was placed on the specimen stage in the cross-section polisher. An optical microscope was
used for specimen positioning in the chamber. To produce a cross-section, a masking plate was placed across the
selected region and this was irradiated with a broad argon ion beam (about 500 um in diameter) at 6 kV
accelerating voltage and high milling current of 150 nA. The masking plate is a platinum bar which guides the
ion beam vertically to the top surface of the sample to create a polished surface beneath as shown in Figure 4-
18. With these parameters, a cross-section with imaging surface of about 2 mm? was achievable in 8 hours.
After each sectioning, the sample was coated with gold and then imaged in tiles with 10% overlapping using
BSE and SE detectors. The microscope was operated at 25 kV accelerating voltage and 4.6 mm working
distance. Images were collected at 1000% and 14000% magnification, and digitized to 1024 x 768 pixels at a
pixel size of 0.24 um and 0.02 um respectively.
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4.4.3 Results

The sectioning and imaging procedure was repeated for five times for the same selected region in order
to image the microstructure in 3D. Figure 4-19 presents the five successively polished cross-sections, the BSE
and SE images stitched in Fiji/ ImageJ with Grid/Collection Stitching plugin (Grid/Collection Stitching, Fiji/
ImagelJ). Thickness of each removed layer was obtained based on the distance between the first and successive
cutting marks, which was measured on the acquired images. The measured thickness between each successive
layer were 11, 19, 20 and 11um respectively. Unfortunately, the repeatability of the slice thickness was poor,

and this was probably due to the manual operation of the cross-section polisher.

Figure 4-19 Five successively polished cross sections (left row), stitched BSE image (middle row) and SE
image (right row) of M/C-7/30. Images collected at 500%, 1000x and 14000x magnification respectively.
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The stitched BSE and SE images were aligned, cropped and reconstructed. The reconstructed image
volumes of the mortar (M/C-7/30) are shown in orthogonal views and 3D renderings in Figure 4-20 and 4-21 for
BSE and SE images respectively. On the XY plane, many small bond and matrix microcracks of widths ranging
from 0.5 to 2.5 um were detectable. This shows that the images are of very high resolution in the XY plane.
However, the resolution in the YZ and XZ planes were very poor. It appears that significant amount of
information were lost between slices and that this affected the accuracy of the image alignment. Most
importantly, this makes it very difficult to link microcracks detected on the first cross-section with the

microcracks on the following cross-sections.

Figure 4-20 Orthogonal views and 3D rendering of mortar (M/C-7/30) obtained from BIB serial sectioning
combined with SEM-BSE imaging. XZ and YZ planes show very poor resolution of the technique.

Figure 4-21 Orthogonal views and 3D rendering of mortar (M/C-7/30) obtained from BIB serial sectioning
combined with SEM-SE imaging. XZ and YZ planes show very poor resolution of the technique.
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4.5 Laser scanning confocal microscopy (LSCM)

Laser scanning confocal microscopy is a widely used technique in biological research. It is able to
acquire images from within the sample and reconstruct these to generate a 3D image. A major advantage of this
technique is that the 3D imaging is carried out via an optical sectioning process that is direct and non-
destructive. Experiments were carried out to evaluate the possibility of using this technique for imaging
microcracks in 3D using a Leica TCS SP5 laser scanning confocal microscope (Figure 4-22). This microscope is
supported by the LAS AF Lite software and belongs to the Concrete Durability Group at Imperial College

London.

Photomultiplier Tube

Detector,
Pinhole
Out-cf-Focus Aperture
Light Rays j

In-Foecus

Light Rays J
Laser
Dichromatic Objective
Mirror

Focal
Planes

Figure 4-22 Leica TCS SP5 laser scanning confocal microscope
at Civil and Environmental Engineering Department, Figure 4-23 Confocal microscopy
Imperial College.

4.5.1 Samples

Concrete (C/C-14/56FT) was prepared and water cured at 20°C until the age of 14 days. Then, the
sample was exposed to 56 cycles of freeze-thaw action according to CEN/TR 15177:2006, where each cycle
consisted of 8 h freezing at -20°C and 4 h of thawing at +20°C. Following that, the sample was gently dried in a
step-wise manner at 30°C, 40°C and 50°C to prevent additional cracking. Then, the sample was impregnated
with low viscosity fluorescent dyed epoxy resin and sectioned into a rectangular block (40x20x8 mm). Finally,
the sample was ground at successively finer grit sizes (P120, P240, P500, P1200) and polished with diamond

pastes of 9, 6, 3 and 1 pm fineness.

4.5.2 Imaging procedure

The polished sample was placed on the motorized scanning stage of the microscope, which has a Z-
stepping distance of 0.025um. The microscope uses a focused laser beam as the light source and a pinhole to
remove out-of-focused light emanating from below and above the focal plane. The principles of the technique is

schematically presented in Figure 4-23. The laser passes through a pinhole aperture that is in a conjugate plane
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with a scanning point on the sample and a second pinhole aperture in front of the PMT detector (photomultiplier
tube). As the laser is scanned across the sample in a defined focal plane, secondary fluorescence emitted from
the sample is passed back through the dichromatic mirror and focused as a confocal point at the detector pinhole
aperture. However, some amount of fluorescence occurs at points above and below the focal plane that are not
confocal with the pinhole and forms extended Airy disks in the aperture plane. These out-of-focus fluorescence
are blocked by the pinhole aperture and do not contribute to the resulting image. Refocusing the objective shifts
the excitation and emission points on a sample to a new plane that becomes confocal with the pinhole apertures

of the light source and detector.

An argon laser line of 488 nm was used to excite the fluorophores in the polished sample and the beam
splitter was configured to 500-600 nm range to allow the emitted fluorescence to be collected by the PMT. The
laser intensity was set to 15% while the sensitivity of the PMT was adjusted correspondingly to prevent
oversaturation. The pinhole aperture was maintained at 1 Airy unit and a zoom factor of 1x was adopted. The
microscope is equipped with four objective lens: two oil immersion at 63x and 40x and two dry lenses at 20%
and 5x magnification. Figure 4-24 and Table 4-3 show respectively examples of confocal images of concrete
sample (C/C-14/56FT), the theoretical resolution and size of the FOV for each of the objective lens. The images
were digitised to 1024 x 1024 pixels at a pixel spacing of 3.027, 0.757, 0.378 and 0.240 um for 5%, 20%, 40x
and 63% objective lens respectively. All images were converted to grey scale and inverted to highlight the
features of interest. The fluorescent epoxy filled microcracks and pores are visible as dark features on the
images whereas the bright areas correspond to solids. Additionally, a median filter of 1x1x1 was applied to

remove noise.

R

Figure 4-24 2D confocal images of concrete after 84 cycles of freeze-thaw (C/C-14/56FT)
captured using the 5x, 20%, 40x and 63x objective lens.

Objective lens Resolution X-Y Resolution Z FOV
[nm] [um] (for 1AU) [mm]

5x 1.30 43.20 3.10x3.10

20x 0.40 3.90 0.75%0.75

40x 0.15 0.95 0.35%0.35

63% 0.14 0.55 0.20x0.20

Table 4-3 FOV and resolution for each objective lens.
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4.5.3 Results

Figure 4-25 and Figure 4-26 show respectively examples of 2D images from a recorded image stack
and the 3D reconstructed image in orthogonal views with the 3D rendering. Cracks of width larger than 1 pm
can be detected in images acquired by the 20% objective lens. Smaller sub-micron microcracks can be observed
in images acquired at higher magnifications (40, 63x objective). However, a disadvantage of this technique is
that it has a limited imaging depth. It can be seen that the first several images nearest to the surface are clear and
sharp, but subsequent images become gradually blurrier and out-of-focus. The imaging depth of LSCM is
strongly dependent on the type of material imaged. Non-transparent materials such as cement-based materials
can only be imaged to several micrometers deep because of the loss of signal with depth. To overcome this
limitation, a new imaging approach was proposed and developed in collaboration with Marcus Yio (Yio et al.,
2015). This approach combines sequential imaging with serial sectioning and reconstruction, and will be

described in detail in Chapter 5.
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Figure 4-25 Confocal image stack of a concrete (C/C-14/56FT) collected up to an imaging depth
of 18 um (20x objective lens, FOV 0.75%0.75 mm).

Figure 4-26 Orthogonal views and 3D rendering of concrete (C/C-14/56FT) obtained from LSCM
with 40% objective lens. XZ and YZ planes show loss of signal with depth.
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4.6 X-ray microtomography

X-ray micro-computed tomography (u-CT) is a non-destructive 3D imaging technique. This method
works by collecting hundreds of 2D radiograph projections at a predefined angle step while the sample is
rotated. Subsequently, the radiographs are mathematically reconstructed to produce a 3D image of the sample.
Spatial resolution of this technique strongly depends on sample size and CT scanner characteristics. For this
reason, two CT scanners will be evaluated. The first is Xradia MicroXCT-400 scanner equipped with 6
objective lenses: 0.39x (Macro), 1%, 4%, 10x, 20x and 40 (Figure 4-29) and several software packages to
control the imaging process (XMController, XMReconstructor and XM3DViewer). The second is Metris X-Tek
HMX ST 225 (Figure 4-27) with CT PRO Metris X-Tek software. These CT scanners are located in Slovenian
National Building and Civil Engineering Institute (ZAG) in Ljubljana, Slovenia and in the Natural History

Museum in London respectively.

Figure 4-27 Metris X-Tek HMX ST 225 Figure 4-28 Principles of the X-ray
CT scanner in the Natural History Museum, London. microtomography.
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Figure 4-29 MicroXCT-400 Xradia CT scanner in ZAG, Ljubljana, Slovenia.

4.6.1 Samples

Two concrete samples were prepared and subjected to drying shrinkage (C/C-7/105) and autogenous
shrinkage (C/SF-14/SC). Cylindrical samples were extracted by drilling cores from a larger sample. Three cores
with diameter of 4 mm, 9 mm and 30 mm were obtained from C/C-7/105 sample and a 30 mm core was
obtained from the C/SF-14/SC sample. X-ray microtomography does not require any additional sample

preparation.
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4.6.2 Imaging procedure

The cylindrical sample was mounted on a sample holder and placed on the sample stage between the
X-ray source and the detector in a way to achieve maximum geometrical magnification and at the same time to
allow an optimal fitting of the sample into the field of view of the detector. Figure 4-28 illustrates the principles

of this technique. Different scanning set-up parameters were employed for the two CT scanners.

The X-ray source of the Metris X-Tek HMX ST 225 scanner was operated at 220 kV and 200 pA
current. Additionally, a 5 mm thick copper filter was selected to remove low-energy X-rays that do not provide
useful information to improve image quality. The rotation step was set at 0.1146°, therefore 3142 projections
were acquired with exposure time of 1.25 seconds per frame. The imaging process was completed within 40 min

and following that, automated reconstruction was carried using the PRO Metris X-Tek software.

The Xradia MicroXCT-400 scanner was operated at 100 kV and 10 W power. Objective lenses used
were the 4x and 0.39% magnification to match the samples size. Low energy X-ray filters were selected to
improve image quality. The rotation step was set at 0.09°, therefore 4000 projections were acquired with
exposure time of 0.3 frame per second. The imaging process was carried out automatically and required up to 4
hours. Following that, 3D volume reconstruction of the collected 2D projections was carried out using the

XMReconstructor software.

Subsequently, corrections for centre shift (offset of the axis of rotation) and beam hardening (an
increase in mean energy of the X-ray beam as it passes through the scanned object) were applied and the 2D
reconstructed slices were saved as 16 bit tiff files. Examples of the 2D slices from each sample, scan settings

and achieved voxel size resolution are presented in Figure 4-30.

— 3 —_— L —
0.5 mm 5§mm 5mm

FOV: 4x4mm FOV: 9%x9mm FOV: 30x30mm  FOV: 30%30 mm
Voxel size: 4.6 um  Voxel size: 9.3 um  Voxel size: 30.2 um  Voxel size: 15.5 pm
Objective lens: 4x  Objective lens: 0.39x  Objective lens: 0.39x  Objective lens: -
Source-Sample: 42 mm  Source-Sample: 50 mm  Source-Sample: 65 mm  Source-Sample: 92 mm
Sample-Detector: 20 mm  Sample-Detector: 315 mm  Sample-Detector: 80 mm  Sample-Detector: 1088 mm
Angular step: 0.09°  Angular step: 0.09°  Angular step: 0.09°  Angular step: 0.11°
Exposure time: 2s  Exposure time: 2s  Exposure time: 2s Exposure time: ls

Figure 4-30 2D reconstructed slices of concrete (C/C-7/105 and C/SF-14/SC) from X-ray microtomography
and scan settings. Images (a) to (c) obtained with X-Radia 400 CT scanner and image (d)
with Metris X-Tek HMX ST 225.
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4.6.3 Results

The reconstructed image volumes of the @4 mm, @9 mm and P30 mm cores from concrete C/C-4/105
imaged by XRadia 400 CT scanner and ¥30 mm core from concrete C/SF-14/SC imaged by Metris X-Tek
HMX ST 225 CT scanner are shown in Figure 4-31. A median filter of 0.5x0.5%0.5 was applied to all images to
remove noise and sub-volume cubes of 3.13 mm?, 5.83 mm3, 20.23> mm? and 20.8°> mm?® were cropped out of the

whole image from the respective cores.

a)

Figure 4-31 3D rendering of concrete cores of a) @4 mm, b) @9 mm and c) ¥30 mm (C/C-4/105) imaged
with X-Radia 400 CT scanner and d) @30mm (C/SF-14/SC) imaged with Metris X-Tek HMX ST 225 CT
scanner with corresponding 2D slices showing example microcracks.

Results confirm that the achieved voxel size resolution strongly depends on sample size. For cores
scanned with the XRadia 400 CT scanner, this is typically 1/1000 of the sample diameter. For example, a voxel
size resolution of 4.6 um was achieved in the @4 mm core and this decreased to 30.2 pm for the @30 mm core.
Such a huge voxel size will affect the ability to detect small microcracks in a representative volume of material.
It is recommended that a feature should be represent by a minimum of two or three voxels to be resolved.
Therefore, only microcracks above 10 pm, 20 um and 60 pm in width can be detected on the @4 mm, @9 mm
and @30 mm cores respectively. This is consistent with the measurements shown in Figure 4-31. In comparison,
the @30 mm core scanned with Metris X-Tek HMX ST 225 achieved a somewhat higher voxel size resolution
of 15.5 pm and therefore it allowed detection of microcracks above 30 um in width as presented in Figure 4-31

d).

4.7 Comparison of imaging techniques for microcrack detection

Comparison of four different imaging techniques (SEM, LSCM, OM and p-CT) for microcracks
detection was performed on fluorescent epoxy impregnated mortar subjected to drying shrinkage (M/C-7/105).

First a 9 mm diameter core was drilled out of the sample and scanned with xRadia 400 CT scanner at a voxel
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resolution of 8.26 pm. Then, the core was sectioned with a diamond saw to extract a slice from the middle
which was ground and polished at successively finer grit sizes to a 1 pm fineness. Following that, the slice was
imaged with an optical microscope (fluorescence mode), confocal microscope and scanning electron microscope
in backscattered electron mode after carbon coating. In order to facilitate comparison, the images were captured
at the same magnification (50%) which corresponds to pixel size of 0.922 um (SEM), 0.605 pm (LSCM) and
0.86 pm (OM) and stitched together using Microsoft ICE software. A 2D reconstructed slice was selected from
the u-CT data that matched the images obtained by the SEM, LSCM and OM techniques. The same field of
view (2.5 x 2.5 mm?) was cropped from the four images and thresholded by means of manual tracing to expose
only the visible cracks. Figure 4-32 shows the original and binary images of the selected region obtained by the
four imaging techniques. The results clearly show that SEM detected the highest amount of microcracks,

followed by LSCM and OM. The p-CT detected the least amount of microcracks.

— ——
500 pm ey = 500 pm #

OM (pixel size: 0.89um) p-CT (pixel size: 8.26um)

Figure 4-32 Area-matching micrographs obtained using four different imaging techniques.
The sample is mortar M/C-7/105.

Image analysis was carried out the measure the characteristics of the detectable microcracks crack
density, areal fraction, distribution of crack width and average crack width. The details of the image analysis are
presented in Section 3.3. Results from the analysis are plotted in Figure 4-33 and Figure 4-34. The results show
a significant variation in the measured microcrack density. The highest crack density of 1.59 mm/mm? was
measured on the image acquired by SEM, followed by LSCM (0.99 mm/mm?) and OM (0.58 mm/mm?). The
lowest crack density of 0.34 mm/mm? was obtained from the p-CT image. On the contrary, the area fraction of
the microcracks did not vary significantly between the four images. This suggests that the largest microcracks,
which were detected by all techniques, had the greatest contribution to the total area fraction. The smaller cracks

that cannot be resolved by the lower resolution techniques had a minor contribution to the total area fraction.
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The size (width) distribution of the cracks are presented in Figure 4-34. The SEM technique was able
to detect microcracks above 1 pm in width and 80% of the detectable microcracks had widths below 10 um. The
SEM has the highest resolution of the four techniques evaluated and therefore is expected to be capture all of the
microcracks present. Both LSCM and OM were able to detect cracks wider than 2 pm. However, LSCM has the
higher resolution, producing sharper images and stronger contrast between crack and non-crack areas. 80% of
cracks detected by LSCM had widths below 15 pm, while the equivalent value for OM was only 45%. u-CT had
the lowest resolution and was only able to resolve microcracks wider than 9 um. The average crack width
obtained from SEM, LSCM, OM and p-CT was 10.8 um, 13.7 um, 22.9 pm and 36.3 pm respectively.

Obviously, this value increases with decrease in the achievable resolution of the technique.
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Figure 4-33 Microcrack density and areal fraction as Figure 4-34 Microcrack width distribution
measured by four imaging techniques. and average crack width as measured by four
imaging techniques.

4.8 Summary

Preparing samples and inducing microcracks in the laboratory environment turned out to be a difficult
task. The challenge is to design the experiment in which microcracks will form in a way that is similar to those
in real structures, where usually several deterioration processes occur simultaneously. In this Chapter, four
strategies to generate microcracks in cement-based materials were attempted. These were used to study the
characteristics of microcracks and to ascertain if it is possible to image the microcracks with available 3D

microscopy techniques. An overview of the induced microcracking is schematically illustrated in Figure 4-35.

Uni-directional drying at 30°C and 105°C generated different amounts of drying shrinkage and
microcracking. However, the microcracks formed were perpendicular to the drying surface and are rather
isolated with little tendency for branching. These microcracks also had very low density (approximately 1
microcrack/mm?) and small widths (<10 pm). Detecting such microcracks will require a technique that is able to
image a large sample volume at very high resolution. This is a very ambitious task since the available 3D

imaging techniques either lack the required resolution or cannot image large enough volume. It is also
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questionable if such characteristics are useful as findings from the PhD study of Zhigen Wu (2014) showed that

such drying-induced microcracks probably have little impact on the durability of real concrete structures.

a) Drying shrinkage b) Drying shrinkage externally c) Autogenous d) Freeze-thaw cycles
restrained shrinkage

Figure 4-35 Schematic presentation of microcracking caused by different mechanisms.

Another method to produce cracks was by adopting the standardised ring test (ASTM-
C1581/C1581M). This procedure can determine the time at which the samples crack when drying shrinkage is
restrained both internally (by aggregates) or externally (by steel ring). Unfortunately, these conditions generated
only a few very large cracks that were visible to the naked eye. Furthermore, the induced crack widths are
strongly dependent on the geometry of the sample and steel ring, i.e. size and thickness. Hence, this method is

not of interest for the scope of this project.

A feasible and ‘realistic’ approach to generate microcracks is to subject samples to autogenous
shrinkage by sealed curing. Autogenous shrinkage is an important component of volume change besides drying
shrinkage and temperature deformation, and it may lead to severe microcracking depending on the magnitude of
shrinkage (Bisschop et al., 2002; Lura et al., 2003 & 2009). Autogenous shrinkage is caused by self-dessiccation
of concrete due to reduction in internal relative humidity as the water is consumed during cement hydration.
Therefore, low w/b ratio high performance concretes (HPC), which in recent years has become increasingly
used, are more prone to autogenous shrinkage induced microcracking. The formed microcracks are uniformly
and densely distributed, with widths ranging from several pm to hundreds of pm. Their detection with available
3D microscopy techniques is possible and so this type of microcracking will be the focus of the work presented
in Chapter 7. To date, no attempts have yet been made on direct characterisation of autogenous shrinkage-

induced microcracking in 3D.

Another alternative to generate microcracking is to expose saturated concrete to freeze-thaw cycles. It
was observed that the degree of damage increased with increase in number of freeze-thaw cycles. The induced
crack widths were in the pm to mm range. The cracks were found to be isotropic, well-distributed and well-
connected, as reported by Promentilla and Sugiyama (2010). Unfortunately, these microcracks are probably not
very realistic of frost damage that occur in practice. This is because factors such as degree of saturation, loading,
salt scaling and freezing/thawing rate are important to frost damage, but these are not adequately captured in the
simulated exposure. Therefore, the characteristics of microcracks in real concrete structures exposed to frost are

expected to be different to those in lab prepared samples.
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Imaging microcracks in cement-based materials in 3D is a challenging task. This is because the widths
of the induced microcracks are in a range of 1 to 100 um and their density vary depending on the damage
mechanisms. Given that the size of aggregate particles in concrete are typically up to 10 or 20 mm, the exployed
technique must be capable of 3D imaging at cm-scale field of view with a resolution of around 1 pm. Such a
technique does not yet exist. The 3D imaging techniques explored cover a wide range of FOV and resolution.
This is summarised in Figure 4-36 that plots the imaged sample size versus obtained resolution in the Z
direction. Note that the resolution in the XY plane for all techniques is much greater than the XZ and YZ planes.
Therefore the critical assessment is in the Z direction. Results from this chapter show that currently available 3D
imaging techniques are not capable of providing a full characterisation of microcracks in a representative

volume of sample.
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Figure 4-36 Overview of the 3D imaging methods examined showing the achievable image thickness
and resolution in the Z direction.

FIB-nt is limited in terms of the extremely small imaged volume and the very long and expensive
sectioning process by ion milling. Therefore, only localised single crack can be imaged and this excludes the
technique as a method for characterising microcracks in concrete. The broad ion beam combined with SEM
imaging approach extends the imaged volume, but its Z-resolution is limited to 10-20 pm because of the slicing
depth. Furthermore, each slice requires 6-8 hours of polishing and another 2 hours of SEM imaging at high
magnification. LSCM has good spatial resolution, but limited imaging depth. A promising approach is to
combine LSCM with serial sectioning. This new approach was developed in collaboration with Marcus Yio,

another PhD student in the group, will be discussed in Chapter 5.
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X-ray microtomography is able to scan large sample volumes from mm to cm scale non-destructively.
However, its resolution decreases with increase in sample size. Its resolution is also dependent on the spot size
of the X-ray source. The X-Radia 400 CT scanner tested in this study was able to achieve voxel size resolution
of 1/1000 of sample size while the Metris X-Tek HMX ST 225 CT scanner achieved a voxel size resolution of
1/2000 of sample size. At current capabilities, only the larger microcracks are detectable. Nevertheless, pCT
manufacturers are continuously working on developing systems with very small spot sizes and with improved

resolution.

Overall, all of the existing imaging methods have their limitations when used for 3D characterization of
microcracks in concrete. A way forward is to combine several imaging methods to characterise the microcracks
at different length scales, but the challenge will be in the integration and interpretation of the obtained
information. Another approach is to design the experiments (sample type, method for inducing cracks) to match

the capability of the existing imaging technique.
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Chapter 5

Extending imaging depth of LSCM with serial sectioning

The aim of this Chapter is to present a new method that enhances the ability of LSCM to image large
3D volumes of porous materials at sub-micron resolutions. This work was carried out in collaboration with
Marcus Yio, a PhD student in the group and it was published in Journal of Microscopy (Yio et al., 2015). The
method proposed by us combines LSCM with mechanical serial sectioning to produce a series of overlapping
confocal z-stacks which are subsequently aligned and stitched based on phase correlation to progressively form
a large 3D image. The 3D image can also be extended in the XY direction to further increase the overall image
volume. We have trialled the method on different cementitious materials (fly ash, cement paste and concrete
samples). Here only results of microcracked concrete are presented as it is the subject of this thesis. Other
potential applications are briefly indicated and the advantages and limitations of the proposed method are also

discussed.

5.1 Background

Laser scanning confocal microscopy (LSCM) is an extension of 2D optical microscopy. This technique
is capable of non-destructive 3D imaging of a thick specimen and for decades has been widely used in numerous
biological science disciplines. It enables the reconstruction of three-dimensional structures from sets of 2D
images obtained at different depths within a thick object by scanning the light source across the sample and by

displacing the focal plane in the Z-axis — a process known as optical sectioning.

The main reason why this technique became popular in biological research is that the high-resolution of
the reconstructed image volume obtained from soft and transparent specimens is relatively unaffected by sample
thickness (imaging depth). However, for other non-transparent or opaque materials, the intensity of detected
signal drops dramatically with depth and this degrades the resolution at larger imaging depths. This is the most
problematic aspect of the technique, but it is not the only one. The resolution of confocal microscopy is also
affected by several different factors, such as the properties of the objective lens and wavelength of the light

source.

These factors limit the use of LSCM for three-dimensional characterisation of cement-based materials.
The main application of this technique to such materials has been the characterisation of their surface roughness
using the reflected mode of LSCM, as reported by several authors (Ficker et al., 2010, Lange et al., 1993, Kurtis
et al., 2003). Also, the fluorescence mode of LSCM has been used by Head and co-authors (Head and Buenfeld,
2006, Head et al., 2006, Head et al., 2008) to produce 3D images of capillary pores, ‘Hadley’ grains and
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microcracks in concrete at sub-micron resolution. Such high resolution of around 0.2 pm and 0.3 pm in the XY
and Z planes respectively, can be achieved by using high numerical aperture objectives and by minimising the
pinhole size (Pawley, 1995). However, the imaging depth of LSCM for non-transparent materials remains
extremely small. A maximum imaging depth of 10 um for concrete at 0.2 pm Z resolution was achieved by
Head and Buenfeld (2006) in their experiment, while Petford et al. (2001) reported an imaging depth of ~90 pm
for sandstone at 2 um Z resolution and Mauko et al. (2009) — of ~100 um for marble at 1.7 um Z resolution.
This limitation is a huge challenge for 3D imaging of non-transparent materials with LSCM. Hence, the
proposed method overcomes the problem of resolution degradation of the reconstructed image volume with

increase in sample size.

5.2 Principles of LSCM

Laser scanning confocal microscopy (LSCM) is an extension of 2D optical microscopy. It is capable of
collecting serial optical sections from a thick specimen to produce a 3D image. The principle of LSCM is
explained in detail in (Head and Buenfeld, 2006, Pawley, 1995). Essentially, a highly-focused laser beam is used
as a light source and a pinhole is employed to remove out-of-focus light emanating from below and above the
focal plane so as to give a very small focal volume. By scanning the light source across the sample and by
displacing the focal plane in the Z-axis (by raising or lowering the microscope stage or the objective lens), a
high-resolution 3D image can be built up from a series of two-dimensional images (known as a z-stack)
obtained at various depths within the sample. Such procedure classify LSCM as a non-invasive technique for 3D

imaging by means of serial optical sectioning.

Diffraction of light occurs when the laser beam passes through the sample and optics in the system; as
a consequence, the image formed is a spread Airy disk with a series of concentric rings around a central spot of
high intensity. The resolution of LSCM is therefore diffraction limited. The degree of spreading is termed as the
point spread function (PSF). Due to the elongated shape of the PSF along the optical axis, the Z resolution is
usually 2 or 3 times worse than the XY resolution. The XY resolution, according to the Rayleigh criterion, is the
distance between two points at one-half the Airy disk diameter (Pawley, 1993). The Airy disk diameter depends
on the excitation wavelength (1) and the numerical aperture (NA) of the objective lens. The Z resolution, which
is also the optical section thickness, is also dependent on the refractive index of immersion oil (n;) and the
pinhole aperture size (P). The excitation wavelength is predetermined by the fluorophores used, while the
numerical aperture and immersion oil are fixed to the objective used. The Z resolution can be significantly
improved by reducing the pinhole size. For high power objectives, such as 40x, 63x and 100% oil immersion
objectives with NA > 1.0, the XY and Z resolution can be < 0.2 pm and < 0.5 um respectively when the pinhole
aperture is reduced to around 0.3 Airy unit. One Airy unit defines the diameter of the first concentric ring in the
Airy disk (Pawley, 1993). There are many formulae in the literature for calculating the XY and Z resolutions of
LSCM and different manufacturers use slightly different approaches to define the resolutions of their systems.

The following two expressions are given by Leica Microsystems Inc. for the system used in this study:
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Eq. (5-2).
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Pores and microcracks in hardened cement-based materials can only be imaged if they contain
fluorophores, this is achieved by vacuum-impregnating the sample with a fluorescent dyed epoxy resin (Head
and Buenfeld, 2006, Wong et al., 2006). It is noted that vacuum impregnation is able to fill very fine pores with
epoxy resin for BSE imaging, which has a greater resolving power than LSCM and so this does not pose a
limitation. Fluorophores have their corresponding maximum absorption and emission wavelengths; therefore, it
is crucial to ensure that the correct laser wavelength and beam splitter are used for imaging. It has been
demonstrated in (Head and Buenfeld, 2006, Head et al., 2006) that LSCM images of capillary pores in the XY
plane are comparable to those obtained using BSE. However, cement-based materials contain various
translucent and opaque components such as hydration products, anhydrous cement grains and aggregates. This

limits the laser penetration depth and the ability of LSCM to image a representative volume.

5.3 Trials to increase imaging depth in conventional imaging

Various methods were tested to optimise and enhance the imaging depth of conventional fluorescence
LSCM. Samples used for this investigation were cement paste obtained from Wong and Buenfeld (2006) and 7
days old sample of cement paste (CEM I 52.5R, water with fluorescent dye Struers EpoDye) mixed with

crushed glass. All the pursued trials are very briefly discussed in the following sections.

5.3.1 Fluorophore concentration

Optimisation of fluorophore concentration is important to prevent self-quenching of fluorophores
which can result in reduced fluorescence intensities. The fluorophore used in this thesis was Struers EpoDye
(C.I. Solvent Yellow 43). It has a maximum absorption wavelength of 490 nm and a maximum emission

wavelength of 520 nm at pH 8 (Bartlett et al., 2008), see Figure 5-1-a.

These are similar to those of fluorescein. To establish the optimum concentration of fluorophore, epoxy
mixtures containing 0.001% to 5% by mass fluorophore were prepared and mixed with a magnetic stirrer for 24
h to ensure that the fluorophores were evenly dispersed in the resin. Droplets of the epoxy were then excited
using a 488 nm laser at intensities of 1%, 4% and 15% (i.e. the default setting for fluorescein). The PMT was set
at a constant 625 V. The results (Figure 5-1-b) show that a low fluorophore concentration (0.05 %) was
sufficient to give the maximum fluorescence intensity under normal operating laser intensity of 15%. Varying

the fluorophore concentration did not produce a significant improvement in imaging depth.
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Figure 5-1 a) Emission profile of EpoDye; b) Plot showing fluorescence intensity versus concentration
of Struers EpoDye (excited by a 488 nm laser at intensities of 1%, 4% and 15%) (Yio et al., 2015).

5.3.2 Theoretical Z resolution

Optimisation of the theoretical Z resolution for the confocal system was carried out by reducing the
pinhole size from 1 AU to 0 AU. In calculating the Z resolution for each objective lens using Eq. (5-2), the light
wavelength was taken as 488 nm (A) to match the maximum absorption wavelength of Struers EpoDye, and the
refractive index of immersion medium (n;) for the 5x and 20x objective lens was taken as the refractive index of
air, i.e. 1 whereas for the 40x and 63x objective lenses, n; was taken as the refractive index of the immersion oil
used, i.e. 1.518 (supplied by Leica Microsystems). The pinhole size was varied from 0 to 1 AU to investigate its
effects on the Z resolution. Results are shown in Figure 5-2 for each objective lens. In all cases, the Z resolution
improves by around 2 times as the pinhole reduces from 1 to 0 AU. In reality, it is not possible to reduce the
pinhole size down to 0 AU as this would mean that the pinhole is fully closed and no light can be detected. The
minimum achievable pinhole size on Leica TCS SP5 is 0.28 AU. Moreover, reducing the pinhole size limits the
amount of detectable signals and as a result, images may appear dark with poor signal-to-noise ratios (SNR).

Unfortunately, in all cases an improvement of the z-resolution, did not increase imaging depth.
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Figure 5-2 Influence of pinhole size on the Z resolutions of a): 5% and b): 20%, 40x and 60% objective lenses.
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5.3.3 Light compensation

Another potential method to increase imaging depth is light compensation that is by increasing the
sensitivity of photomultiplier tube (PMT) or increasing laser intensity with imaging depth. Figure 5-3 illustrates
the compensation effects: a) shows an XY image of cement paste near to the sample surface (~2 um below
surface), which is clear and sharp and b) shows an image captured at the same spot but further below the sample
surface (~7 um), which appears relatively dark and out of focus, while c-e) show compensated images of b) by
adjusting PMT, laser intensity, and laser intensity with PMT, respectively. The results show that these
compensations can improve mainly the brightness and signal-to-noise ratio of the images. However, the ability

to image at larger depths was only improved by a marginal fraction.

a) A non-compensated image b) A non-compensated image
at ~2 um beneath surface at ~7 um beneath surface
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Figure 5-3 Comparison between raw and processed images using light compensation
by photomultiplier tube (PMT) or laser intensity. Images are of hardened cement paste.

5.3.4 Image processing methods

Histogram matching and deconvolution are another two image processing methods tested. Histogram
matching (performed with Fiji/ ImageJ) modifies the histograms of successive image slices from deeper sections
to match that of the first surface image (Castleman, 1996). This equalises image intensities throughout the stack,
but the clarity and sharpness of images remain unchanged and degrade with depth. Deconvolution (performed

with AutoDeblur — Media Cybernatics) improves the resolution of optical images by removing out-of-focus
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light caused by the point-spread function (PSF) (Pawley, 1995). There are two types of deconvolution: non-
blind deconvolution based on a theoretically generated or measured PSF and blind deconvolution that estimates
the PSF from the image itself. Figure 5-4 illustrates results of image processing applied to the non-compensated
image stack from Section 5.3.3: a) shows a raw image (the same as Figure 5-3b), b-e) show processed images of
a) using histogram matching and different deconvolution. It was observed that the image enhancement by
histogram matching increases image brightness without affecting clarity and sharpness; while deconvolution
improves resolution without affecting image brightness and contrast. However, both methods have limited
ability to increase the imaging depth of LSCM image stacks because they are insufficient to fully compensate

the degradation in signal with depth. The quality of images from deeper sections remains relatively poor.

Nl
c) Non-blind deconvolution - d) Non-blind deconvolution e) B/ir)d deconvolution

with theoretical PSF with measured PSF

Figure 5-4 Comparison between raw and processed images using histogram matching and deconvolution.

5.3.5 Two-photon microscopy

Two-photon microscopy uses a pulsed laser of longer wavelength photons to reduce light scattering. It
also requires no pinhole aperture and this minimises signal loss. Theoretically, it can achieve a deeper imaging
depth (Pawley, 1995). Therefore, a feasibility study to verify the capability of two-photon microscopy for

imaging cement-based materials was performed.

This investigation was carried out with a cement paste sample and a two-photon microscope Leica SP5

MP at the Facility for Imaging by Light Microscopy, Imperial College London. Figure 5-5 compares the image
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captured by two-photon microscopy with the same spot acquired by confocal microscopy. The objective lens
used was a 63x water immersion and a 63 oil immersion and the laser wavelength was set at 930 nm and 488
nm for two-photon microscopy and LSCM, respectively. Results show that the resolution of the two-photon

microscopy is slightly better, however the achievable imaging depth was similar to that of LSCM as no

significant improvement was observed.

a) b)

——

Figure 5-5 Comparison between a) confocal; and b) two-photon microscopy images acquired using a 63
water and 63% oil immersion objective lens with 488 nm and 930 nm laser, respectively.

5.3.6 Transparent aggregates

The idea of using transparent aggregates instead of natural, opaque aggregates came from the
discussion of Head and Buenfeld (2006). They remarked that natural aggregates containing transparent or semi-
transparent minerals in greater proportions than opaque or light absorbing minerals should facilitate the imaging
with the confocal technique. Hence, an experiment was designed to examine whether the use of such aggregates
increase the imaging depth. Figure 5-6 presents images of cement paste with glass ‘aggregates’ acquired with
lower magnification objective lens of 5%, zoom 2x to show larger FOV (1.55 x 1.55 mm?).
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Figure 5-6 Orthogonal view and 3D rendering of cement paste with glass ‘aggregates’ acquired by LSCM
with 5x objective lens. XZ and YZ planes show loss of signal with depth underneath glass ‘aggregates’.
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Both XZ, YZ planes and 3D rendered images show that despite undisturbed signal penetration through
glass ‘aggregates’ which increases imaging depth, there are still regions where non-transparent cement paste
around these aggregates blocks the light and limits imaging depth underneath glass ‘aggregates’. Overall, the

use of transparent aggregates dose not eliminate the problem.

5.4 Proposed method

Given that none of the methods explored in Section 5.3 were successful, we developed a new method
to obtain large 3D volumes of hardened cement-based materials by serial sectioning, sequential imaging and

volume reconstruction. This method is described in detail in the following sections.

5.4.1 Extending imaging depth (in Z direction) of LSCM

Prior to application of the proposed method, samples must be impregnated with fluorescent epoxy resin
(see Section 5.5.1) to preserve the microstructure and more importantly to ensure the visibility of interconnected

void space (cracks, pores, etc.). The method consists of five main steps as follows:
1) Serial sectioning

This is done by mechanical grinding and polishing to expose new surfaces for imaging. Cement-based
materials are highly heterogeneous and contain phases of varying hardness, so the time and grinding media
required to remove a certain amount of material may vary from sample to sample. Hence, an initial process of
trial and error is required to estimate these. This is crucial because the success of the method relies on the ability
to control the amount of material removed and to ensure that the z-stack from each serial section shares
overlapping regions with the subsequent section for stitching using 3D image reconstruction tools. Generally,
polycrystalline diamonds of 15 pm can be used but the grinding time should be limited to a few seconds per
direction (see Section 5.5.2). The force exerted on the sample and the rotation frequency of the plate should be
kept moderately low (e.g. 7 N and 50 RPM) to prevent over grinding. It should be stressed that these are not
definitive. Slight adjustments may be required to accommodate variations in hardness of the sample along the

sectioning depth.
2) Image acquisition

Following each cycle of sectioning, a high-power objective lens with sub-micron resolution is used to
acquire a z-stack from a plane slightly above the sample surface to a plane well below it. The thickness of the
stack depends on the type of material imaged and the objective used. For hardened concrete and cement pastes
imaged with a 40x or 63x objectives, z-stacks of approximately 10 pm thick should be acquired, while for 5x or
20x objectives, z-stacks up to 100 um thick ensure that each z-stack contains a sufficient number of well-
focused optical slices that can be used for 3D reconstruction. The intensity profile provides a good indication of
where the image acquisition should begin and end because image intensity is high near the surface and gradually
fades away from the surface (see Figure 5-7). If a larger area is required, mosaic of image tiles can be acquired

(see Section 5.4.2 for more details).
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Figure 5-7 Intensity profile of images from a single z-stack showing signal degradation with increase
in depth below sample surface. Well-focused images are selected for subsequent stitching.

3) Image selection

Well-focused images with high signal to noise ratio are selected from each stack for stitching. This is
done based on the intensity profiles of each stack (Figure 5-7), which always show a peak corresponding to
some point below the sample surface. Usually images within 1 to 2 um above and 3 to 4 pm below the peak
intensity can be selected depending on the sample and the imaging settings used. The number of images selected

from each stack is kept constant.
4) Alignment

The selected images are then aligned using image registration. Here, we use StackReg (Thévenaz et al.,
1998) in Fiji/ ImageJ which is based on an automatic sub-pixel registration algorithm that minimises the mean
square difference of intensities between a reference and a test data set. It uses each slice as a template with
respect to which the next slice is aligned, so that the alignment proceeds by propagation. Since the sample is
well-preserved with epoxy resin, deformation does not occur during serial sectioning. Hence, the alignment

process is entirely based on rigid transformation that involves only translation and rotation of images.
5) Stitching

Finally, the aligned z-stacks are stitched. Stitching is done in pairs between consecutive stacks (e.g.
stack 1 with stack 2, etc.) using the Pairwise stitching plugin (Preibisch et al., 2009), which calculates the
translational shifts in the X, Y and Z directions between two overlapping z-stacks based on Fourier transform-
based phase correlation. Note that rotational shift has been accounted for during the image alignment process
(see step 4). Once the translational shifts are determined, the two z-stacks are fused together based on non-linear
blending that minimises the brightness difference across the boundary. All the z-stacks stitched in pairs are then
progressively stitched together based on the computed translational shifts to reconstruct a final 3D image. Figure

5-8 shows a schematic illustration of the stitching process.
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Figure 5-8 Schematic diagram of the stitching process. Selected images from each z-stack are aligned a),
stitched in pairs b), and then progressively combined (i.e. [14+2] + [2+3] + [3+4] + [4+5] +[...])
by stitching the overlapping regions c) to reconstruct an image volume d), (Yio, et al. 2015).

Figure 5-9 shows an actual demonstration of the process on an air void (white) in cement paste filled
with epoxy (please note there is another air bubble captured in the resin inside the air void, that is black). The
images are cropped to highlight a small region of interest in the XZ plane. The first column shows two stacks,
each stack is about 5 um thick and consists of 30 images, before and after alignment. As can be seen the air
voids appear slightly ovate due to presence of overlapping regions. The second column shows a close-up of the
stitching outcome between z-stack number 1 and 2. The overlapping region between the two stacks is marked
yellow. The displacement between the two stacks in Z, termed as axial shift (AZ), is also annotated. AZ provides
an indication of the thickness of materials removed by sectioning. The third column shows the reconstructed
image where the stacks (9 in total) are stitched at the overlapping regions. The image clearly shows circular air

voids, however an uneven brightness may occur as a result of slight variations in the imaging conditions, sample

characteristics and/or photo-bleaching. This can be corrected by histogram matching.

a)

Figure 5-9 Demonstration of the stitching process on an air void filled with resin:
a) selected images from two serial section z-stacks, b) alignment of the image stacks, c) close-up of the
stitching outcome between z-stack number 1 and 2, and d) stitching of the overlapping regions.
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5.4.2 Extending imaging volume in XY plane

The field of view of each image stack is fixed according to the magnification of the objective lens (e.g.
5x objective lens: 3.10 x 3.10 mm?, 20x objective lens: 0.75 x 0.75 mm?, 40x objective lens: 0.35 x 0.35 mm?,
63x objective lens: 0.20 x 0.20 mm?). However, it is possible to enlarge this substantially by imaging in tiles
and overlapping neighbouring tiles to form a large mosaic. Figure 5-10 shows an example of a 2x2 ‘snake by
rows’ mosaic that is made by overlapping 4 image tiles (A, B, C and D). The mosaic tiles are stitched in XY
using the Grid/Collection stitching plugin in Fiji/ ImageJ (Preibisch et al., 2009). The stitching processes are
automated, and able to compute the translational shifts at sub-pixel precision. Accuracy is expressed in terms of

correlation coefficient, R (0 < R <5 1) where R = 1 indicates that the overlapping regions from mosaic tiles are

perfectly identical and hence are highly correlated.

If imaging larger volume in both XY and Z directions are acquired, mosaic tiles should be stitched in
the XY prior to the stitching in the Z direction. The stitched mosaic is taken as a single z-stack and its intensity
profile is used for selection of high quality images to follow the next steps of the stitching process in Z direction,
i.e. alignment and pairwise stitching of the consecutive z-stacks (consecutive mosaics). Figure 5-11 shows a
schematic illustration of the image tiles stitching. It is recommended that the overlapping region is between 10

to 20% of the image.

95



100 pm

Figure 5- 10 Stitching 2 x 2 mosaic: a) A, B, C and D image tiles of a mosaic, b) stitched image tiles with overlapping region, ¢) reconstructed large image ABCD-

mosaic.
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Figure 5- 11 Schematic diagram of the stitching process: a) imaged z-stack tiles of a mosaic ‘snake by rows’, b) stitched z-stack tiles with overlapping region of ~20%,
and ¢) reconstructed thin image volume, used as a single z-stack for stitching in Z direction.
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5.5 Application of the proposed method for imaging microcracks

The proposed method was validated by comparison between reconstructed and reference image
volumes of spherical fly ash particles embedded in fluorescent resin. In general, a reference image volume of
approximately 15 pm thick was acquired from the fly ash sample prior to the start of the sectioning process for
comparison with the reconstructed image volume. This validation is explained in detail in our paper (Yio, et al.,
2015). Overall, the results obtained show that the serial sectioning and reconstruction process did not distort the
reconstructed image and therefore the method is reliable. Here, it was applied to image microcracks in a concrete

sample exposed to freeze-thaw action.

5.5.1 Sample preparation

Concrete (C/C-14/56FT) was prepared and cured under water at 20°C until the age of 14 days. Then, the
sample was exposed to 56 cycles of freeze-thaw action according to Standards (CEN/TR 15177:2006), where
each cycle consists of 8 h freezing phase at -20°C and 4 h of thawing phase at +20°C. Following that, the sample
was gently dried prior impregnation. Step-wise oven drying at the temperature of 30°C, 40°C and 50°C was
employed to prevent additional cracking. Finally, the sample was impregnated with low viscosity fluorescent
dyed epoxy resin under 7 bar pressure, cut into a rectangular block (40 x 20 x 8 mm) and ground at successively
finer grit sizes (P120, P240, P500, P1200) on diamond disc Struers MD —Piano and polished with diamond
pastes of 9, 6, 3 and 1 um fineness on polishing cloths. Please note, that this is the same sample used in Chapter

4 and details of the materials, mix proportion and conditioning can be found in Section 4.2.1 and 4.2.2 — E.

5.5.2 Imaging

A Leica TCS SPS5 laser scanning confocal microscope was used for imaging. The microscope is
equipped with a motorised scanning stage Mérzhduser that has a resolution (stepping distance) of 0.025 um and
a repeatability of £0.75 pm. An argon laser line of 488 nm was used to excite the fluorophores and the beam
splitter was configured to range from 500 nm to 600 nm to allow the emitted fluorescence to be collected by the
PMT. A 40x (NA 1.25) oil immersion objective with a spatial XY resolution of 0.156 um, spatial Z resolution of
0.945 (for 1 AU) and a field of view of 350 x 350 um? was used.

The impregnated flat polished sample was placed on the stage of the microscope and the laser intensity
was set to 15% while the sensitivity of the PMT was adjusted correspondingly to prevent under-saturation or
over-saturation of the brightness intensity. The pinhole aperture was maintained at 1 Airy unit and a zoom factor
of 1x was adopted while images were digitised to 1024 x 1024 pixels to give a pixel spacing of 0.378 um. This
is the default imaging setting used in this thesis to enable a large volume of the sample to be imaged at a
sufficient resolution to capture the microcracks. Images were captured from well above and well below the

sample surface to achieved about 10 um thick z-stack each time.

The concrete sample was also imaged in a 2 X 2 mosaic to increase the image volume further in the XY

plane (see Section 5.5.5).
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5.5.3 Serial sectioning

Serial sectioning was performed by grinding using a resin bonded diamond disc at 1200 grit / 15 pm
fineness (Struers MD-Piano on a LaboPol-5 machine). The force exerted on the samples was maintained at 7 N
and the rotation frequency of the plate was maintained at 50 RPM. Grinding was carried out for a very short
period to control the amount of material removed between each section. The optimum grinding time were
determined to be 2 to 3 s per direction. This removed approximately 3 um thick of material from the sample.
Following this, the sample was polished using diamond at successively finer sizes of 9, 6, 3 and 1 pm fineness (3

to 4 minutes per direction) for imaging.

5.5.4 Reconstructed image volume — single FOV

Serial sectioning and imaging were repeated 50 times in total. The 50 collected image stacks from
concrete sample (C/C-14/56FT) were processed following steps no 3, 4 and 5 of the proposed method (Section
5.4.1). The details of the reconstructed image volumes are summarised in Table 5-1. The number of images
selected per stack was 35 images, which correspond to a thickness of 5.2 pm. After alignment, the image z-
stacks were stitched in pairs and the correlation coefficients (R) was calculated for each pairwise stitching. The
ratio between the average AZ and the selected stack thickness was 0.63. In other words, the average overlapping
region between stacks was at least 37%, which is relatively high. The average correlation coefficients (R) was >
0.9. This shows that the overlapping regions between stacks are nearly identical, highlighting the accuracy of the

serial sectioning, stitching and reconstruction.

Overlapping

AZ (nm . R (-
'No. of Thickness (nm) region (%) -) Recqnstructed
No. of images image
of each .
z-stacks selected stack (um) Std. Std. thickness
per stack Average dev Average dev. Average dev. (um)
50 35 5.2 3.296 1.228 36.6 23.6 0.922 0.040 166.93

Table 5-1 Summary of reconstruction results.

Figure 5-12 shows a plot of the computed AZ and R versus the cumulative reconstructed image
thickness. Hypothetically, the relationship between AZ, R and the sectioning process is as follows: AZ
(equivalent to the thickness of material removed) is dependent on grit size, time and pressure applied during the
grinding process. A larger AZ would result if a thicker layer is removed under a larger grit size, higher grinding
pressure or a longer grinding time. Consequently, the overlapping region between stacks would reduce and
become less correlated (R). Although it was attempted to use the same sectioning process throughout this study,
the values of AZ and R varied slightly between consecutive stacks. This could be due to the fact that the serial
sectioning process was semi-automated and that there is a variation in the sample hardness. However, the

minimum R values in all cases were no less than 0.8, meaning that all consecutive stacks contained overlapping

98



regions that correlated fairly well. It was noted that larger AZ tended to give poorer R, but this relationship was

not absolute (see Figure 5-12). While the method can be inconsistent, it is worth pointing out that it is not

necessary to have uniform thickness of materials removed each time as long as all the z-stacks have overlapping

regions for stitching.
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The reconstructed image volumes for the concrete sample is shown in orthogonal views in Figure 5-14.

All images are converted to a grey scale and inverted to highlight the features of interest. Dark areas are the

fluorescent epoxy-filled void spaces (microcracks and capillary pores) whereas bright areas correspond to solids.

A median filter of 1 x 1 X 1 was applied to the images to remove noise.

Figure 5- 14 Orthogonal views of reconstructed image of concrete (C/C-14/56FT) with 3D rendering.
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The reconstructed image volume of the concrete sample (C/C-14/56FT) shows substantial amounts of
microcracking induced by cyclic freeze-thaw. Bond cracks at the interface between aggregates and cement paste,
and matrix cracks that propagate through the cement paste are clearly visible. The smallest microcrack detected
was around 0.8 um and the largest observed was about 50 pm wide. The 3D morphology of the microcracks are

clearly visible in the orthogonal views as well as in the 3D rendering.

5.5.5 Reconstructed image volume — mosaic 2 x 2

Any imaging technique is inherently limited in the size of the largest sample that it can image and its
ability to resolve the smallest features present in it. The proposed method has been shown to be able to
reconstruct thick volumes of cement-based materials from series of fluorescence LSCM z-stacks at sub-micron
resolutions with good accuracy. The method can also be extended by stitching in the XY plane to further
increase the field of view and hence the overall image volume without loss of resolution. Figure 5-15 shows an
example of this where the concrete sample (C/C-14/56FT) was imaged as four (2 x 2) overlapping mosaic tiles
and subsequently reconstructed. The overlapping regions between the mosaic tiles were around 20%. Here,
several aggregates are fully captured and the propagation of the microcracks can be better defined compared to

that shown in Figure 5-14.
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Figure 5- 15 Orthogonal views of the image volume reconstructed from the mosaic 2 x 2.
Total area in XY is 700 x 700 pm2.

A potential problem in fluorescence microscopy is uneven illumination (sometimes called ‘shadow
effects’) in the XY plane, especially when a large area is imaged and the sample is not perfectly flat and
horizontal. In such instance, the image can be corrected prior to alignment by means of pseudo flat-field
correction. This is carried out by dividing the raw image by a flat-field image generated by mean-filtering the
raw image using a large kernel size. An example of this is shown in Figure 5-16. Uneven brightness may also

occur along the depth of reconstructed image volumes due to factors such as varying imaging conditions after
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each cycle of sectioning, inherent inconsistencies or heterogeneities in the sample and/or photo bleaching of the
fluorophores due to pro-longed exposure to laser. This can be rectified using histogram matching (Camp, et al.,
1997, Castleman, 1996) that matches the histograms of successive image slices to that of the first image of the

reconstructed image volume to give uniform intensity along the depth.

a) | )

Figure 5-16 Correction of uneven brightness in the XY plane of a large LSCM image: a) raw image b) flat
field image generated by mean filtering of a) with a kernel size of 350 pixels, and c) corrected image. This
image was captured with 20x objective lens as a 3 x 3 mosaic, with a stitched area of 2.43 x 2.43 mm?.

5.6 Summary

A major limitation of laser scanning confocal microscopy (LSCM) when used for three-dimensional
characterisation of non-transparent porous materials such as cement-based materials is its shallow imaging
depth. This chapter presents several attempts to overcome this limitation. Unfortunately, most of them, (apart
from serial sectioning), failed. Fluorophore concentration did not play a major role in the imaging depth because
a small amount of fluorophores was sufficient to give maximum fluorescence intensity under normal operating
laser intensity. Light compensation by adjustment of PMT and laser with depth, and histogram matching
improved mainly the image brightness; their contribution to increasing imaging depth was insignificant. Blind
deconvolution was able to improve overall image quality but it was not effective on images from deeper
sections. In the case of two-photon microscopy, the imaging depth was similar to that in conventional LSCM and
no significant improvement was observed. Use of transparent aggregates improved the imaging depth only

locally, because underneath the aggregates the problem reappears.

A new method that overcomes the imaging depth limitation by combining fluorescence LSCM with
serial sectioning was developed. The proposed method has been shown to be able to reconstruct thick volumes of
cement-based materials from series of fluorescence LSCM z-stacks at sub-micron resolutions with good
accuracy. The method can also be extended by stitching in the XY plane to further increase the field of view and

hence the overall image volume without loss of resolution.

Theoretically, the image volumes can be extended infinitely in both the XY and Z planes. However, in
practice there are several factors that could limit this. For example, it is difficult to ensure that the sample is
perfectly flat and equal thickness throughout, particularly for a large sample. Therefore, it may not be possible to
capture mosaic tiles that cover the entire sample at the same focal plane. The sectioning method (i.e. mechanical

grinding) also causes the edges of the sample to be worn more easily than the centre. The height of the stage can
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be adjusted to accommodate this to a certain degree, but reconstruction could become problematic if there is a

large discrepancy in the focus depth of the images in each tile.

Serial sectioning is intrusive, meaning that the sample cannot be revisited once sectioned. Moreover, if
too thick layer is removed during grinding, it may not be able to stitch with the following z-stack, as the method
requires each z-stack to have overlapping regions with neighbouring stacks. In such case, information between
stacks are lost and the whole procedure should be started again. This is very risky as the depth of sample that can
be imaged is limited by the impregnation depth of the fluorescent resin since imaging is done in the fluorescence
mode. The impregnation depth is dependent on the method of impregnation, viscosity of resin and the pore
structure of the sample. However, if imaging a thicker section is required, the sample can be re-impregnated with

resin. In this study, the impregnation depth of fluorescent resin for concrete was > 3 cm.

Another disadvantage of LSCM is that it cannot distinguish solid phases of different compositions. It
can only image void spaces that contain fluorescent epoxy. Voids that are isolated are not ‘seen’ as these would
not be impregnated with the fluorescent epoxy. On the other hand, the technique lends itself very well for the
purpose of characterising interconnected pores and cracks that influence mass transport properties. This can be
an advantage of the technique for characterisation of microcracks in cement-based materials induced either by
autogenous shrinkage, drying shrinkage, thermal effects, mechanical loading or any deleterious mechanisms, as

microcracks are expected to have a significant effect on transport properties.

The proposed method can image a representative volume of concrete in 3D at sufficiently high
resolution to capture the microcracks and capillary porosity, which any of the existing techniques are able to do.
More importantly, the obtained characteristics could be correlate to transport properties e.g. by isolating the

influence of microcracks from other factors such as pore structure and degree of saturation.

However, the main drawback of the proposed method is that the process of serial sectioning, imaging
and reconstruction may be very laborious and time consuming especially for imaging large volume at high
resolution. For example, the average time required to serial section and image one 5.2 um thick stack at 0.945
pm Z resolution from a concrete sample is approximately 45 minutes using our current facilities. We believe,
that this can be improved by automating the process, but even then, it is not practical to image sample volumes
up to a few cm or even a few mm thick. Such thicknesses are required for imaging representative volume of
mortar and concrete in order to characterise developed microcracking. Consequently, the proposed method will
not be used further for the purpose of this thesis. However, it is envisaged to have other applications where a
smaller image volume is required, for example in characterising 3D particle shape of cements, supplementary
cementitious materials and fillers. Existing imaging techniques such as FIB-nt and synchrotron uCT are able to
cover only particles in the range between 0.4 to 2.0 pm and 20 to 60 pum, respectively (Holzer, et al., 2010). The
proposed method can be used to image a wider range of particle size that bridges the gap between these two
techniques. The proposed method was used to image pore structure of cement paste with different binders (Yio,
et al., 2017). Other materials that can be characterised include various permeable rocks that are of importance to
the oil industry such as carbonates and limestone (e.g. Ketton and Estaillades) containing highly connected
micropores that cannot be captured by X-ray pCT (Blunt, et al., 2013). Bioceramics that are used in medical
applications as bone substitutes are another example. These materials contain micropores of less than10 um

(Dorozhkin, 2010).
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Chapter 6

Three-dimensional image analysis of microcracks

3D image analysis is very challenging especially when the features of interest are difficult to segment.
Microcracks fall in this category because they tend to share the same brightness value in the image histogram as
pores or air voids since all of these features are either empty, water saturated or impregnated with the same resin.
Therefore, the aim of this Chapter is to develop an algorithm to separate microcracks from pores, and to extract
quantitative data of microcracks such as crack density, orientation degree, distribution of width and length,
connectivity and tortuosity. The entire image processing algorithm will consist of the following steps: image pre-
processing, segmentation and binarisation, separation of microcracks from other porous features and finally
quantification. A 3D image of concrete (C/SF-14/SC) obtained using Metris X-Tek HMX ST 225 CT scanner
was used to demonstrate the proposed algorithm in this Chapter. Details of the sample are presented in Section

4.2.2 and 4.6. The 3D image was processed in Avizo Fire 7.1 and Fiji/ ImageJ software.

6.1 Background

Qualitative analysis is often used in cement and concrete research, for example to assess composition,
to investigate the influence of various environmental conditions on concrete durability and to study mechanical
properties related to failure processes. Qualitative analysis of microstructure can provide useful insights into
various concrete properties. However, quantitative analysis is essential for a more fundamental study, for
example in statistical analyses, theoretical modelling and validation. Recent developments in computer-based
image analysis techniques provide powerful tools that can be adapted towards quantitative microstructural

investigation of concrete, including characterisation of microcracks and air voids.

Image processing involves the manipulation of images in order to extract useful information without
altering the data present in the original images. The aim is to obtain quantitative information from the extracted
features of interest (Marion, 1991). Various operations can be applied to the original images to remove noise and
enhance contrast between features of interest (microcracks and voids) and the background. This can be achieved
by application of filters such as mean, median or edge detection filters (Efford, 2000, Marion, 1991).
Quantitative image analysis requires segmentation to transform the original image into a binary image where the
features of interest are separated from the background. Segmentation is usually performed on the basis of
thresholding the image histogram. Many different thresholding methods have been developed and adapted to

facilitate this process.
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A key challenge in segmentation is the separation of features of interest from other features that share
similar intensity values in the histogram. This step typically involves morphological and arithmetical operations
such as dilation, erosion, closing, opening and hole filling (Efford, 2000, Soille, 2004). Figure 6-1 illustrates the
effect of each of these operators. Morphological operators process the binary image based on characteristics of
its shape, which are encoded in the structuring element. The selection of appropriate operations and a reasonable

number of iterations help to enhance the effectiveness of phase separation.

a) b) c)
I1®concrete 19 concrete I concrele

d) e) f)
19 concrete I concrete 19 cencrete

Figure 6-1 Examples of morphological operations: a) original image, b) dilation, c) erosion,
d) opening, e) closing, f) holes filling.

The oldest method to analyse microcracks in concrete involves mapping and manual measurements,
while more recent methods include automatic quantification (Ammouche, et al., 2000, Ringot and Bascoul,
2001, Soroushiana, et al., 2003). An automatic analysis is facilitated by a large number of algorithms and
commercial image analysis software designed with the aim to extract quantitative information from images
without needing user intervention. Most of the quantification tools implement stereological techniques to
quantify parameters such as degree of anisotropy, orientation, surface area and density or size distribution

(Ringot, 1988).

6.2 Image pre-processing and segmentation

Acquiring good quality images is of foremost importance in image analysis. Even so, it is common to
apply some pre-processing operations such as filtering to enhance image quality. They can be used to reduce

noise, enhance features or define image volumes to be analysed. These are explained in the following sections.

6.2.1 Raw data

The raw data obtained from X-ray microtomography is a stack of approximately two thousand
reconstructed slices (in the XY plane) saved as 16-bit tiff images. Figure 6-2-I shows an example of one of the
2D reconstructed slices, which is slice number 1590 from sample C/SF-14/SC. Note that for the remainder of
this Chapter, all image processing procedures will be demonstrated on this particular slice. The whole 3D image
is digitised to 2011x2011x2011 voxels at a voxel size of 15.5 pm and its total file size is 15.2 GB. Image
analysis of such a huge file requires very high computing power and is time consuming. Additionally, many
image processing commands and plugins (in Fiji/ ImageJ or Avizo Fire) are written for 8-bit images. For these
reasons, all 16-bit images are converted to 8-bit images. This means that every pixel can be assigned with

28=256 different grayscale values ranging from 0 to 255. The size of the converted 3D image is then decreased to
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half of the original image because half as many bits are needed for each pixel/voxel in the 8-bit image compared

to the 16-bit image. This facilitates image analysis and increases processing speed.

6.2.2 Cropping-out

Prior to any processing, a sub-volume of the whole image needs to be defined and cropped. This will
exclude the edges of the sample from further analysis that tend to contain anomalies. For example, samples that
are obtained by drilling or coring tend to be affected by fracturing at the cutting edges or aggregate particle pull-
outs. Also, image contrast at the edge of the sample is always lower due to beam hardening effects and therefore
it is advisable to crop out this part of the image prior to analysis. Figure 6-2-1 and Figure 6-2-II show selected

image area for cropping and the cropped image in a format of 1320x1320 pixels respectively.

5000 pm

Figure 6-2 Cropping out: I) raw image 2011 x 2011 pixels with selected area for cropping;
IT) cropped image of 1320 x 1320 pixels; III) 3D median filter of radius 1 applied to reduce noise.

6.2.3 Median filter

Noise reduction was performed by applying a 3D median filter that processes the entire image as a
whole. The median filter is a non-linear digital filtering technique, often used to preserve edges while removing
noise. Such noise reduction is a typical pre-processing step to improve the results of later processing such as
segmentation. The grey levels of all voxels within a defined neighbourhood are sorted from the smallest value to
the largest. The central voxel in the sort is the median value and each voxel from the neighbourhood is assigned

with this new value.

a) b) <) d)
Figure 6-3 Demonstration of noise reduction using median filter with different radii:

a) original image; b) filtered with radius 2; ¢) filtered with radius 4; d) noise (a)-(b).
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The median filter in Fiji/ ImagelJ uses circular neighbourhoods with determined radius values. An
example of filtered image with radius of 2 and 4 are presented in Figure 6-3. Figure 6-3-d shows the noise
removed from the original image by subtracting the filtered image (b) from the original image (a). It shows that
the noise consists of small positive and negative values, mostly lacking in interesting structure. However, if a
very high radius value is applied, then the filtered image can become excessively smoothed or blurred, such as in
the case shown in Figure 6-3-c. Consequently, a small radius value of 1 was selected to maintain image quality

(see Figure 6-2-II1). This radius will be applied to all images collected with X-ray u-CT in Chapter 8.

6.2.4 Segmentation

Quantitative image analysis requires the feature of interest (microcracks) to be selected and extracted
from other phases in the image. This process is called segmentation and the result is a binary image, in which
each pixel is assigned either a value of one or zero to indicate whether it belongs to the feature of interest or not.
A binary image is usually generated by thresholding, which is the process of selecting the range of greyscale
values in the image histogram that represents the particular phase of interest. Several histogram-based
thresholding methods exist in the literature where the threshold value is applied globally to the whole image or

locally where different threshold values are applied to different parts of the image.

Figure 6-4 shows examples of three different global thresholding methods applied to the same image to
segment pores and cracks. These are automated threshold determination methods available in Fiji/ Image] : a)
the Mean method (Glasbey, 1993) uses the mean grey levels as threshold (Figure 6-4-a); b) the Moments method
(Tsai, 1985) attempts to preserve the moments of the original image in the resultant binary image (Figure 6-4-b)
and ¢) the Intermodes method (Prewitt & Mendelsohn, 1966)) assumes a bimodal histogram that is iteratively
smoothed using a running average of size 3 until only two local maxima remains (j and k) and the threshold is
computed as (j+k)/2 (Figure 6-4-c). This example shows that the final result is very sensitive to the chosen
threshold. A high threshold value detects more structures, making them bigger until they merge as shown in
Figure 6-4-a, while a low threshold value can prevent merging, but does not fully detect the structures as shown

in Figure 6-4-c.

a) b)

Figure 6-4 Demonstration of various thresholding methods: a) Mean, b) Moments, ¢) Intermodes.
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Having tried a number of thresholding methods, it was found that the most suitable and reliable method
for this study is the overflow method proposed by Wong and Buenfeld (2006). This method was also chosen by
other authors for their X-ray tomography images, for example by Promentilla and Sugiyama (2010). The
overflow method was originally developed for segmenting pores and cracks from greyscale images of cement-
based materials captured using backscattered electron microscopy. Therefore, it would be interesting to see the
differences between images acquired by the SEM-BSE and the p-CT. is. For this reason, the scanned core from
sample C/SF-14/SC was sliced, impregnated and polished prior to imaging with SEM-BSE. The images were
taken at low magnification of 19 x to achieved similar pixel size of 13,3 um to the voxel size of the u-CT image.
Figure 6-5-a shows the images from both techniques. Note that it is very difficult to find the exact 2D slice from

the 3D image, especially because it is not possible to ensure parallel cutting of the core to the 2D slicing of the

reconstructed p-CT image.
a)

SEM-BSE image
Pixel size: 13,3 um

u-CT image
Pixel size: 15,5um

Histogram Histogram

I .
0 255 0 255

Figure 6-5 Comparison of images acquired by SEM-BSE and p-CT (a) with their histograms (b).

The first impression is that the SEB-BSE image is much sharper and clearer than the p-CT image
despite their similar pixel/voxel size. This is due to the advantage of the higher spatial resolution of SEM

imaging over X-Ray tomography. More detailed comparison between these techniques, especially in terms of
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microcracks detection can be found in Section 4-7. Apart from resolution the images show identical features;
with similar brightness and contrast and similar range of values on the greyscale histograms (Figure 6-5-b). This
suggests that the overflow method developed for SEM-BSE images will work as well for u-CT images. This
comparison also shows that the additional sample preparation required for SEM-BSE does not induce any further

changes or damage to the sample microstructure.

The overflow method was recently tested and validated using 3D monte-carlo simulations (Yio et al.,
2016). Application of this method for microcrack and pore segmentation is demonstrated in Figures 6-6, 6-7 and
6-10. According to this method, the overflow point corresponds to the inflection of the cumulative grey scale
histogram. This inflection can be estimated from the intersection between the two linear segments as shown in

the Figure 6-7. The grey value at this intersection can be used as the upper threshold for microcracks and pores.

Histogram

Threshold: 98

0 255

Figure 6-6 Segmentation: IV) thresholding with overflow method (Wong et al., 2006) and grey scale
histogram of the stack; V) binary image after segmentation.
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Figure 6-7 Cumulative grey scale histogram of image III The grey value x at the intersection between y1 and
y2 is used as the threshold according to the overflow method (Wong et al., 2006). Here x = 98 for y; = y».
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6.3 Separation algorithm

Image analysis of microcracks is very challenging because the microcracks are always segmented
together with pores since they share similar grey value in the histogram. Therefore, an algorithm was developed
to separate microcracks from other pores such as air voids and pores in aggregates. The entire separation process
is summarised on a flow chart shown in Figure 6-8. In this diagram, Arabic numerals are used to represent a
particular image processing operation while Roman numerals correspond to the processed images that are
presented in Figures 6-2, 6-6, 6-9, 6-10, 6-12 to 6-25 of this Chapter. All steps of the separation algorithm are

explained in the following paragraphs.

6.3.1 Separation of pores in coarse aggregates

The aggregates used for preparing concrete samples in this thesis are Thames Valley sand and gravel,
which are alluvial deposits. The gravel fraction consists limestones, ironstone, flint, quartzite, quartz and some
shells and coral fragments (Robson, 1975), which have different characteristic, especially density. Thus, they
would appear in variable pixel intensity values on the reconstructed u-CT slices. Additionally, some coarse
aggregates are very porous while others do not contain any pores. These make the image analysis more difficult

and involve additional steps, i.e. separation of pores within aggregate particles.

This section explains the separation and removal of pores in coarse aggregates from the binary image
(V). The first step is to detect edges of porous features by applying a morphological gradient filter to the
greyscale image (III). Morphological gradient emphasises the object edges using a combination of a greyscale
image dilation and erosion. The dilation computes, for each pixel/voxel, the maximum value of its neighbouring
pixels/voxels, while the erosion computes the minimum value. Dilation and erosion act as local maximum and
minimum operators respectively. The neighbourhood is defined by a structuring element e.g. a ball (sphere in the
case of 3D image) with a relevant half-kernel size. Soille (2004) discusses three types of morphological
gradients: basic morphological gradient, half-gradient by erosion (internal gradient) and half-gradient by dilation
(external gradient). Basic morphological gradient filter (MG) for a grayscale image (A) by using a structural

element (B) is defined by Equation 6-1, where @ and © denotes dilation and erosion respectively:
MG(A) = (A® B) — (4O B) (Eq. 6-1)
The external and internal gradients are given by Equations 6-2 and 6.3 respectively:
MG,(A)=(A@B)—A4 (Eq. 6-2)
MG;(A)=A—(AG©B) (Eq. 6-3)

The external gradient enhances external boundaries of objects brighter than their background and
internal boundaries of objects darker than their background, while the internal gradient works in the opposite

way.
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Figure 6-8 Algorithm to separate microcracks from pores in aggregates and air voids.
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Here, the external gradient was selected to completely preserve pore edges. Figure 6-9-VI shows the
result where a ball (sphere) was used as a structural element with half-kernel size of 3 voxels. The filtered image
was then converted to a binary image by applying inversion (VII) and thresholding (VIII). The overflow method
(Wong et al., 2006) was again adopted to estimate the threshold from the cumulative histogram presented in

Figure 6-10.

Figure 6-9 Edge detection: VI) detected edges by external morphological gradient with a 3 voxel half-kernel size
ball as structuring element; VII) inverted image of VI; VIII) thresholded (binary) image of VII with overflow
method (Wong et al., 2006) using threshold value 237.

3.0E+09

2.5E+09 r
-
3 2.0E+09 y; = 2E+08x - 5E+10
< R? = 0.9965
Q
3
o
Q  1.5E+09
&
(]
=
©
= 10E+09
IS
>
O

5.0E+08

Yy, = 2E+06x - 3E+08 |
R? = 0.8028 H
0.0E+00 -
0 50 100 150 200 250
Gray value

Figure 6-10 Cumulative grey scale histogram of image V The grey value x at the intersection between y; and y»
is used as the threshold according to the overflow method (Wong et al., 2006). Here x = 237 for y| = ya.

It can be seen that the binary image (VIII) contains many small particles or specks that are noise. These
can be removed by using a despeckle operation that searches the image for clusters of pixels/voxels up to the

specified size and removing such objects. Figure 6-11-IX shows the cleaned image after despeckling at 3 voxels.

The next step is to process the cleaned image (IX) in order to separate pores in aggregates. This include

binary dilation followed by fill holes and fill image borders operations.
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Binary dilation (Efford, 2000) is a mathematical morphology operation that uses a structuring element
for expanding regions in an image. The structuring element is a small matrix of pixels/voxels, each with a value
of zero or one. The matrix dimensions specify the size of the structuring element and the pattern of ones and
zeros specifies its shape e.g. cube, disc (in 2D) or ball (in 3D). Morphological techniques probe an image with a
structuring element. The structuring element is positioned at all possible locations in the image and compared
with the corresponding image pixels/voxels. For binary dilation it is a test of whether the structuring element
"hits" (intersects) the neighbourhood. As a result, it creates a new binary image in which the pixel/voxel has a

non-zero value only if the test is successful at that location in the input image.

The fill holes operation changes background pixels/voxels (zeros) to foreground pixels/voxels (ones),
stopping when it reaches object boundaries. In other words, it closes the object. The fill image borders operation
applies the fill holes operation at the six exterior faces of the 3D image. The boundary of the fill operation is
determined from the specified neighbourhood connectivity. For example, 6-connectivity for voxels with a
common face connected, 18-connectivity for voxels with at least one common edge connected and 26-

connectivity for voxels with at least one common vertex connected.

The effect of binary dilation using a ball as a structuring element with half-kernel size of 2 voxels is
shown in Figure 6-11-X. The image (X) is clearly enlarged and smoothed. A layer of voxel was added to both
the inner and outer boundaries of the foreground, therefore small intrusions into boundaries of the region are
filled and gaps between different regions become smaller. Additionally, all holes were enclosed within isolated
regions after performing fill image borders and fill holes operations, both set to 26- connectivity. These filled

most of the air voids (see Figure 6-11-XI).

Figure 6-11 Despeckling, dilation and hole filling: IX) removing small particles from image VIII with
despeckle filter at 3 voxels; X) image after binary dilation using a ball structuring element with half-kernel
size of 2 voxels; XI) image after filling image borders and holes specified at 26-conectivity.

The operations described above are aimed at enlarging all objects and connecting structures, especially
cracks and air voids into one (or few) 3D cluster(s) of voxels, which is shown in Figure 6-12-XIII. This selection
was made with a segmentation tool (Pick & Move) in Avizo Fire. It allows the selection of the entire connected
region (purple on image XII) by clicking on one of its voxels. All voxels belonging to the same phase will be

selected in the whole 3D image. Thus, pores in aggregates which are isolated and disconnected to the selected
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cluster(s) (grey colour on the image XIII) are separated from the image as shown in Figure 6-12-XIV. In this

image, all pore features are preserved except those in the aggregate.

Then, image XIV was subtracted from the original thresholded image V to obtain an image of pores in
aggregates only (Figure 6-13-XV). The subtraction operation takes the two images as input and produces a third
image whose pixel/voxel values are simply those of the first image minus the corresponding pixel/voxel values

from the second image (Marion, 1991).

Figure 6-12 Image processing: XII) Manual selection of connected structures (cracks and air voids); XIII)
Segmented image with removed pores in aggregates, XIV) Result of subtraction (Image V - Image XIV).

To ensure that pores in aggregates are fully preserved, image XIV is dilated using a ball structuring
element with half-kernel size of 2 voxels and holes are closed by applying fill holes and fill image borders
operations at 26-conectivity (Figure 6-13-XV). Processed image is saturated with black pixels/voxels to keep the
overall shape and outline of image XIV. The size of half-kernel in dilation of image XIV was set to 2 voxels,
which is consistent with image X to ensure that every pixel/voxel belonging to cracks around aggregates are
unaffected. The new image XV was then subtracted from the original image V to separate more pores within the
aggregates. The newly created image X VI was also subtracted from the original image V giving as a result an

image of pores in aggregates, labelled here as part A (image XVII).

Figure 6-13 Image processing: XV) Image after dilation, fill holes and fill image borders at 26-conectivity;
XVI) Result of subtraction: (Image V) - (Image XV); XVII) Result of subtraction: (Image V) - (Image XVI)
showing pores in aggregates, part A.
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Unfortunately, there might be some non-separated pores remaining that these need to be removed
manually. These generally occur in highly porous aggregates and are preserved as a part of the 3D cluster(s) in
the Figure XIII. Their separation was made with the segmentation tool (Pick & Move or/and Brush) in Avizo
Fire (purple colour on the image XVIII). The manually selected region was then thresholded and used together

with image V for logical operation AND (display of only shared pixels/voxels) to create an image of remaining

pores in aggregates, labelled as part B (see Figure 6-14-XIX).

The final step was to combine the pores from part A and B into one image by implementing
mathematical operation ADD, which simply adds up the values of the corresponding pixel/voxel from the two
images. The result is presented in Figure 6-14-XX. When overlaid onto the original image (III), it can be seen in

Figure 6-21-a) that the selected objects (highlighted in red) correspond well to the pores in aggregates.
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Figure 6-14 Image processing: XVIII) Manual selection of remaining porous aggregates, XIX) porous
aggregates - part B, XX) Separated porous aggregates (sum of part A and B).

6.3.2 Separation of air voids

Figure 6-15-XXI shows the result of subtracting image XX from image V to produce a binary image

that contains only air voids, capillary pores, and microcracks.
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Figure 6-15 Separation of air voids: XXI) Image without porous aggregates obtained by subtraction (Image V
- Image XX); XXII) Air voids separated remained after sieve analysis of image XXI (Air voids part A);
XXIIT) Result of subtraction: (Image XXI - Image XXII).
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The next step is to isolate and remove the air voids. In general, air voids are relatively easy to separate
because of their spherical shape. Many of these features can be removed by applying sieve analysis, for example
by filtering objects having 3D shape factors in the range between 0.5 and 1.5, and with volumes above 100
voxels. These was achieved in Avizo Fire, image XXII shows the sieved air voids (part A). However, this
operation alone is not capable of separating all of the air voids effectively. This is because some of the air voids
are not perfect spheres, may coalesce with other voids, or connect with other features such as microcracks.
Examples of such non-spherical air voids are shown in Figure 6-15-XXIII, which is obtained by subtracting

image XXII from image XXI.

In order to separate these air voids, additional image involving binary erosion and dilation is required.
The effect of erosion on a binary image is to gradually reduce the foreground by removing a layer of
pixels/voxels at a time, while dilation works in the opposite sense. Figure 6-16-XXIV shows the effect of erosion
of binary image XXIII using a ball (sphere) structuring element with half-kernel size of 3 voxels. This

disconnects air voids from microcracks.
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Figure 6-16 Image processing: XXIV) Image after binary erosion using a ball structuring element with half-
kernel size of 3 voxels; XXV) Remaining air voids after sieve analysis of image XXIV with 3D shape factor
between 0.5 and 1.5, binary dilated using ball structuring element with half-kernel size of 4 voxels;
XXVI) Result of logical AND operation: (Image XXIII) AND (Image XXV), air voids part B.

The eroded image XXIV is then subjected to a sieve analysis to separate objects with 3D shape factor
between 0.5 and 1.5. The result of this is then dilated using a ball (sphere) structuring element with half-kernel
size of 4 voxels (Figure 6-16-XXYV). The dilation is performed with bigger kernel (by one voxel) to ensure that
all common air voids are separated in the next step, which is the logical AND operation between image XXIII
and dilated image XXV. The result of this is presented in Figure 6-16-XXVI. In this way the next large portion

of air voids was isolated (part B).

This step usually removes all of the air voids depending on the complexity of the microstructure.
However, the presented sample is one of the more complex cases and a small amount of air voids remained (see
Fig. 6-17-XXVII) because the applied erosion with half- kernel size of 3 voxels was not sufficient to disconnect
them from microcracks. Therefore, erosion was repeated at larger half- kernel size to remove a thicker layer of
pixels/voxels from the object in order to disconnect the remaining air voids from microcracks. Figure 6-17-
XXVIII presents the result of eroding image XXVII using a ball (sphere) structuring element with half-kernel

size of 6 voxels. Then, the remaining air voids are selected manually using the Pick & Move tool in Avizo Fire
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as presented in Figure 6-17-XXIX. This is a simple and quick process because there are only a few air voids to
select. Additionally, it is more accurate than sieve analysis based on 3D shape factor because such severe erosion

can significantly alter the spherical shape of the air voids.
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Figure 6-17 Image processing: XXVII) Result of subtraction: (Image XXIII) - (Image XXVI);
XXVIII) Image after binary erosion using a ball as a structuring element with half-kernel size of 6;
XXIX) Manual selection of remaining air voids.

The selected air voids are then dilated using a ball structuring element with half-kernel size of 7 voxels
(Image XXX). As before, the dilation is performed with a slightly larger kernel size (bv one voxel) compared to
erosion to allow accurate separation of the remaining air voids (part C) in the next step, which is the logical
AND operation between image XXVII and image XXXI. This ultimately separates all the air voids shown in
Fig. 6-18-XXXII, which is the sum of three images containing air voids from parts A, B and C.

To verify that the separation is complete and accurate, visual inspection is carried out on each XY slice
of the air voids binary image (Image XXXII) and compared with corresponding XY slice of the raw data (Image
IIT). An example of such visual inspection is shown in Figure 6-21-b), where it can be seen that the red labelled

air voids from image XXXII perfectly match with the black air voids in the original grey scale image.
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Figure 6-18 Image processing: XXX) Image after binary dilation using a ball as a structuring element
with half-kernel size of 7; XXXI) Result of logical AND operation: (Image XXVII) AND (Image XXX),
air voids part C; XXXI) All air voids: part A+B+C, result of addition:

(Image XXII) + (Image XXVI) + (Image XXXI).
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6.3.3 Separation of microcracks

The last step in the separation algorithm is to extract microcracks, which are the main feature of interest
in this work. This will be carried out using a semi-automatic procedure to ensure all microcracks are detected.
Figure 6-19-XXXIII shows the binary image without porous aggregates and air voids (removed by subtracting
image XXXII from image XXI). It can be seen that the microcracks are well preserved, but some small amount
of noise still remained. In order to remove this noise, the image is processed with a closing operation followed
by sieve analysis. The closing of an image A with a structuring element B, denoted as A ¢ B, is defined as a
dilation followed by an erosion using the same structuring element (Efford, 2000), producing a new binary

image C:
C(A)=A+*B=(A®B)S B (Eq. 6-5).

This operation is called closing because it fills holes without affecting the other features of interest. It is
similar to dilation, but less destructive and therefore well suited for eliminating noise such as small holes in
cracks or to join disconnected cracks without affecting their original shape. Figure 6-19-XXXIV shows the result

of closing image XXXIII using a ball (sphere) structuring element with half-kernel size of 1 voxel.
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Figure 6-19 Image processing: XXXIII) Image without porous aggregates and air voids (Image XXI - Image
XXXII); XXXIV) After binary closing using a ball structuring element with half-kernel size of 1 voxel to
remove noise; XXXV) Large microcracks that remained after sieve analysis of XXXIV with 3D shape
factor > 5 and size < 50,000 voxels.

Then, the objects in image XXXIV are labelled and analysed with sieve analysis (Section 6.4) to obtain
their 3D shape factors and volumes. Those with shape factors below 5 and volumes smaller than 50,000 voxels
are filtered to remove remaining noise. This procedure will preserve most of the microcracks as shown in Figure
6-19-XXXV. However, some very small microcracks are occasionally removed along with the noise. To
improve this, manual selection of the remaining microcracks is needed. This is the most tedious part of the

separation process. However, it is essential to achieve an accurate quantitative analysis.

The remaining microcracks are detected by subtracting image XXXV of the large microcracks only
from image XXXIV. This produces image XXXVI which is then overlaid on to the original greyscale image. At
first sight, visual identification of the microcracks appears to be difficult because of their small size and they
resemble noise. However, it turns out to be a simpler task when each XY slice of the separated 3D image is

compared with the corresponding XY slice of the raw data (after cropping and filtering). The remaining
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microcracks are selected by the Pick & Move tool in Avizo Fire and highlighted in purple (see Figure 6-20-
XXXVII). The selected microcracks are added to image XXXV (large microcracks) to produce the final image
of all the microcracks (Figure 6-20-XXXVIII).
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Figure 6-20 Image processing: XXXVI) Remaining features after subtraction (Image XXXIV - Image
XXXV); XXXVII) Manual selection of remaining microcracks; XXXVIII) Result of addition (Image
XXXV/large microcracks/ + Image XXXVII /selected remaining microcracks/) to produce the final image
containing all microcracks.

The overlaid image of the selected microcracks (highlighted in red) on to the original image (III) can be

seen in Figure 6-21-c). The segmented objects correspond well to the microcracks.

a) b) ©)

Figure 6-21 Overlaid image of selected a) pores in aggregates, b) air voids and ¢) microcracks
(highlighted in red) on to the original image (III).

6.4 Quantitative measurement

Quantitative measurements can be carried out after separating the microcracks from other pores in the
3D image via the proposed algorithm described in this section. Depending on the type of crack parameter to be
measured, the segmented image can be used as is or it has to undergo additional processes such as labelling and
skeletonisation. Figure 6-22 shows an example 3D image of microcracks that have been segmented (a), labelled

(b) and skeletonised (c). The segmented image is used for global analysis such as total volume, specific surface
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area and degree of anisotropy. The labelled image allows measurements to be made on each microcrack

separately while the skeletonised image allows topological parameters such as tortuosity to be measured.

Labelling is a process where every pixel/voxel of the same microcrack is assigned a unique value
starting from 1. The assigned value depends on the location of the microcrack in the image, the largest value
gives the total number of microcracks. To do so, the image is scanned thrice from top to bottom and from left to
right. The first scan detects the start of each microcrack. The second scan gives the same grey level to all the
pixels/voxels belonging to the same microcrack. The third scan checks that all microcracks have consecutive
indices (i.e. there is no missing number). An important consideration in labelling is the definition and the type of
connectivity. For 3D images, this can be either 6, 18 or 26, i.e. features are considered connected if they share at

least one common face, edge or vertex respectively.

Figure 6-22 a) Segmented, b) labelled and c) skeletonised image of microcracks.

Skeletonisation is the process of reducing the size of an object in a binary image to a skeleton that
preserves the general shape and connectivity of that object. There are three major skeletonization techniques.
These are based on geometric continuities (via Voronoi diagrams generated by the boundary points), object
reduction (layer by layer erosion called thinning) and curve propagation (detection of ridges in a distance map of
boundary points) (Sangeetha et al., 2015). The method used in this work is an implementation by Ignacio
Arganda-Carreras of the 3D thinning algorithm from Lee, (Lee et al., 1994). It is available as a plugin called
Skeletonise 3D in BonelJ version 1.4.1 (Doube et al., 2010). BoneJ is a plugin in Fiji/ ImageJ that was original
designed for analysing bone structure. Nevertheless, it is used here for microcracks as it works well with any 3D

structure regardless of the origin. The Skeletonise 3D plugin finds the skeleton of the microcracks using a
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topology-maintaining medial axis thinning algorithm. Basically, it erodes the surface of the microcracks
iteratively until only the skeleton remains. Erosion is performed symmetrically in order to the guarantee medial
position of the skeleton lines such that the connectedness of the object is preserved and any holes or cavities are

created.

Properties such as volume, area, width, length etc are measured for each microcrack and the results are
used to calculate various parameters such as total crack volume and volume fraction, dendritic and numerical
density, specific surface area, average width and length of microcrack and their distribution, degree of
anisotropy, connectivity and tortuosity. These are discussed in Section 6.4.1. Additionally, the air voids that are
segmented as part of the algorithm to isolate microcracks from other features are also quantitatively

characterised. This will be explained in Section 6.4.2.

6.4.1 Microcrack characteristics

a) Volume fraction

Volume fraction (V) is the total volume of microcracks (Vrack) i.€. the sum of the volume of each
labelled microcrack, divided by the entire volume of the sample (Vimage). In the case of 2D image analysis, the
area fraction (Aa) is obtained from the ratio between total area of the microcracks (Acrack) to the total area of the

image (Aimage). These are defined in Eq. 6-6 and 6-7 respectively:

Vy = Serack (Eq. 6-6)
image

Ay = ook (Eq. 6-7)
image

b) Specific surface area and surface density

Surface area (SA) of microcracks can be measured by determining the total area of exposed crack voxel
faces. However, this method tends to over-estimate the true surface area because of the jagged voxel
representation of smooth surfaces. Another approach is to reconstruct a polygonal mesh of iso-surface of the
three-dimensional structure and then sum up the area of polygons in the mesh. One variant of this method is the
marching cubes algorithm that extracts iso-surfaces using a triangular surface mesh (Lorensen and Cline,1987),
which is implemented as Isosurface plugin in BoneJ (Doube et al., 2010). The main disadvantage of estimating
the surface area of 3D objects via reconstruction is the relatively high computational complexity. An alternative
is the stereological approach using line intercept count method (LICM) (Huang and Klette, 2004), which is
applicable for 2D and 3D analysis. It involves four steps: generate a line probe, search for an object boundary,
count object-probe intercepts and finally apply stereological formulas to obtain estimation of perimeter (for 2D

analysis) and surface area (for 3D analysis).

From the measured surface area, two other parameters can be calculated: specific surface area and

surface density. Specific surface area (SSA) is the ratio of the surface area (SA) to the total volume of
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microcracks (Verack). For 2D analyss, the total perimeter (SA2p) and area of the microcracks (Acrack) are used

instead, as shown in Equations 6-12 and 6-13:

SA

SSA = — (Eq.6-12)
SA
SSA@py = Acrsz (Eq. 6-13)

Surface density (SD) is the ratio of the surface area of the microcracks (SA) to the image volume

(Vimage), or the ratio of the perimeter of the microcracks (SAxp) to the image area (Aimage) for 2D analysis:

SD

SD = (Eq. 6-14)
Vimage
SA

SDeapy = 72 (Eq. 6-15)

¢) Width

Microcrack width distribution can be estimated from local thickness measurements. This can be
implemented using a Thickness plugin (Dougherty and Kunzelmann, 2007, Hildebrand and Riegsegger, 1997)
in BoneJ (Doube et al., 2010). The method estimates a volume-based local thickness by fitting maximal spheres
to every point in the feature of interest. From these local thicknesses a volume-weighted mean thickness and the
thickness distribution are calculated. Average width of microcracks can be also calculated with cylinder rod

model, which assumes that all microcracks are rod-like and its thickness is defined as:

4
SA/Vcrack

(Eq. 6-16)

Whean =

Where SA/Vrck is a ratio of the surface area to the volume of microcracks. Similarly, for 2D images the average

microcrack width can be expressed as:

4

Winean 2p = A0/ Acrack (Eq. 6-17)

Where SAjp/Acrack is a ratio of the surface area (perimeter) to the area of microcracks.

d) Length

Length of microcracks (L) is expressed as dendritic length of the skeletonized microcracks.
This is calculated as the volume of the individual microcrack (Vind. crack) divided by the voxel face area. For 2D
analysis, this would be the microcrack area (Aing. crack) divided by the pixel side length in accordance with the

following:

L = Vind. crack (Eq 6-18)

voxel face area

LZD — Aind. crack (Eq 6-19)

- pixel side length

Distribution of microcrack length is the percentage of microcracks within a given length range and this

is usually plotted in a bar chart or as a cumulative graph. Total length of microcracks is the sum of each
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individual microcrack length. This can also be obtained from the total crack volume (Vrck) or total crack area

(Acrack) for 2D analysis, as shown below:

Vcrac
Liotay = —— 22— (Eq. 6-20)

voxel face area

Acrack
L = ——cract Eq. 6-21
total 2D ™ hixel side length (Eq )

The average crack length is the total microcrack length divided by the total number of microcracks,

according to:

L ota
Lmean = Ni:rfzclk (Eq 6'22)
L ota
Lmean 2D = N;ZCZZZ.; (Eq 6'23)

e) Density

Density of the microcracks can be expressed as numerical density (D) or as dendritic density (Dp).
Numerical density (Dn) is the number of microcracks (Nerack) per image volume (Vimage). Dendritic density (Dp)
is the total dendritic length of the microcracks (Liowi) per image volume (Vimage). The dendritic length of the
microcracks is the length of the skeletonized microcracks. For 2D image analysis, the microcrack density can be
obtained from the number of microcracks (Nerack 20), total length of microcracks (Lot 20) and image area (Aimage)

as shown in Eq. 6-8 to 6-11.

Dy = erack (Eq.6-8)
Vimage
D _ Ncrack 2D E 6 9
N(2D) = 7Aimage (Eq. 6-9)
Dp = 7L;::;;D (Eq. 6-10)
L
DD(ZD) = #::e (Eq. 6'1 1)

f) Orientation and degree of anisotropy

Degree of anisotropy (DA) is a parameter that describes the level of orientation of microcracks within a
volume. Anisotropy is the property of being directionally dependent. This implies that the microcracks have
different properties in different directions, as opposed to isotropy. The orientation of microcracks is determined
by the intercept method and presented in the form of rose of intercepts (Launeau and Robin, 1996). This method
is based on counting intercepts between the microcracks and a set of test lines drawn through the image. The test
lines are drawn at angles of 0°, 45°, 90° and 135°. The 3D image is then analysed slice by slice in XY, XZ and
YZ directions. The number of intersections is counted and the total for each angle is then divided by the total

length of the test line. The result is an intercept density plotted as a rose diagram.
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Degree of anisotropy of the microcracks in 3D is calculated using the mean intercept length (MIL) and
eigenvalue analysis. This method is implemented using the Anisotropy plugin (Odgaard, 1997, Harrigan and
Mann, 1984) in BoneJ (Doube et al., 2010). It works by applying a large number equal length oriented vectors
from a random point through the 3D image volume. For each vector, the number of intercepts between
microcracks and image background is counted. The mean intercept length for each vector is calculated as the
vector length divided by number of intercepts. Subsequently, a cloud of values is built up where each value
represents a vector times its mean intercept length. A classical eigenvalue analysis of this cloud is then rendered,
which involves fitting an ellipsoid to the cloud, construction of a material anisotropy tensor and subsequent
eigen decomposition results in eigenvalues and eigenvectors. This analysis extracts a minimal and maximal

eigenvalue from which the degree of anisotropy is calculated as:

DA = (1 — (Eq 6-24)

min eigen value ])
max eigen value

If the maximum and minimum eigenvalues are equal, then DA = 0 and this means that there is no
privileged structural direction (total isotropy). The degree of anisotropy increases with increase in the difference

between eigenvalues.

g) Connectivity

Connectivity is an important parameter that describes the topology of a porous medium. The
connectivity of each microcrack (Cing.) can be expressed as the ratio between the volume of a connected
microcrack (Ving. crack) and the total volume of all microcracks (Vrack):

Cind. — Vind. crack (Eq6-25)

Verack

Therefore, if all microcracks are interconnected, Cing. would be equal to 1. This is unlikely to occur in
real samples, so the connectivity of the largest microcrack (C;) can be used to represent the overall connectivity
of microcracks in the sample. Another way to assess connectivity is by counting the number of connections
(CN), i.e. the number of junctions in a network of skeletonised microcracks. The ratio of the connections number

to the image volume provides the density of connections (Dcw):

CN

Doy = (Eq. 6-26)

Verack

h) Tortuosity

Tortuosity is a parameter that characterizes the convoluted pathways through porous media that
influences mass transport properties. Several definitions for tortuosity exist in the literature such as geometric,
hydraulic, electrical and diffusive tortuosity (Ghanbarian, et al., 2013). In this study, we will only consider
geometric tortuosity because this parameter decouples the geometric characteristics of microcracks from the
influence of mass transport properties, which we wish to characterise separately. Geometric tortuosity is defined

as the ratio of the actual flow path lengths to the shortest (straight) length across the porous medium. Therefore,
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geometric tortuosity of microcracks (tg) can be expressed as the ratio of the total length (Lioa) of the microcracks
to the sum of Euclidean distance (Lagistance) Of all skeletonised microcrack branches:

T, = —total (Eq. 6-27)

g Y Laistance

Where Euclidean distance is the straight-line distance between the ends of the skeletonised microcrack.

Another approach to estimate microcrack tortuosity is via its centroid path, which is the path formed by
centroids of each XY plane of a binary 3D image along the z-axis. The centroid path tortuosity (tcp) of
microcracks is the ratio of the length of a curve (1) to the distance between its ends along the z-axis. In this case,

the distance between the ends of the curve is given by the number of planes along the z-axis (h):
%l
Tep = (Eq. 6-28)

This method first computes the centroid of the microcrack on each image plane. Then it computes the
path length through the centroids and divides this by the number of planes along the z-axis. When the 3D image
is flipped in the YZ and XZ directions, the centroid path tortuosity can also be calculated also along the x- and y-

axes.

6.4.2 Air voids characteristics

The segmented air voids were quantified using a global analysis to measure parameters such as total
volume, volume fraction, surface area, specific surface area and surface density, and degree of anisotropy. In
addition, labelling was carried out for parameters that describe size and shape since these are usually expressed
in the form of frequency distribution or histogram. Projection of the histogram data into the 3D image can be
additionally made using sieve analysis in Avizo Fire. This generates a new labelled image that classifies air
voids into groups within a specified range of the measured parameter. The number of groups and their respective
ranges can set by the operator. Figure 6-23 shows examples of the segmented, labelled and classified air voids
into eight categories. The following section explains the parameters describing air voids and the results from air

void analysis of concrete sample C/SF-14/SC will be presented in Section 6.5.2.

a) Volume fraction

Volume fraction of air voids (Vvay) is the ratio between the total volume of air voids (Vair voids) to the

entire image volume (Vimage):

VVav — Vairvoids (Eq 6—29)

Vimage

¢) Density
Density of air voids (Dnay) is the number of air voids (Nair voids) per image volume (Vimage):

Nairvoids
Dyay = —rooide (Eq.6-30)

Vimage
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Figure 6-23 Labelling of air voids: a) segmented image, b) labelled air voids, c) labelled air voids into eight
categories according to their size distribution (equivalent spherical diameter).
The upper and lower images show the 2D slices and the 3D volume respectively.

¢) Specific surface area and surface density

Surface area of air voids can be measured using similar methods to that of microcracks as described in
Section 6.4.2. Specific surface area (SSA.y) is the ratio of the air void surface area (SAay) to the total volume of

air voids (Vair voids):

SSA,, = —aw (Eq.6-31)

Vairvoids

Surface density (SDay) is the ratio of the air void surface area (SAay) to the image volume (Vimage):

SD,, = —2ew_ (Eq. 6-32)

Vimage

d) Size

Width (W,y) and length (Lay) of air voids can be estimated from Feret diameter measurements, which is
defined as the distance between the two parallel planes that restrict the object perpendicular to the planes. The
Feret diameter of an air void is therefore a measure of each air voids size along a specified direction and
therefore relies on sampling distribution in different directions. The number of directions is set by default to 31

for 3D image analysis. The shortest and longest Feret diameter of an air void in orthogonal directions are
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identified as its width and length respectively. Since air voids are approximately spherical, their diameter can be

expressed as the equivalent spherical diameter:

0, = W (Eq. 6-33)

e) Shape

A commonly used shape factor is the aspect ratio (AR), defined as the ratio between length (Lay) and
width (Wa,) of air voids. Aspect ratio would vary from near zero for a very elongated particle to one for an

equidimensional particle:

AR =t (Eq. 6-34)

Wav
Sphericity is a measure of how round an object is and is therefore a relevant parameter for
characterising air voids. Sphericity (Way) is defined as the ratio of the surface area of a sphere (with the same
volume as the given particle) to the surface area of the particle (Wadell, 1935). Therefore, sphericity of an air
void can be calculated as:

1 2
g — TX6xVairyoid)?® (Eq. 6-35)

Aqir void

where Vair void and Aair void are volume and surface area of the air void respectively. The sphericity of a sphere is 1

by definition.

Elongation (E) is a parameter that indicates how slender an object is. Objects that are symmetrical about
all axes such as spheres or cubes would have an elongation value of 0 whereas objects with large aspect ratios
would have an elongation value closer to 1. For air voids, the elongation factor can be defined as the ratio of the

medium (Bmed av) and the largest Feret diameter i.e. air void length (Lay):

E = fmeday (Eq. 6-36)

Lay

f) Spacing factor

Powers (1949) defined an air void spacing factor L as the distance between the surface of a bubble and

its sphere of influence, such that

o~
Il

(Eq. 6-37)

where a is the specific surface, defined as the ratio of the average void surface area to the average void volume,
and p/A is the volumetric paste to air ratio, where p is the volume fraction of cement, water, and supplementary

cementitious materials (if any).
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g) Anisotropy

Degree of anisotropy of air voids (DA.y) describes the level of orientation of air voids within the sample
volume. It is calculated using the same approach as the degree of anisotropy for microcracks (see Section 6.4.1).
Orientation of air voids can be also determined using the intercept method (Launeau and Robin, 1996) and

presented by means of a rose of intercepts in XY, XZ and YZ directions.

6.5 Results from image analyses
6.5.1 Comparison of microcrack characteristics from 3D and 2D image analysis

This section compares results of microcrack characteristics obtained from 3D image analysis to those of
2D analysis for the same crack network. In order to obtain meaningful comparisons, we will analyse the
microcrack characteristics using 3D and 2D interpretations applied to the same image of concrete C/SF-14/SC
obtained with the Metris X-Tek HMX ST 225 CT scanner. The image has a volume of 10858 mm? and area of
699701.15 mm? (sum of all slices for 2D image analysis). The sample is a concrete with CEM I + 9% of silica
fume and 60% of aggregates with maximum aggregate size of 10 mm, at low water to binder ratio of 0.25. Such

composition together with sealed curing would generate large autogenous shrinkage and consequently cracking.

The 3D image of microcracks is first analysed in its entirety and then as a series of individual 2D
images. All measurements and calculations will be carried out in accordance to the rules of 3D and 2D
quantitative image analysis described in the preceding sections. The labelling and skeletonization of the
microcracks are also performed in 3D and 2D (slice by slice) accordingly. Figure 6-24 presents an example of
segmented microcracks and the results of labelling carried out in 3D and 2D. As expected, the number of
microcracks labelled in 2D is much higher than that in 3D. The 3D labelling assigns each three-dimensional
microcrack as one object while in 2D the same microcrack is divided and labelled into many objects. This is
because the 2D labelling is preformed separately on each 2D slice of the reconstructed image. Similar
observation can be made from Figure 6-25, which shows the skeletonised microcracks in 3D and 2D. The
skeleton of the 3D image is hardly visible because the thinning process produces one voxel width skeleton of the
three dimentional microcracks while for the 2D approach it is a one pixel skeleton of the two dimensional

microcracks on each XY plane individually.
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Figure 6-24 Labelling of microcracks: a) Segmented binary image; b) labelled microcracks with 3D
interpretation; c) labelled microcracks with 2D interpretation.
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Figure 6-25 Skeletonisation of microcracks: a) Segmented binary image, b) skeleton of microcracks with 3D
interpretation and c) skeleton of microcracks with 2D interpretation.

Results from the 3D and 2D image analysis are presented in Table 6-1 and Figures 6-26 — 6-33. The

total number of microcracks (Nerack) contained in the sample was 1338 (3D) and 281749 (2D), which gives a

microcrack density (D) of 0.12 crack/mm? and 0.41 crack/mm? respectively. The difference is to be expected

because of the way in which microcracks are labelled in 3D and 2D analyses. As explained earlier, a single

three-dimensional microcrack is labelled as many separated microcracks in 2D analysis.

Nomenclature:  Parameter: Measured value in 3D: Measured value in 2D:
Vimage /Aimage Image volume / area 10858.40 mm? 699701.15 mm?

Nerack Total number of cracks 1338 281749

Dn Numerical crack density 0.12 crack/mm? 0.41 crack/mm?

Dp Dendritic crack density 1.13 mm/mm? 0.11 mm/mm?

Verack! Acrack Total volume / area of cracks ~ 115.26 mm® 7427.39 mm?

Vv/ Aa Volume / area fraction 1.06% 1.06%

SA Surface area/ perimeter 5762" 4070™ 3713™" mm? 217374 mm

SSA Specific surface area 49.99% 3531 32.21"™ mm'  29.27™ mm’!

SD Surface density 0.53"0.37" 0.34™" mm’"! 0.31""" mm!

Liotal Total length of cracks 12306.67 mm 77366.36 mm

Lincan Average length of cracks 8.452 mm 0.275 mm

Winean Average width of cracks 0.159¢, 0.124+> mm 0.167+, 0.137¢> mm
W/L Average width to length ratio ~ 0.02¢ 0.61

DA Degree of anisotropy 0.56 0.21 XY, 0.34 x7,0.15 YZ
Ci, Cuo Connectivityt 0.18,0.63 N/A

CN Connections number 56635 N/A

Den Density of connections 5.22 N/A

T, Tortuosity 1.27 N/A

Tcp Centroid path tortuosity 6.71 x-, 6.12 y-, 8.89 z-axes  N/A

Table 6-1 List of measured parameters of microcracks in sample C/SF-14/SC.
Note: *Voxel face area, **Iso-surface, ***LICM, *Local thickness, **Rod model thickness, 1Connectivity of
the largest microcrack (C1) and connectivity if the 10 largest microcracks (C10).
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The alternative, dendritic density of the microcracks is instead 1.13 mm/mm? (for 3D) and 0.11
mm/mm? (for 2D). The total dendritic length of the microcracks (Dp), which is used to calculate the density is
either the length of the 3D skeleton of microcracks (Liow=12306.67 mm) or the length of skeletonised
microcracks slice by slice (Liow=77366.36 mm), divided by image volume and image area respectively, and that
leads to such distinct results. Nevertheless, the total volume fraction of microcracks Vv is exactly identical to the
area fraction of microcracks Aa (= 1.06%). Thus, the area fraction from 2D analysis can be used as a good

estimate for volume fraction, as would be expected from stereology.

The surface area of microcracks (SA) in 3D was estimated via voxel face area, iso-surface and line
intercept count method (LICM). Surface area of microcracks in 2D was estimated using the LICM only since the
other two methods are not applicable. Specific surface area (SSA) and surface density (SD) were calculated from
these and the result are presented in the Figure 6-26. It is clearly visible that the iso-surface and LICM methods
gave similar and confirmatory results. However, the voxel face area method over-estimates the meuasured
properties and is therefore not recommended for 3D surface area estimation. The 2D results from LICM are also
consistant with 3D measurements provided by the same method. This confirms the stereological assumption that

SSA and SD from 2D analysis are comparable with results from 3D analysis.
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Figure 6-26 Estimation of a) surface area, b) specific surface area and c) surface density of microcracks
by voxel face area, Iso-surface (triangular surface mesh) and LICM (line intercept count method)
in 3D and 2D analysis.

The width of microcracks (W) was estimated by local thickness measurements in BoneJ (Dougherty
and Kunzelmann, 2007, Hildebrand and Riegsegger, 1997). This was carried out on the whole 3D image and on
each separate slice from the 2D stack. Figure 6-27 shows that the results from both analyses, plotted as a
cumulative frequency versus width, are overlapping. This shows that there is no significant difference between
2D and 3D measurement of microcracks width. Approximately 80% of the microcracks has width below 200
um, which is indicated by purple colour in the 3D image presented in Figure 6-28. The average width (Wmean)
based on the local thickness method is 159 um and 167 um for 3D and 2D analysis respectively. In contrast, the
rod model gives a much lower average crack width of 124 um (for 3D) and 137 pm (for 2D). This can be
expected since the rod model makes a simplistic assumption that all microcracks are rod-like and their width is

calculated based on their surface areas and volumes in accordance with Eq. 6-12.
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Figure 6-27 Cumulative width distribution of Figure 6-28 Microcracks width distribution based on
microcracks from 2D (XY) and 3D image analyses. local thickness measurements in BoneJ. Colours

indicate microcrack width range.

The length of microcracks (L) was measured from the skeletonised 3D image and 2D slices. Figure 6-
29 presents the results plotted as cumulative distribution and it shows very clearly that the interpretation of
microcrack length is very different in 3D compared to 2D analysis. The average microcrack length (Lmean) is
8.452 mm and 0.275 mm for 3D and 2D analysis respectively. About 80% of microcracks from 3D analysis has
lengths smaller than 3 mm, while the same percentage of microcracks from 2D analysis has lengths below 300
pm. Such distinct findings are expected since the 2D approach divides each microcrack into many disconnected
microcracks in each slice and therefore under-estimates the microcrack lengths significantly. Figure 6-30 shows

labelled microcracks in accordance to length range.
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Degree of anisotropy of microcracks (DA) was measured in 3D by the mean intercept length method
(MIL). In addition, the 2D intercept method was applied to calculate the intercept density at 0°, 45°, 90° and 135°
in each XY, XZ and YZ directions. Figure 6-31 shows the results from 2D analysis plotted as rose diagrams
(black lines) and the 3D visualisation of the MIL vector cloud in XY, XZ and YZ orthogonal views; both

methods gave very consistent results.

180 180 180

Figure 6-31 Orientation of microcracks presented in 2D by means of rose of intercepts at 0°, 45° 90° and 135°
angle (black lines) and with 3D visualisation of the MIL vector cloud in XY, XZ, YZ directions.

The microcracks have preferential orientation within the volume, i.e. the diagonal directions of XY, YZ
(45-90° — 225-270°) and XZ (90-150° — 270-315°) planes. Note, that the orientation at YZ plane is slightly less
strong. This can be further explained by referring to the size and shape of the large sample from which the core
was extracted for imaging. The prepared sample was cast into a disc-shaped mould of 95 mm in diameter and 65

mm in height. Such sample geometry is expected to influence the stress development during sealed curing.

The overall degree of anisotropy from the 3D analysis is about 0.56, which indicates that the
microcracks are oriented within the volume, while the estimation of the degree of anisotropy in 2D analysis (that
is the intercept density) is far smaller and varies for different directions, of 0.21 in XY, 0.34 in XZ and 0.15 in
YZ. This indicates an important issue related to the estimation of the degree of anisotropy in 2D analysis
compared to 3D analysis. It might happen that the 2D slice taken for analysis will be cut in the direction where
microcracks exhibit the lowest DA e.g. in XY plane (DA=0.15), which may lead to wrong interpretation that
microcracks have an isotropic orientation. These findings confirm the advantage of 3D analysis over 2D

analysis.

The connectivity of the largest microcrack (C;) is 0.18, which is a low value and indicates that these
features are rather isolated. However, the 10 largest microcracks occupy about 63% of the total volume of
microcracks. Furthermore, the connections number (CN) of the 3D microcrack skeleton is high, at about 56635
junctions in a network of skeletonised microcracks. This gives a density of connections (Dcn) of 5.22

junction/mm?®,

The microcrack geometric tortuosity (1g) measured in the sample is relatively low at 1.27, which means
that the Euclidean distance and the actual branch lengths are similar. This also suggests that the microcracks are
simple, straight and non-tortuous features. In contrary, the centroid path tortuosity (tCP) calculations gives

higher values of 6.71, 6.12 and 8.89 when measured along x-, y- and z- axes respectively. This is a completely
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different approach that calculates tortuosity as the ratio of the path formed by centroids of each 2D slice along

one axis to the number of the 2D slices along that axis. The higher value for z- axis may be related to the higher

number of 2D slices along z-axis.

6.5.2 Comparison of air voids characteristics from 3D and 2D image analysis

Characteristics of air voids obtained from 3D and 2D image analysis are compared in this section. The

same image of concrete C/SF-14/SC captured with the Metris X-Tek HMX ST 225 CT scanner was used for

quantitative analysis. The applied image pre-processing is described in Section 6.2 (segmentation) and Section

6.3.2 (separation algorithm). The 3D image of air voids with a volume of 10858 mm? was analysed in

accordance to the rules of 3D image analysis described in Section 6.4.2. Following that, the image was analysed

as a series of individual 2D images with an area of 699701 mm?. Results from the 3D and 2D image analysis are

presented in Table 6-2 and Figures 6-33 — 6-36.

Nomenclature:  Parameter: Measured value in 3D: Measured value in 2D:
Vimage / Aimage ~ Image volume / area 10858.40 mm? 699701.15 mm?
Nav Total number of air voids 14300 air voids 352143 air voids
Dnav Numerical air voids density 1.32 air voids/mm? 0.50 air voids/mm?
Vav/ Aay Total volume / area of air voids ~ 224.95 mm3 14483.81 mm?
Vvay / Aav Volume / area fraction 2.07% 2.07%

SAav Surface area / perimeter 4727.98%3360.47** 214452.05 mm
3135.92%** mm?
SSAay Specific surface area 21.02%* 14.94%* 14.20 mm'!
13.94%%* mm"!
SDgv Surface density 0.44* 0.31%*% 0.29*** mm™'  0.31 mm''
Lav mean Average length of air voids 289 um 194 pm
Wav mean Average width of air voids 219 um 155 pm
Deq mean Average equivalent diameter of 220 pm 162 pm
air voids
ARumean Average aspect ratio 0.78 0.76
Winean Average sphericity of air voids ~ 0.93 0.98
Emean Average elongation factor of air  0.21 0.24
voids
L Spacing factor 0.56 0.59
DA.y Degree of anisotropy 0.14(3D) 0.01(XY), 0.03(X2),

0.06(YZ)

Table 6-2 List of measured parameters of air voids in sample (C/SF-14/SC) from 3D and 2D analysis.

Note: *Voxel face area, **Iso-surface, ***LICM.
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The total number of air voids (Nay) contained in the sample was 14300 (3D) and 352143 (2D), which
gives an air voids density (Dnay) of 1.32 air void/mm? and 0.50 air void/mm? respectively. Total volume of air
voids (Vair voids) 18 equal to 224.95 mm? and thus they occupy 2.07% of the total image volume (Vvay). A well
compacted concrete is expected to have an entrapped air content of 1% or lower. Therefore, the measured air
content for this sample is relatively high. This is probably due to the fact that the concrete has a high binder
content (488 kg/m? of CEM I and 49 kg/m? of silica fume) and very low water to binder ratio of 0.25. This
would have caused difficulties in achieving a full compaction. The total volume fraction of air voids Vvay is
identical as the area fraction of the air voids Aaav in 2D analysis. Thus, the area fraction from 2D analysis can be

used as a good estimation for volume fraction, which is similar to microcracks.

Figure 6.32 shows the measured surface area (SA,y), specific surface area (SSA,y) and surface density
(SD4y) of air voids using three different methods in 3D (voxel face area, iso-surface and the line intercept count
method - LICM). In 2D, only LICM was used as the other two methods are not applicable. It can be seen that the
method based on voxel face area tends to overestimate surface area, specific surface area and surface density,
which was expected. The method based on iso-surface and line intercept count gave comparable results. The 2D
results are consistant with 3D measurements provided by the same method, which confirms the general
agreement of the stereological assumption between 2D and 3D measurements. This is also consistent with the

results from the microcrack analysis (Figure 6-26).
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Figure 6-32 Estimation of a) surface area, b) specific surface area and c) surface density of air voids by three
methods: voxel face area, Iso-surface (triangular surface mesh) and LICM (line intercept count method).

Size of the air voids was characterised via equivalent spherical diameter (@cq), Feret length (L.y) and
Feret width (Wa,). Results from the 3D analysis are presented in a form of frequency histogram in Figure 6-33.
Figure 6-23 c) shows an image with the air voids labelled into 8 categories according to their size range. It can
be seen that the biggest population of air voids are in a range of 100-300 um in diameter, which corresponds to
the expected size of entrapped air. Results from the Feret width and the equivalent spherical diameter
measurements are almost identical, with an average value of 219 um and 220 pum respectively. In contrast, the
Feret length histogram is shifted slightly towards larger values and this indicates that the air voids may be

slightly elongated. However, 2D analysis of air void size gave much smaller values for all three parameters (see

133



Table 6-2). This is again due to the approach used in 2D analysis that divides each air void into many air voids in

each slice that are measured and averaged. Consequently, this under-estimates the actual air voids sizes

significantly.

Shape of the air voids was characterised via aspect ratio (AR), sphericity (V') and elongation (E), and
the 3D results are presented in Figure 6-34. The mean values for these parameters are 0.78, 0.93 and 0.21
respectively, which indicate the air voids are approximately spherical. 83% of the air voids has sphericity above
0.9. However, the aspect ratio and elongation parameters suggest that the air voids are slightly elongated. This
may be due to the effect of casting concrete in layers and the upward movement of air voids during compaction.
Nevertheless, 80% of air voids has elongation factor lower than 0.3 and aspect ratio factor higher than 0.7, which
suggest that the effect is small. Almost identical results were obtained for these parameters in 2D analysis (see
Table 6-2), thus the stereological assumption might be easily adopted for shape parameters of air voids.

The same applies to spacing factor that shows comparable results in 3D and 2D.
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Figure 6-33 Air voids size distribution according to Figure 6-34 Air voids shape factors: aspect ratio,
equivalent diameter, Feret width and length (3D). sphericity and elongation (3D).

Degree of anisotropy of air voids (DA,y) measured in 3D by the mean intercept length method (MIL)
produced a small value of 0.14 and this indicates that the air voids are practically isotropic. This finding is
supported by the 2D intercept method, which shows that the intercept density is approximately the same at all
angles as can be seen in the rose diagrams (black lines) plotted in Figure 6-35. Additionally, the 3D visualisation
of the MIL vector cloud demonstrates consistency of the results. This is in contrary to microcracks, which

display a stronger anisotropic characteristic as seen in Figure 6-31.
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Figure 6-35 Orientation of air voids presented by means of rose of intercepts at 0o, 450 900 and 1350 angle
(black lines) with 3D visualisation of the MIL vector cloud in XY, XZ, YZ directions.

6.6 Representative sample volume

It is always questionable in image analysis whether the analysed volume over which a measurement is
made, will yield a value representative of the whole material. The choice of representative volume for composite
materials, i.e. the representative elementary volume (REV) can be a complicated process. The REV should be
large enough to represent the microstructure without introducing non-existing macroscopic properties and at the
same time should be small enough to be analysed analytically. In order to establish the REV of a given material
for an individual parameter, it is essential to measure that parameter within various volumes of the material. If
the volume is too small, then the readings will tend to oscillate. If the analysed volume is increased, the

oscillations will dampen out and eventually become stable for a sufficiently large sample size, as illustrated in

Figure 6-36. This sample size is referred to as the representative elementary volume.

Representative
Sample
Volume

Measured parameter

v

Sample size

Figure 6-36 Oscillation of measured parameters versus sample size.

The 3D reconstructed and segmented image of sample C/SF-14/SC was used to determine the
representative sample volume for characterising microcracks and air voids. From the 3D image, ten sub-volumes
were cropped out, each being 10% smaller than from the previously cropped sample. The sub-volumes ranged

from 1300x1300x1600 voxel® to 130x130x160 voxel?, as illustrated in Figure 6-37.
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Figure 6-37 Determination of a representative sample volume for characterising microcracks and air voids.

Each cropped image was analysed separately to obtain characteristic parameters of microcracks and air

voids. Results from the quantitative image analysis are shown in the following charts (Figure 6-38 — Figure 6-

46). The results show that measurements of volume fraction (Figure 6-38) and density of microcracks and air

voids (Figure 6-39) oscillate substantially for small samples up to the size of 780x780x960 voxel3, that is 60%

of the volume analysed in Section 6-5. The measurements become stable for larger samples. This indicates that

for both parameters (volume fraction and density) obtained from 70% to 100% of the analysed volume should

give representative results from the microcracked concrete. Similar trends can be observed for other parameters

such as specific surface area and surface density presented in Figure 6-40 and Figure 6-41. Here measurements

start to stabilize even for smaller sample size of 40-50% of the original volume. This confirms the

representativeness of the measured values for the whole material. The same applies to parameters such as

connectivity and tortuosity of microcracks (see Figure 6-42).
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Figure 6-38 Effect of sample size on the measured volume fraction of microcracks and air voids.
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Figure 6-40 Effect of sample size on the measured specific surface area of microcracks and air voids.
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Figure 6-42 Effect of sample size on measured connectivity and tortuosity of microcracks.

However, the measured degree of anisotropy of microcracks and air voids continue to fluctuate over the

range of analysed sample sizes as shown in Figure 6-43. A similar behaviour is observed for the average

microcrack width and length analysed within various volumes (Figure 6-44). The last three to four readings

(from sample size of 70%, 80%, 90% and 100% of the original volume) have reduced the oscillations. However,

this is not a sufficient evidence to declare with confidence that representative results have been obtained for the

whole material. For these parameters, a larger sample should be analysed and compared.

Figure 6-45 shows that other parameters describing size and shape of air voids such as width, length,

equivalent diameter, sphericity, elongation and aspect ratio, remain stable for all sample sizes (excluding the

smallest volume, i.e. the 10% of the original volume). This shows that the sample sizes over which these

measurements are made have little influence on the results. However, this does not apply to spacing factor

(Figure 6-46) that fails to reach a stable value at the largest sample size. Thus, a larger volume should be

analysed for this parameter.
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Figure 6-43 Effect of sample size on the degree of anisotropy of microcracks and air voids.
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Figure 6-44 Effect of sample size on the measured microcrack width and length.
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Figure 6-45 Effect of sample size on the measured air void size and shape.

Figure 6-46 Effect of sample size on measured air void spacing factor.
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6.7 Conclusion

3D image analysis of the microstructure of concrete is challenging especially when the features of
interest are difficult to segment. Microcracks fall in this category because they share similar range of brightness
values in the greyscale histogram to pores or air voids. The microcracks, pores and air voids are either empty,
water saturated or impregnated with the same resin. Therefore, the primary objective of this chapter was to

develop an algorithm to separate microcracks from other pore features.

The proposed algorithm consists of image pre-processing, segmentation (binarisation) and separation of
features of interest. The separation is divided into three stages: separation of pores within porous aggregates,
separation of air voids from the cement paste and finally extraction of microcracks. These stages are illustrated
in Figure 6-47. The whole process can take several hours depending on the computing power (RAM memory,
processor speed, etc.), because of the large image file size of several gigabytes that is processed at each step.
Nevertheless, the whole process can be completely automated by writing simple macros, in which the following
operations are repeated on all images that needs to be analysed and the results are saved as new images. The new
images can then be processed with the subsequent operations and so forth. Macros can be recorded for example
in Imagel/ Fiji (from menu: Plugins/ Macros/ Record). The recorded Macros can be run overnight, which

significantly shortens the time of the analysis.

b)

Figure 6-47 Steps in the separation algorithm: a) raw data, b) cropped image, c) binary image,
d) pores in porous aggregates, ) air voids f) microcracks.

The accuracy of the segmentation of the proposed algorithm is reliable when applied to images of

concrete from X-ray microtomography. It is also plausible that the algorithm would be applicable to 3D images
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obtained from other microscopy techniques. The only questionable issue is related to the sensitivity of the results
to the applied thresholds. Changing the selected threshold will give different results and this is an inevitable
characteristic of image analysis. Therefore, it is important to select one method of thresholding and apply this
consistently to the entire dataset. This will ensure that comparison of measured parameters between images is
consistent, meaningful and reliable. Moreover, the overflow method (Wong et al., 2006) that was used in this
study is well established and has been verified using Monte-Carlo simulations for cementitious materials (Yio et

al., 2016).

Image processing and quantitative analysis were carried out using Fiji/ ImageJ and Avizo Fire software
packages. Several methods were employed to measure a range of 3D parameters such as surface area via iso-
surface triangular meshing or microcrack width from local thickness measurement. These methods are
implemented in BoneJ plugin (Doube et al., 2010) and although originally designed for bone analysis, they have
been found to be applicable for quantitative characterisation of microcracks and air voids in concrete. Other
parameters such as volume and volume fraction, density, length, Feret diameters and sphericity of air voids were

carried out using Avizo Fire.

2D analysis of concrete cross-section images obtained with fluorescence microscopy and scanning
electron microscopy has been widely used in studying the microstructure of cement-based materials for the past
several decades. Very often, these measurements are converted to their equivalent three-dimensional property by
means of stereological formulations or other corrections. However, the reliability of such 2D to 3D conversions
depends on a number of assumptions that are not always valid. This study showed that 3D characterisation of
microcracks and air voids can produce very different results compared to 2D analysis, even when both are
performed on the same sample. Only two sets of parameters are interchangeable, volume - area fraction and
width - thickness measurements for microcracks and volume — areal fraction and shape measurements of air
voids produced the same outcome, while results from other parameters vary to a significant extent. The largest
disparity occurred for measurements that relate to microcrack length and density and air voids size. Other
parameters such as connectivity and tortuosity are only measurable via 3D image analysis. It is also
advantageous to apply 3D analysis especially when characterising orientation and degree of anisotropy of

microcracks since they can appear to be aligned in one direction, but isotropic in other directions.

The issue with representative sample volume is also questionable, especially when dealing with an
imaging technique where the spatial resolution is strongly dependent on sample size, such as X-ray tomography.
A smaller sample size allows for higher resolution to be achieved and more detailed analysis can be performed,
but the obtained results may not be sufficiently representative of the entire sample. The analysis provided in
Section 6.6 shows that the sample size chosen in this study for X-ray tomography should be representative for
characterising air voids and microcracks induced by autogenous shrinkage. The majority of the measured
parameters achieved stable values except for a few parameters, e.g. width and length of microcracks and spacing

factor of air voids, where further study using a larger sample size would be required.

The proposed separation algorithm and image analysis procedures described in this chapter will be
applied in subsequent chapters for the quantification of microcracks in concretes subjected to autogenous

shrinkage.
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Chapter 7

Influence of various parameters on autogenous shrinkage-induced

microcracking in concrete

The focus of this Chapter is on microcracking induced by autogenous shrinkage phenomenon. The main
objective here is to determine the magnitude of autogenous shrinkage (by linear deformation measurements) and
to understand its effect on the microstructure of concrete, in particular the formation of microcracking (by
imaging and image analysis). To that end, a range of samples (30 different concrete mixes) were prepared to
investigate influences of different parameters, such as the water to binder ratio, cement type, curing age,

aggregate size and content and sample size.

7.1 Background

Autogenous shrinkage is an important component of volume change besides drying shrinkage and
temperature deformation, which may lead to microcracking (Bisschop et al., 2002, Lura et al., 2003, Lura et al.,
2009). This is especially the case for concretes containing supplementary cementitious materials (SCMs) with
low water to binder ratio such as high-performance concrete (HPC), which in recent years, has become
increasingly used in civil engineering because of its excellent performance such as high workability, high

strength and low permeability.

Autogenous shrinkage is caused by self-desiccation of concrete due to reduction in internal relative
humidity as the water is consumed during cement hydration. If the autogenous shrinkage is restrained either
internally by rigid aggregate particles or externally by neighbouring structural members, internal tensile stresses

will be produced, which may consequently exceed the tensile strength of the concrete and lead to cracking.

Numerous studies have been performed to study the nature of autogenous shrinkage, to measure its
magnitude (Igarashi et al. 2000, Lura at al., 2003, Lura, 2003) and to propose mitigating strategies to minimise
internal microcracking (Huo and Wong, 2006, Jiang et al., 2014). Several shrinkage-counteracting techniques
have been suggested to reduce shrinkage and cracking sensitivity of concrete such as shrinkage reducing
admixtures (SRA) and internal curing (IC) using water saturated lightweight aggregates (LWA) (Lura, 2003,
Zhutovsky and Kovler, 2012, Zhutoysky et al., 2013) and super-absorbent polymers (SAP) (Craeye et al., 2011).
However, these techniques also affect the mechanical properties and durability of concrete, and additionally raise

the total cost of concrete production.

Despite the growing interest in autogenous shrinkage, no attempts have yet been made on direct

characterisation of the microcracks developed due to this phenomenon. Such information would be helpful to
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further understand the effects of autogenous shrinkage and could be used to develop models for predicting

transport properties from microstructure. This is crucial because the transport of ions, gas or water through the

porous microstructure of concrete is responsible for many deterioration mechanisms affecting concrete

structures. Microcracks are much larger than the capillary pores and so may accelerate transport processes and

consequently the ultimate failure of concrete structures.

7.2 Samples for shrinkage measurement and 2D microcrack analysis

All samples prepared for this chapter are subjected to autogenous shrinkage. Two groups of samples

were prepared, for linear shrinkage measurement and 2D imaging and image analysis of microcracks

respectively. Details of the prepared samples are shown in Table 7-1:

Changing variables:

Influencing
parameters: Binder w/b Age MSA  Agg % Sample size
[days] [mm] vol. [mm]
0.45
0.40
CEM 1 52,5R (C)
Water to o 0.35
. . CEM 52,5R + 9% silica fume (SF) 14 10 68 295, H65
binder ratio 0.30
CEM III/B42,5N (S)
0.25
0.20
1
CEM 1 52,5R (C) 3
Age CEM 52,5R + 9% silica fume (SF) 0.30 7 10 68 295, H65
CEM III/B 42,5N (S) 14
28
Maximum CEM 152,5R (C) 5
size of CEM 52,5R + 9% silica fume (SF) 0.30 14 10 68 295, H65
aggregate CEM III/B 42,5N (S) 20
Aggregate CEM 152,5R (C) 50
volume CEM 152,5R + 9% silica fume (SF) 0.30 14 10 60 295, H65
fraction CEM III/B 42,5N (S) 68
CEM 52,5R (C) @25
Sample size  ~prr1 5o SR 4 9% silica fume (SF)  0.30 14 10 68 @50
(diameter)
CEM III/B 42,5N (S) @95

Table 7-1 Samples for linear shrinkage deformation measurements

and 2D analysis of microcracks imaged with LSCM.
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Samples for linear shrinkage deformation measurement were cast in cylindrical moulds of 78 mm in
diameter and 300 mm high. Three replicate samples were prepared for each mix and the results i.e. deformation
over time were plotted as an average of three measurements taken from each replica. Details of the linear
shrinkage measurement method can be found in Section 3.2. Samples for 2D analysis of microcracks were
prepared as disc samples of 95 mm in diameter and 65 mm high. A cross-section was extracted from the middle
of each disc, then epoxy impregnated and imaged with LSCM. Finally, the results are analysed by means of

image analysis. Details of the sample preparation and image analysis are given in Chapter 3 Methodology.

7.3 Autogenous shrinkage

Measurement of autogenous deformation of cement paste and concrete may bring tremendously varied
results between different authors (Hammer et al. 2002). This is due to the different techniques used in individual

studies and associated with them difficulties in interpretation such results.

The linear measurement method adopted in this work is considered to be a reliable technique. It takes
into account factors such as bleeding and thermal action, according to Hu et al (2013). The measured linear
deformation is associated with the development of autogenous shrinkage, because all samples were sealed-cured
to avoid drying or any moisture exchange to the environment throughout the experiment. This is supported by
parallel measurements of sample mass that showed negligible change. For example, at the age of 70 days only
approximately 3g/kg of mass loss occurred for most of the samples. Such minor decrease in mass can be due to a
slight leakage during sealed curing and/or measurement errors associated to the scale accuracy. However, it
should be noted that with this method, the earliest measurement can only be taken after final setting
(approximately 6-9 hours after casting), while for different techniques such as volumetric method (see Section
2.2) the autogenous deformation can be recorded from the time of mixing dry ingredients with water. In this case
the volumetric method may give 3-5 times higher results than the linear technique (Barcelo et al. 1999),

depending on the type of cement paste and on the experimental conditions.

The results of linear deformation measurements over time for concrete mixes with ordinary Portland
cement CEM I 52.5 R (C), CEM 1 52.5R with 9% replacement of silica fume (SF), and pre-blended CEM I1I/B
42.5N consists of 70% of GGBS i.e. ground granulated blast furnace slag (S) as binders are plotted in Figures
7-1, 7-2 and 7-3 for various water to binder ratios, maximum aggregate sizes and aggregate volume fractions,
respectively. Overall, the results obtained in this work are consistent with previous studies which state that
autogenous shrinkage is greater in concrete mixes with supplementary cementitious materials (SCM) such as
GGBS and silica fume (Lura, 2003, Tazawa, 1999). This is due to the rapid absorption of water in the hydration
process with SCMs at the early ages. Application of SCMs create finer pore structures, which results in a lower
RH and produce higher chemical shrinkage (0.26 ml/g (Bentz, 2007), 0.22 ml/g (Jensen & Hansen, 1996) and
only 0.06 ml/g (Bentz, 2007) for GGBS, silica fume and Portland cement respectively) and above that lead to

removal of calcium hydroxide that would restrain the shrinkage.
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Figure 7-1 Linear deformation measurement of concrete mixes with different binders: a) Portland cement (C),
b) silica fume (SF) and ¢) GGBS (S) and water to binder ratios of 0.20, 0.25, 0.30, 0.35, 0.40 and 0.45.
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Figure 7-2 Linear deformation measurement of concrete mixes with different binders: a) Portland cement (C),
b) silica fume (SF) and ¢) GGBS (S) and maximum aggregate sizes of 5 mm, 10 mm and 20 mm.
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Figure 7-3 Linear deformation measurement of concrete mixes with different binders: a) Portland cement (C),
b) silica fume (SF) and ¢) GGBS (S) and aggregate contents of 50%, 60% and 68%.
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Additionally, greater shrinkage for concrete with GGBS was observed compared to silica fume
concretes. This can be explained by the fact, that for all samples the length measurement was started after the
same period (time zero) and that Portland-GGBS cement reacts more slowly (the Portland cement components
begins to hydrate first, which is followed by the reaction of the GGBS with calcium hydroxide released by
Portland cement), and this is what probably caused the autogenous deformation of GGBS samples to be

recorded at an earlier stage than the silica fume samples.

The water to binder ratio is another parameter that significantly influences the magnitude of autogenous
shrinkage. Concrete mixes with w/b ratio of 0.45, maximum size of aggregate (MSA) of 10 mm and aggregate
volume of 68% shrank up to 100, 150 and 225 p-strain for samples with neat Portland cement (C), 9% of silica
fume (SF) and GGBS (S) respectively at the end of the experiment (after 70 days). Similar mixes at lower w/b
ratio of 0.20 achieved higher shrinkage of 190, 250 and 325 p-strain respective. These results are comparable
with previous studies. For example, Igarashi et al. (2000) reported that Portland cement concrete and silica fume
concrete (10% addition) can produced shrinkage of 100 and 220 p-strain for mixes with w/b ratio of 0.33 and
350 and 500 p-strain for mixes with w/b ratio of 0.25. Similarly, Lura (2003) and Jiang et al. (2014) reported that
GGBS concretes with w/b ratio of 0.37 and 0.20 can reach shrinkage values of 200 and 700 p-strain respectively.
Additionally, Jiang et al. (2014) investigated the effect of w/b ratio of Portland cement concrete. They reported
deformation of 400, 500 and 750 p-strain for concretes with w/b ratio of 0.40, 0.30 and 0.20 respectively.

Aggregate size and volume fraction can also have an impact on the measured shrinkage. Increasing
aggregate size produced a slight increase in shrinkage of approximately 20 to 30 p-strain between samples with
MSA of 5 mm and 10 mm. A similar difference was observed between samples with MSA of 10 mm and 20
mm, regardless of binder type. This is related to enlargement of the specific surface area of aggregates with

smaller MSA, which produces a larger restraint to shrinkage.

The results also show that decreasing aggregate volume fraction increases measured shrinkage
significantly. Samples with 60% and 50% of total volume of aggregate produced two and three times higher
shrinkage respectively in comparison to the concrete mixes with 68% of aggregate content. These results are

expected since the total volume of cement paste that undergoes shrinkage increases.

The highest shrinkage increment, for all samples, was observed in the first two weeks from casting.
Subsequently, the rate of the shrinkage progressively decreased. Such a large development of shrinkage during

the early ages of concrete while the microstructure is still developing may lead to undesirable microcracking.

7.4 Two-dimensional characterisation of microcracks

The characteristics of microcracks in samples having a range of w/b ratio, age, sample size, volume
fraction and maximum size of aggregates were measured according to the procedures described in Section 3.4.1.
On the cross-section, the microcracks show a typical morphology that is influenced by the presence of aggregate
particles, see Figure 7-4. The cracks occur either at the aggregate-paste interface (bond cracks) or through the
cement paste (matrix cracks), propagating from the surface of one aggregate particle to the surface of a
neighbouring aggregate particle. The crack is either arrested at the aggregate particle or travels around the

aggregate particle. It may also propagate through the aggregate, although this is rare. The microcracks propagate
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also from one to another air voids if such features are encountered on their path. The detectable microcracks
occur evenly on the whole cross-section. Moreover, the tendency for branching and connecting microcracks,

especially in samples with severe microcracking, is clearly visible.

aggregate

3 ‘({ "
>

N

Figure 7-4 Typical microcrack morphology in a concrete sample subjected to autogenous shrinkage showing
bond and matrix microcracks at the aggregate — cement paste — air voids interfaces.

The observed microcracks are mainly inherent, i.e. induced by autogenous shrinkage rather than other
factors such as drying. It could be argued that some of the cracks might have occurred during the first steps of
sample preparation i.e. cutting and freeze drying. Subsequent sample preparation that consists of grinding and
polishing should not introduce any new visible damage due to the epoxy impregnation that preceded these
procedures. Any new microcracks that form after impregnation are not visible because these would not be

epoxy-filled and consequently not imaged with fluorescence microscopy.

The concern about microcracks induced by initial sample preparation was minimised by testing
performed on references i.e. “crack free” samples as presented in Section 3.3.1. The reference testing showed
insignificant evidence of damage caused by cutting or freeze drying. The small number microcracks detected
were short and occupied only 0.07% of the imaged area, which is much less significant compared to the
microcracks seen in the actual samples that were subjected to autogenous shrinkage. Furthermore, all samples
were prepared in exactly the same way, which enabled us to make a fair comparison of microcracks between

these samples.
Autogenous shrinkage induced microcracks were characterised by the following parameters:
e area fraction,
e specific surface area
e percentile distribution of microcrack width and average crack width,
e percentile distribution of microcrack length and average crack length,

e microcrack dendritic density,
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e degree of anisotropy/ orientation of microcracks shown by means of rose of intercepts
at 0°, 45°, 90° and 135°.

The measured values of these parameters are presented and discussed in Sections 7.4.1 to 7.4.6.

7.4.1 Area fraction

The data obtain from the analysis of cross-sections of concretes prepared with three binders (neat

Portland cement, Portland cement with silica fume and GGBS) are shown in Figure 7-5 a), b), ¢), d) and e) for

samples with different w/b ratio, age, aggregate maximum size, aggregate fraction and sample size respectively.
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Figure 7-5 Area fraction of microcracks measured in samples with different a) w/b ratio, b) age,
¢) maximum aggregate size, d) aggregate fraction and e) sample size.

As mentioned earlier, binder type is an important parameter influencing autogenous shrinkage induced

microcracking. Generally, the use of SCMs increases the area fraction of microcracks in comparison to neat

Portland cement (C) concretes (Figure 7-5 a). The results also show that samples containing GGBS (S)
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experienced greater amount of microcracking compared to samples with silica fume (SF). The microcrack area
fraction is inversely proportional to the crack density (see Figure 7-16). This indicates that the microcracks
formed in Portland cement concretes must be narrow and long, while those in concretes containing SCMs
particularly GBBS are wider and larger. Further detailed analysis of microcrack width and length confirmed this

statement.

Area fraction of microcracks is also influenced by the water to binder ratio. Samples with low w/b
ratios such as w/b = 0.20, w/b = 0.25 and w/b = 0.30 had very similar results of Ax = 1.6%, Ax =1.9% and
Aa=2.1% in C, SF and S samples respectively. While, an increase of the w/b from 0.35 to 0.45 results in a

decrease of area fraction of about 0.5% for an increase of 0.05 in w/b.

The results in Figure 7-5 b provide evidence that most of the microcracks are formed during the first
two weeks, while in the next two weeks the propagation of microcracks is substantially inhibited. This is also
supported by the results from shrinkage measurements. Moreover, the data show that approximately 30% of the
microcracks for neat Portland cement concrete (C) and 50% of the microcracks for concrete with silica fume
(SF) formed in the first 24 hours after casting. Note that no data for the GGBS concrete (S) is provided because
this particular sample was not hard enough for cutting at this early stage. The large amount of microcracking that
formed in the first 24 hours does not seem to correlate well with the amount of measured shrinkage. However, it
must be remembered that the adopted procedure is only able to measure shrinkage after initial setting. Due to this
delay, it is not possible to record the complete deformation that occurs from the first moment when water and

binder(s) come in contact.

The area fraction of the microcracks is strongly affected by maximum aggregate size. Figure 7-5 ¢
shows that there is a near linear increase in area fraction with increase in aggregate size from 5 mm to 10 mm
and 20 mm. The area fraction increased from 0.4%, 0.5% and 0.6% for MSA of 5 mm, to 1.6%, 1.8% and 2.0%
for MSA of 10 mm and to 2.3%, 2.9% and 3.6% for MSA of 20 mm for concretes with neat Portland cement
(C), Portland cement with silica fume (SF) and GGBS (S) samples, respectively.

Similarly, the microcrack area fraction increased with increasing aggregate fraction from 50% to 68%
as shown in Figure 7-5 d, which is quite contradictory, since an increase of aggregate fraction results in
reduction of cement paste and consequently diminishing the shrinkage. However, higher aggregate fraction may
influence the morphology of microcracks, particularly their width and length. Microcracks in concretes with
higher aggregate fraction were shorter but wider (see Section 7.4.3 and 7.4.4.), which increased their area
fraction and decreased the density. On the contrary to thinner but longer microcracks in concretes with lower

aggregate fraction, resulting in a decrease of the area fraction and an increase of the density.

Figure 7-5 e shows, that samples with diameter of 50 mm and 95 mm have very similar microcrack area
fractions, but samples with diameter of 25 mm had about 25 — 50% lower results, depending on the type of the
binder used. This may lead to questioning whether sample size influences microcrack characteristics. It seems
that, concretes prepared in mould with diameter of 50 mm are of a neuralgic size below which microcracks tend
to exhibit different characteristics in comparison to characteristics obtained from larger samples. However, it is
important to point out that the imaged and analysed area of @25mm samples was four and two times smaller

than @95mm and @50mm samples respectively, which may affect the results.
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7.4.2 Surface area

Surface area of the microcracks (SAxp) was estimated using the line intercept count method (in Avizo
Fire). Based on the obtained results, two parameters were estimated: specific surface area (SSAxp), i.e. the ratio
of surface area to total area of microcracks and surface density (SD2p) i.e. the ratio of surface area to analysed

image area. The results are tabulated in Table 7-2.

SSAzp [mm‘l]/ SD2p [mm‘l]

Sample

C SF S
0.20-10/68-14 10.329/0.178 9.235/0.177 8.058/0.176
0.25-10/68-14 9.973/0.163 8.673/0.168 7.946/0.172
0.30-10/68-14* 9.270/0.150 8.848/0.159 7.878/0.164
0.35-10/68-14 9.569/0.124 9.015/0.147 6.875/0.115
0.40-10/68-14 10.164/ 0.090 8.697/0.082 6.334/0.084
0.45-10/68-14 11.674/0.020 9.186/0.019 7.054/0.028

0.30-10/68-1 13.329/0.073 11.835/0.111 -
0.30-10/68-3 12.673/0.084 11.673/0.116 9.546/0.136
0.30-10/68-7 12.433/ 0.094 10.116/0.122 9.136/0.133
0.30-10/68-14* 9.270/0.150 8.848/0.159 7.878/0.164
0.30-10/68-28 9.064/ 0.164 8.647/0.171 7.734/0.167

0.30-10/50-14
0.30-10/60-14

29.146/ 0.329
18.547/0.264

25.106/ 0.294
16.742/ 0.246

23.123/0.324
15.154/0.257

0.30-10/68-14* 9.270/ 0.150 8.848/0.159 7.878/0.164
0.30-5/68-14 12.846/ 0.050 12.106/ 0.067 11.123/0.069
0.30-10/68-14* 9.270/0.150 8.848/0.159 7.878/0.164
0.30-20/68-14 7.041/0.165 6.278/0.180 5.572/0.202
0.30-10/68-14/25mm 8.924/0.072 7.492/0.076 6.764/0.100
0.30-10/68-14/50mm 9.185/0.147 9.129/0.155 8.124/0.159
0.30-10/68-14/95mm* 9.270/0.150 8.848/0.159 7.878/0.164

Table 7-2 Specific surface area and surface density of microcracks.
Note: * the same sample are listed several times to facilitate comparison between different groups of samples.

The control concretes with neat Portland cement showed microcracks having higher SSA and slightly
lower SD values compared to samples that contained SCMs, especially GGBS. The difference is mainly due to
the larger crack area fraction in concretes with SCMs. Moreover, the differences in concrete microstructure
caused by use of SCMs, may affect the surface area. Finer pore structure of cement paste contained silica fume
or GGBS in concrete contributes to refining sharpened edges of microcracks, which influences both parameters

describing microcracks: decreases the specific surface area and increases the surface density of microcracks.

Increasing curing age, aggregate volume fraction or aggregate size decreases microcrack SSA, but

increases SD. These correlations related to the area fraction and density of microcracks. Samples measured at
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later age have denser microstructure and the propagating and widening microcracks become smoother. In
concretes with different MSA, the size and smoothness of microcracks significantly increases in concretes with
larger aggregates, affecting the specific surface area and surface density of microcracks. Similar, even stronger
impact on these parameters were encountered in concrete with different aggregate volume fractions, where the
amount of microcracks increases and their size and smoothness decrease with an increase of cement paste

volume.

Interestingly, the specific surface area of microcracks was not much influenced by w/b ratio or sample
size. The measured SSA values for samples prepared with various w/b ratio were relatively consistent, ranging
from 9-10 mm™!, 8-9 mm™! and 6-7 mm! for neat OPC, OPC with silica fume and GGBS respectively. However,
the surface density of microcracks decreased significantly with higher w/b ratios. This is expected since the
amount of microcracking and hence the total surface area of microcracks decreased at higher w/b ratio (Figure 7-

4a) while the imaged area remains the same for each sample.

7.4.3 Width

Microcrack widths were measured as local thickness with Thickness plugin in BoneJ (Dougherty et al.,
2007, Hildebrand and Riegsegger, 1997). The local thicknesses were measured at every pixel in the structure of
microcracks and the data were then used to calculate an area-weighted mean width (W mean 20) and width
distribution. Table 7-3 presents the mean width values for all samples. Figures in Appendix I (Figures I-1, I-2, I-
3, I-4 and I-5) plot the distribution curves of microcrack widths for samples with different w/b ratio, binder type,
age, aggregate maximum size, aggregate fraction and sample size respectively. The smallest detectable crack
width using fluorescence imaging is 1.5 um and this is sufficient for the purpose of this study. Microcracks finer
than 1.5 pm can be seen using BSE imaging at very high magnifications, but these are relatively few, and tend to
be short and isolated. Overall, a large portion of the detectable microcracks (70-80% of the population) have

crack widths in a range between 10 pm and 100 um.

Simple comparison of an average microcrack width (see Table 7-3) shows some evident tendencies
between different concrete mixes. The results very clearly shows that the microcracks in concretes containing
SCMs were wider than in neat Portland cement concretes. For example, at 14 days, MSA of 10 mm and
aggregate volume fraction of 68%, the average crack widths were 38 pm, 50 pm and 70 pm for samples prepared
with neat Portland cement (C), 9% replacement of silica fume (SF) and 70% of GGBS (S), respectively.

The average crack widths also increased with curing age. Typically, the mean width of microcracks at 28-day
was 10 — 20 um larger than that at 1-day. Additionally, the results confirmed the significant increase of
microcracks width with an increase in MSA, which has been already observed e.g. by Wu et al., (2015). The
average crack width in samples with MSA of 10 mm and 20 mm was respectively two and three times bigger
than in samples with MSA of 5 mm. Moreover, samples with higher aggregate fraction of 60% and 68%
contained microcracks of mean crack widths approximately two and three times greater than samples with
aggregate fraction of 50% only. Besides, the mean crack widths increased by a factor of 2 — 3 in samples
prepared in moulds of @50 mm and @95 mm in comparison to samples cast in moulds of @25 mm. The

relevancy of this finding may be vital in respect to the sampling representativeness.
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W inean 2D [Hm]

Sample

C SF S
0.20-10/68-14 35.48 (0.68) 48.95 (0.98) 71.58 (1.46)
0.25-10/68-14 37.70 (0.71) 48.52 (0.94) 65.61 (1.84)
0.30-10/68-14* 38.23 (0.77) 50.30 (1.04) 69.61 (1.30)
0.35-10/68-14 42.54 (0.92) 62.36 (1.25) 77.43 (1.63)
0.40-10/68-14 41.80 (0.89) 63.32 (1.34) 75.24 (1.57)
0.45-10/68-14 17.49 (0.19) 54.20 (1.01) 52.82(0.91)

0.30-10/68-1 18.78 (0.22) 40.52 (0.62) -
0.30-10/68-3 20.27 (0.62) 34.91 (0.71) 57.03 (1.09)
0.30-10/68-7 20.09 (0.71) 38.26 (1.18) 53.52(0.72)
0.30-10/68-14* 38.23 (0.77) 50.30 (1.04) 69.61 (1.30)
0.30-10/68-28 41.61 (0.87) 54.85 (1.02) 68.11 (2.28)
0.30-10/50-14 16.34 (0.88) 17.56 (0.60) 25.34 (0.78)
0.30-10/60-14 30.28 (1.58) 33.78 (0.87) 41.13 (1.94)
0.30-10/68-14* 38.23 (0.77) 50.30 (1.04) 69.61 (1.30)
0.30-5/68-14 14.69 (0.67) 23.27 (0.69) 32.41 (0.49)
0.30-10/68-14* 38.23 (0.77) 50.30 (1.04) 69.61 (1.30)
0.30-20/68-14 45.48 (1.14) 71.78 (1.49) 102.33 (3.01)
0.30-10/68-14/25mm 13.25 (0.52) 18.52 (0.93) 29.43 (1.78)
0.30-10/68-14/50mm 35.83 (0.96) 43.72 (1.10) 67.59 (3.38)
0.30-10/68-14/95mm* 38.23 (0.77) 50.30 (1.04) 69.61 (1.30)

Table 7-3 Average microcrack widths in um with standard errors in brackets.
Note: * same sample listed to facilitate comparison between different groups of samples.

The trends described above are supported by the width distribution curves (Figures 7-6 — 7-10). The
width distribution curves for concretes with SCMs are shifted towards larger values. For example, microcracks
having widths < 50 um (14-day, 10 mm MSA and 68% aggregate volume fraction) represent 87%, 84% and
79% of the population in samples with Portland cement (C), silica fume (SF) and GGBS (S), respectively.
While, microcracks having widths > 100 pm represent 4%, 7%, and 12% of the population in Portland cement
(C), silica fume (SF) and GGBS (S) samples, respectively. Similar trends can be seen in the width distribution
curves for samples analysed at different ages, MSA and aggregate volume fractions. The results clearly show
that an increase in curing age, aggregate size or content shifts the curves to higher crack widths. The differences

are most visible in the range between 30 um and 200 pum.

In contrast, the average widths of microcracks showed no consistent or significant correlation with w/b
ratio. An average crack width ranged between 35-42 um for neat Portland cement concretes (C), 48-63 um for
concretes with silica fume (SF) and 65-77 um for concretes with GGBS (S) with slightly lower values recorded
for w/b ratio of 0.45 but these samples were the least cracked. Essentially, the cumulative width distribution

curves of microcracks with different w/b ratio overlap each other. These suggest that w/b ratio has an
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insignificant effect on microcrack widths. Only samples at w/b ratio of 0.40 and 0.45 showed a slight divergence,
probably because they experienced the least shrinkage and consequently the least microcracking. Also, there is
no major differences in the width distribution between the 50 mm and 95 mm diameter samples, while samples

from the 25mm diameter cylinders showed distribution curves shifted to much lower values.

7.4.4 Length

Length of the microcracks (L) was measured as dendritic length of the skeletonised microcracks and the
measured values were used to calculate a mean length (Lapmean) and to produce a cumulative length distribution
for each sample. Table 7-4 shows the mean values. Figures in Appendix II (Figures II-1, I1-2, II-3, I1I-4 and II-5)
present the distribution curves for samples with different w/b ratio, binder type, age, aggregate maximum size,

aggregate fraction and sample size.

Sample

Lmezm 2D [mm]

C

SF

S

0.20-10/68-14
0.25-10/68-14
0.30-10/68-14*
0.35-10/68-14
0.40-10/68-14
0.45-10/68-14
0.30-10/68-1
0.30-10/68-3
0.30-10/68-7
0.30-10/68-14*
0.30-10/68-28
0.30-10/50-14
0.30-10/60-14
0.30-10/68-14*
0.30-5/68-14
0.30-10/68-14*

0.194 (0.012)
0.183 (0.013)
0.161 (0.006)
0.149 (0.005)
0.136 (0.006)
0.094 (0.003)
0.104 (0.002)
0.135 (0.006)
0.129 (0.004)
0.161 (0.006)
0.182 (0.013)
0.231 (0.005)
0.186 (0.006)
0.161 (0.006)
0.095 (0.003)
0.161 (0.006)

0.204 (0.007)
0.192 (0.008)
0.194 (0.009)
0.182 (0.007)
0.167 (0.006)
0.135 (0.006)
0.185 (0.012)
0.189 (0.008)
0.189 (0.005)
0.194 (0.009)
0.203 (0.007)
0.243 (0.008)
0.217 (0.002)
0.194 (0.009)
0.103 (0.004)
0.194 (0.009)

0.184 (0.006)
0.179 (0.004)
0.174 (0.011)
0.154 (0.006)
0.102 (0.005)
0.092 (0.006)
0.157 (0.011)
0.169 (0.009)
0.174 (0.011)
0.177 (0.017)
0.193 (0.008)
0.182 (0.008)
0.174 (0.011)
0.113 (0.003)
0.174 (0.011)

0.30-20/68-14 0.239 (0.013) 0.214 (0.012) 0.250 (0.015)
0.30-10/68-14/25mm 0.137 (0.005) 0.131 (0.008) 0.138 (0.010)
0.30-10/68-14/50mm 0.178 (0.007) 0.152 (0.006) 0.155 (0.009)
0.30-10/68-14/95mm* 0.161 (0.006) 0.194 (0.009) 0.174 (0.011)

Table 7-4 Average microcrack lengths in mm with standard errors in brackets.

The analysed microcracks in all samples are relatively short, with most having lengths smaller than 1
mm. The average length ranged between 0.1 to 0.2 mm for majority of the samples. Despite this consistency,

some relevant tendencies can be remarked. For example, concretes with SCMs, especially silica fume (SF), tend
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to show slightly longer microcracks compared to those in neat Portland cement samples (C). Another clear trend

is that concretes with low w/b ratio show longer crack lengths. For example, the average crack length for

concretes at w/b ratio of 0.20 is twice that of those at w/b of 0.45. Increasing curing age produced a slight

increase in microcrack length, which indicates that microcracks propagate with time and connect with

neighbouring cracks. This applies especially to the period within the first two weeks of casting.

Decreasing aggregate volume fraction from 68% to 60% and 50% produced more visible increases in

microcrack length of about 5-20% (between 68% and 60% aggregate fraction) and 10-30% (between 68% and

50% aggregate fraction). However, the larger increase in crack length was observed in increasing the MSA, from

about 55-90% and 110-150% 5 mm between 5 mm — 10 mm and 5 mm — 20 mm, respectively. The least

influencing crack length was sample sizes.

7.4.5 Density

Figure 7-6 shows the crack density measured in concretes with different binder type, w/b ratio, age,

aggregate maximum size, aggregate fraction and sample size.
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Figure 7-6 Microcrack density measured in samples with different a) w/b ratio, b) age,
¢) maximum aggregate size, d) aggregate fraction and e) sample size.
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The analysis indicates that the type of binder has great impact on the characteristics of the microcracks.
The highest density was measured in samples with neat Portland cement while replacement of the binder with

silica fume or GGBS significantly lowers the density of microcracks by up to 20% to 30%.

The results show that the factor of w/b ratio higher than 0.30 significantly decrease the density of
microcracks (approximately four times between w/b=0.30 and w/b=0.45) while for lower w/b ratio than 0.30 is
much less influencing. Therefore, the w/b ratio of 0.30 seems to be the critical value, below which there is no

significant differences in characteristics of microcracks. This is also confirmed by analysis of other parameters.

For all binder types, the density of the microcracks increased significantly with increase in age,
particularly during the 14 days. Beyond that, no significant changes were observed. This demonstrates that the
development of microcracking occurs mainly during the early ages, which is consistent with the results obtained

from autogenous shrinkage measurements (Section 7.3).

Aggregate size and content also influence the characteristics of microcracks. Figure 7-6 ¢, d show that
crack density increased with increase in maximum aggregate size or decrease in aggregate fraction. This is to be
expected since the distance between individual aggregate particles increases in both cases. A larger separation
between aggregate particles provide more space for propagation of microcracks through the weaker cement

paste.

Figure 7-6-e shows no significant difference in crack density between samples of 50 mm and 95 mm in
diameter. On the contrary, the crack density of the 25 mm diameter samples was evidently higher. However, this
may be due to the fact, that the imaged and analysed area of @25 mm samples (cross-section of 25 x 65 mm?) is
three times smaller than thas of @95 mm samples, and therefore is it not representative. For the future is it
recommended to conduct the analysis of smaller samples on more than one cross-section in order to improve the

reproducibility and accuracy of the measurement.

7.4.6 Degree of anisotropy

Degree of anisotropy of microcracks (DAsp) was measured by the mean intercept length method (MIL)
(see Section 6.4.1). The results presented in Table 7-5. indicate that the microcracks are nearly isotropic due to
the very small values of degree of anisotropy measured. For most samples, this parameter was in a range
between 0.10 — 0.35. However, it must be pointed out that the measurements were performed in two-dimensions,

i.e. only in one direction that is perpendicular to the direction of casting fresh mixes.

The orientation of microcracks is presented in rose diagrams of intercept densities at 0°, 45°, 90°, 135°
angles. Results are shown in Appendix III, for samples with different binder type, w/b ratio, age, aggregate
fraction, maximum size of aggregate and sample size. The rose diagrams are consistent with the measured values
of the degree of anisotropy, indicating isotropic orientations. As can be seen in the diagrams, the intercept
densities (black lines) are at approximately similar distance from the centre for the samples at all orientation
angles. Only a small number of samples showed a slight elongation across the 0-180° axis. This may be related

to the shape and orientation of aggregates or might be recognised as an issue of compaction of fresh mixes.
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DA 7p [-]

Sample

C SF S
0.20-10/68-14 0.142 0.340 0.357
0.25-10/68-14 0.308 0.290 0.268
0.30-10/68-14* 0.342 0.367 0.360
0.35-10/68-14 0.221 0.284 0.297
0.40-10/68-14 0.171 0.074 0.164
0.45-10/68-14 0.108 0.153 0.159

0.30-10/68-1 0.306 0.195 -
0.30-10/68-3 0.092 0.238 0.351
0.30-10/68-7 0.102 0.069 0.219
0.30-10/68-14* 0.342 0.367 0.360
0.30-10/68-28 0.343 0.268 0.286
0.30-10/50-14 0.116 0.034 0.176
0.30-10/60-14 0.263 0.257 0.289
0.30-10/68-14* 0.342 0.367 0.360
0.30-5/68-14 0.266 0.234 0.269
0.30-10/68-14* 0.342 0.367 0.360
0.30-20/68-14 0.261 0.248 0.491
0.30-10/68-14/25mm 0.037 0.304 0.280
0.30-10/68-14/50mm 0.297 0.110 0.295
0.30-10/68-14/95mm* 0.342 0.367 0.360

7.5 Summary

Table 7-5 Degree of anisotropy of microcracks induced by autogenous shrinkage.

Results obtained from measurements of autogenous shrinkage linear deformation are consistent with 2D

image analysis. The greater the development of autogenous shrinkage, the higher the degree of microcracking.

Table 7-6 summarises the overall trends of the measured parameters indicated by a colour code (red — increase,

green — decrease, yellow — no change).

The most significant parameter influencing the autogenous shrinkage and induced by this phenomenon

microcracking is water to binder ratio. More severe microcracking and higher shrinkage were observed in

concretes with lower water to binder ratio. The w/b ratio of 0.35 seems to be the critical value below which

concrete is seriously damaged. Higher w/b ratio, especially w/b=0.40 and w/b=0.45 do not cause a high risk of

severe microcracking.

The use of SCMs such as silica fume and especially GGBS also significantly increases autogenous

shrinkage and consequently the risk of microcracking. The microcracks formed in concretes containing these

binders were wider, longer and had greater area fraction, while their density and specific surface area decreased.
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In contrast, the control Portland cement concretes showed the least amount of autogenous shrinkage and
microcracking. The highest growth of autogenous shrinkage occurred within the first two weeks after mixing and
this corresponds to the development of microcracking observed on the 2D images. After 14 days, the samples
continue to undergo autogenous shrinkage, but at a much reduced rate. Consequently, the microcrack

characteristics of the 14 and 28 day old samples are relatively similar.

Binder MSA Aggregate  Sample
w/c ratio Age [days]
type [mm)] % vol. size [mm)]

C»SF»S 0.20»0.25»0.30»0.35»0.40»0.45 I1»3»7»14»28 S»10»20  68»60»50  25»50»95

Table 7-6 Overall trends of the measured parameters indicated by colour codes.
AS — autogenous shrinkage, A — area fraction of microcracks, W — crack width, SSA — specific surface area,
SD — surface density, Dp = dendritic density, L — crack len%, DA — degree of anisotropy.

Colour code: . increase, . decrease, no change.

Increasing MSA (at equal aggregate volume fraction) lowers surface area of aggregate particles to bond
with the cement paste. This produces higher stress concentrations at the aggregate-cement paste interface and
more microcracking compared to concretes with smaller aggregate particles. Furthermore, microcracks in
samples with larger MSA are wider and longer due to the higher shrinkage and fewer obstructing aggregate
particles per unit volume of concrete to arrest the cracks. Conversely, decreasing aggregate volume fraction (at
constant MSA) increases autogenous shrinkage significantly because of the higher volume fraction of the
shrinking matrix and lower percentage of the restraining aggregate particles. The microcracks formed in
concretes with low aggregate volume fraction are narrower and has lower area fraction, but they are longer and
have higher density and connectivity. Many studies have been dedicated to understand the effect of aggregates
on drying-induced microcracking, both experimentally and theoretically. For instance, Idiart et al. (2011, 2012)
studied the effect of aggregate size and volume fraction on drying induced microcracking, and qualitatively
compared their numerical simulation with experimental results. Their hygro-mechanical model showed larger
degrees of internal microcracking for higher levels of drying as well as for increasing aggregate volume fraction

and size. Grassl et al. (2010) studied internal microcracking by means of a lattice model on 2D composites with
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circular aggregates. They found that the average crack width increased with increasing aggregate size and
decreased with increasing aggregate volume fraction, whereas the crack density showed opposite trends.

Findings from this work are consistent with their results.

To verify the influence of sample size, de facto, the effect of MSA to sample diameter ratio, concrete
mix with MSA of 10 mm was cast into three containers with diameter of 25, 50 and 95mm, which correspond to
MSA/sample diameter ratio of 2.5, 5 and 9.5. Obtained results demonstrate that microcrack characteristics’
dependency on sample size does not exist for higher MSA/sample diameter ratio (>5), while lowering this ratio
(e.g. to 2.5) may significantly affect the results. This is related to the aspect of the representative sampling

volume.
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Chapter 8

3D characterisation of autogenous shrinkage-induced microcracks

The aim of this Chapter is to demonstrate the application of 3D imaging and image analysis on a range
of samples in order to better understand the characteristics of microcracks induced by autogenous shrinkage. As
demonstrated in Chapter 4, X-ray microtomography is one of the most suitable techniques for detecting
microcracks in three-dimensions. This technique is employed in this Chapter to image the microstructure of
selected concrete samples from Chapter 7. The data are processed using the image analysis algorithm proposed
in Chapter 6 and the results correlated to parallel measurements from Chapter 7. 2D and 3D image analyses are

compared, and their advantages and limitations are discussed.

8.1 Background

The nature of microcracks induced by autogenous shrinkage in concrete containing supplementary
cementitious materials is not well understood. One reason for this is the lack of suitable techniques to detect and
characterise the microcracks. Conventional methods include imaging polished cross sections with scanning
electron microscopy and optical microscopy. However, these techniques only provide a two-dimensional
representation of a three-dimensional structure. Parameters such as connectivity and tortuosity of microcracks
which are critical with respect to understanding transport phenomena are completely unattainable with these
methods. Also, indirect methods such as ultrasonic and acoustic emission, which work by detecting the sound
waves produced by crack nucleation and propagation in real time, provide very limited information about size,
position and geometry of the developed crack pattern. This is a major limitation and significantly reduces the

insights that can be gained from such analyses.

Another reason is that the contribution of autogenous shrinkage in typical concrete mixes has been
previously neglected due to the dominant role of drying shrinkage. Nonetheless, the increasing use of high
strength concretes that are of low water/binder ratio, containing complex mix of cementitious materials and

chemical admixtures in recent years has highlighted the problem of autogenous shrinkage in these concretes.

In the past few decades, three-dimensional imaging methods such as computed tomography based on
conventional X-ray or synchrotron radiation have gained wide applications in cement and concrete materials
science. These techniques can image the true nature of the analysed structure in 3D rather than its 2D projection.
However, the resolution of these techniques is limited and decreases with increase in sample size. Conventional
u-CT scanners are capable of achieving a spatial resolution of >1 um. This has been applied in cement and

concrete research in a number of applications for imaging large scale features, e.g. freeze-thaw induced
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microcracking (Promentilla et al., 2008), quantitative measurements of crack growth under loading (Landis et al.,
2000), in situ observation of cracking and fracture behaviour under progressive uniaxial compressive loading
(Yang et al., 2017) and characterization of deterioration caused by sulphate attack (Naik et al., 2006, Stock et al.,
2002), carbonation (Han et al., 2012) and leaching (Burlion et al., 2006). Synchrotron u-CT with slightly higher
resolution of between 0.7 to 1.0 um has been used to image pores in hardened cement paste (Gallucci et al.,
2007) and anhydrous cement particles (Garboczi and Bullard, 2004). As for as I am aware, there have been no
attempts on direct 3D characterisation and understanding of the microcracks caused by autogenous shrinkage

using CT techniques.

8.2 Samples for analysis of microcracks in 3D

Samples for analysis of microcracks in 3D were selected based on the results obtained from the 2D

analysis of microcracks (Chapter 7). The shortlisted samples differed with respect to:

e Type of binder: Portland cement CEM 1 52.5 R (C), CEM I 52.5R with 9% replacement of silica fume
(SF), and pre-blended CEM III/B 42.5N with 70% ground granulated blast furnace slag (S) — 3 samples;

e  Water to binder ratio: 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 — 6 samples;
e Curing age: 1, 3,7, 14 and 28 days — 1 sample scanned 5 times at different ages.

For each of these, a cylindrical sample (930 mm, H65 mm) was prepared for imaging with X-ray
microtomography. Samples with various binders and w/b ratios were cored from a larger volume of concrete
(disc @95 mm, H65 mm). Note that one mix (0.30SF-10/68-14) was prepared in two replicate samples and
imaged twice for statistical purposes. Additionally, the same mix (0.30SF-10/68-14) was chosen for the
experiment at different ages, where one sample (cylinder @30 mm, H65 mm) was prepared and imaged at the
required age to investigating the development of microcracking over time. The sample was sealed in a tight-
fitting plastic container to ensure sealed curing during the experimentation. This is one of the great advantages of
X-ray microtomography, where the same sample can be non-destructively scanned as many times as requested.

Detailed information of the prepared samples is shown in Table 8-1.

Influencing Variables:
parameters- Binder wib Age MSA Agg. %  Sample size
[days] [mm] vol. [mm]
C
Binder SF* (binder) 0.30 14 10 68 30 (cored)
S
0.45
0.40
Water to binder 0.35
ratio SF 0.30% (w/b) 14 10 68 30 (cored)
0.25
0.20
1
3
Age SF 0.30 7 10 68 30 (cast)
14* (age)
28

Table 8-1 Samples for 3D analysis of microcracks with X-ray microtomography. * - replicates.

160



8.3 Three-dimensional characterisation of microcracks

The prepared cylindrical samples were imaged using Metris X-Tek HMX ST 225 CT scanner with
setting up parameters the same as described in Section 3.3.3. The acquired fourteen 3D images were afterwards
subjected to the proposed algorithms for segmentation and separation of microcracks developed in Chapter 6.

Then the separated microcracks from these images were characterised by the following parameters:
e volume fraction,
e specific surface area and area density,
e average crack width and the percentile distribution of microcrack widths,
e average crack length and the percentile distribution of microcrack lengths,
e microcrack dendritic density,
e degree of anisotropy/ orientation of microcracks,
e connectivity,
e  tortuosity.

Detail information of these parameters are described in Section 6.4.1 and the measured values are

presented and discussed in the following Sections (8.3.1 — 8.3.8).

8.3.1 Volume fraction

The segmented 3D images of microcracks are presented in Figures 8-1, 8-2 and 8-3. A straightforward
visual inspection indicates that the binder type and water to binder ratio have the greatest impact on
microcracking, while the effect of concrete age is unnoticeable to the naked eye. However, this is only a visual
impression because detailed quantitative analysis (discussed later) demonstrates some important differences

between images acquired at different ages.

Results from the measurement of volume fraction of microcracks are presented in Figures 8-4 a), b) and
¢) for concretes with different binder, w/b ratio and age respectively. The results show similar trends to findings
from density measurements. The highest microcrack volume fraction of 3.28% was registered for concrete with
GGBS. The microcrack volume fraction decreased by at least 50% in concrete with silica fume (1.67%) and in
neat Portland cement concrete (0.28%). This indicates that the density and size of microcracks increased in

concretes with SCMs, especially with GGBS.

Figure 8.4 b) shows that the volume fractions of microcracks in concretes with very low w/b ratio were
quite similar. For example, concretes with w/b ratio of 0.20 to 0.30 showed 1.56 to 1.64% vol. microcracks. In
contrast, for concretes with higher w/b ratio, this parameter progressively decreased to 0.89%, 0.83% and 0.39%
for w/b ratios of 0.35, 0.40 and 0.45 respectively. This suggests that w/b ratio of 0.30 is a critical value and that

above this value microcracking occurs much less severely.
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Figure 8-4 c) shows that the microcrack volume fractions in samples imaged at different ages increased
with time. This can be interpreted as growth and widening of the earlier formed microcracks. The volume
fraction at age of 1, 3, 7, 14 and 28 days was 0.98%, 0.99%, 1.11%, 1.26% and 1.37%, respectively. This shows
that approximately 70% of microcracking occurs in the first 24 hours. Therefore, this is a crucial stage because

the risk of failure when exposed to stress is the highest for such a fragile and young microstructure.

Figure 8-1 Segmented microcracks in concretes with different binders a) 0.30C-10/68-14,
b) 0.30SF-10/68-14-(w/b replica), ¢) 0.30S-10/68-14. (Scale in mm).

Figure 8-2 Segmented microcracks in concretes with different water to binder ratio:
a) 0.20SF-10/68-14, b) 0.25SF-10/68-14, c) 0.30SF-10/68-14-(w/c replica), d) 0.35SF-10/68-14,
e) 0.40SF-10/68-14, f) 0.45SF-10/68-14. (Scale in mm).
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Figure 8-3 Segmented microcracks in concretes at different age: a) 0.30SF-10/68-1, b) 0.30SF-10/68-3,
c¢) 0.30SF-10/68-7, d) 0.30SF-10/68-14- (age replica), e) 0.30SF-10/68-28. (Scale in mm).
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Figure 8-4 Volume fraction of microcracks in concretes with a) different binders,

b) different water to binder ratio and c) at different age.
(* - refers to relevant replicas).
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8.3.2 Surface area

Surface area of microcracks was measured by three different methods: voxel face area, iso-surface mesh
(in BonelJ) and line intercept count method (in Avizo Fire) as explained in Section 6.4.1. The obtained results
were then used to calculate two parameters i.e. specific surface area (SSA), which describe smoothness of

surface and surface density (SD).

Figures 8-5, 8-6 and 8-7 present the surface data for different binders, w/b ratios and ages, respectively.
It can be seen, that the iso-surface mesh method and LICM produced similar results, while the voxel face area
method gave slightly higher values. Specific surface area was quite uniform for all samples containing silica
fume, regardless of w/b ratio and curing age, an average value of 24 mm™! and 22 mm™! was obtained with iso-
surface mesh method and LICM respectively. Whereas, the SSA of microcracks from samples with different
type of binders were varied; microcracks in OPC concrete had SSA of almost 30 mm™! and 27 mm™!, respectively
for iso-surface mesh method and LICM, and microcracks in GGBS concrete had much smaller SSA, respectively
20 mm™! and 18mm! for each method. This can be associated with differences in microstructure of neat Portland

cement concrete and SCMs concretes.

In contrast, the measured microcrack surface density exhibits various trends not only between concretes
with different type of binder, but also between w/b ratio and age. These results are analogous to volume fraction
of microcracks (shown in Section 8.3.1) since the SD of microcracks is defined as total surface area divided by
sample volume (image volume). Surface density of microcracks in concretes with GGBS and silica fume is five
and eight times higher than in neat OPC concrete (Figure 8-5b). Concretes with w/b ratio of 0.30 and lower had
similar SD, while for concretes with w/b ratio greater than 0.30 showed decreasing SD to approximately 0.1 mm-

! (Figure 8-6b). Figure 8-7c shows that microcrack SD increases with age.

a) so b) 100
W0.30C-10/68-14 W0.30C-10/68-14
45 B0.305F-10/68-14* B0.305F-10/68-14*
o [0.305-10/68-14 [00.305-10/68-14
g 40 0.80 -
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Figure 8-5 a) Specific surface area and b) surface density of microcracks in concrete with different binders
obtained via voxel face area (VFA), triangular surface mesh (Iso-S) and line intercept count method (LICM).
(* - refers to binder replica).
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Figure 8-6 a) Specific surface area and b) surface density of microcracks in concrete with different
water to binder ratio via voxel face area (VFA), triangular surface mesh (Iso-S)
and line intercept count method (LICM). (* - refers to w/b ratio replica).
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Figure 8-7 Estimation of a) specific surface area and b) surface density of microcracks in concrete at different
age via voxel face area (VFA), triangular surface mesh (Iso-S) and line intercept count method (LICM).
(* - refers to age replica).

8.3.3 Width

Width of microcracks was measured using BoneJ — Thickness plugin (Dougherty and Kunzelmann,
2007, Hildebrand and Riegsegger, 1997) as volume-based local thickness. This method defines the thickness at
every point in the structure as the diameter of the largest sphere that fits within the structure in each point.
Graphical results of this analysis are presented in Figures 8-8, 8-9 and 8-10 for samples with different types of
binders, w/b ratios and ages respectively. These are 3D colour images of thickness map, in which the colour

value of each pixel representing the microcrack thickness at that point. Visual assessment of the images suggests
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that most of the microcracks in all samples have width (thickness) in a range between 100 pm and 200 pm, as

indicated by the dominance of purple colour that corresponds to these values.

)
0 0.399mm

0.664mm 0.616mm

Figure 8-8 Microcrack width distribution in concretes with different binders:
a) 0.30C-10/68-14, b) 0.30SF-10/68-14- (binder replica), ¢) 0.30S-10/68-14
based on local thickness measurements in BonelJ. Colour indicates microcrack width range.
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Figure 8-9 Microcrack width distribution in concretes with different water to binder ratios:
a) 0.20SF-10/68-14, b) 0.25SF-10/68-14, c) 0.30SF-10/68-14- (w/b ratio replica),
d) 0.35SF-10/68-14, e) 0.40SF-10/68-14 and f) 0.45SF-10/68-14
based on local thickness measurements in BonelJ. Colours indicates microcrack width range.
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Figure 8-10 Microcrack width distribution in concretes at different age a) 0.30SF-10/68-1,
b) 0.30SF-10/68-3, ¢) 0.30SF-10/68-7, d) 0.30SF-10/68-14-(age replica) and ¢) 0.30SF-10/68-28
based on local thickness measurements in BonelJ. Colour indicates microcrack width range.
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Table 8-2 Average microcrack widths in pm with standard errors.
(* - refers to relevant replicas).

From the measured local thickness of the microcracks, a volume-weighted mean thickness (i.e.
microcrack average width) and the microcrack width distribution were estimated. The results are presented in

Table 8-2 and Figure 8-11 respectively.

In general, Table 8-2 shows similar trends in the average microcrack width between the different
samples to those obtained in the 2D analysis from LSCM in Chapter 7. The type of binder appears to be the most
important influencing parameter for average microcrack width, in comparison to w/b ratio or concrete age. The

highest average microcrack width with the value of 205 um was found for concrete with GGBS (0.30S-10/68-
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14) and the lowest average microcrack width with the value of 148 um for neat Portland cement concrete
(0.30C-10/68-14). Water to binder ratio does not appear to have a significant effect on the microcracks width, its
average value oscillates around 175 um. Furthermore, curing age has a slight impact on the microcracks width.
The growth of microcracks with time is especially noticeable between 14% and 28" day, where the mean width

increased by about 14 um.

These tendencies are reinforced in Figure 8-11 showing the cumulative distribution of microcrack
widths. It is clearly visible (Figure 8.11 -a) that microcracks in concretes with SCMs are wider than those in neat
OPC concrete. The cumulative distribution curves for concretes with silica fume and GGBS are shifted towards
larger values. Microcracks with widths below 100 pum represent 38%, 23% and 10% of the population for
samples with neat OPC, 9% of silica fume and 70% of GGBS respectively, while microcracks with widths above
200 pum represent 7%, 20% and 35% of the population for samples with OPC, silica fume and GGBS

respectively.

On the contrary, the cumulative distribution curves for samples with different w/b ratios practically
overlap each other (Figure 8.11 -b). This highlights the insignificant correlation of microcrack widths with w/b
ratio, which is consistent to the results obtained from 2D analysis in Chapter 7. The curves are very steep. Hence,
most of the microcracks (approximately 70-80%) in these samples have widths in a narrow range of 100 - 200
pm. The same applies to samples analysed at different ages. However, here we observed a greater number of
small microcracks (< 50 pm) of about 10% compared to the replicate samples which were drilled from a larger
volume of concrete. This is probably due to the effect of directly casting concrete into a small cylindrical mould,

which led to sample size effects on microcracking as discussed in detail in Chapter 7.

Moreover, the width of microcracks was also affected by the development of autogenous shrinkage with
time. Evidence of that can be found by looking at the percentages of the smallest and the largest microcracks in
the sample scanned over time. The amount of microcracks with crack width below 100 pm decreased
continuously from 28%, 25%, 23%, 19% to only 12%, respectively in samples analysed at 1, 3, 7, 14 and 28
days, while for microcracks with crack width above 200 um, their percentage increased gradually from 20%,

21%, 22%, 24% up to 30%, respectively in sample at 1, 3, 7, 14 and 28 days.
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Figure 8-12 Cumulative length distribution of microcracks in concretes with different a) type of binder, b) w/c ratio and c) age. (* - refers to relevant replicas).
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8.3.4 Length

Length of the microcracks (L) was measured as dendritic length of the 3D skeletonised microcracks and
each measured value was used to calculate a mean length (Limean) and to obtain the distribution of microcrack
lengths. The 3D skeletons of microcracks were obtained by applying 3D thinning algorithm implemented in
BonelJ (Lee et al., 1994) and the images of skeletonised microcracks are shown ins Figure 8-13, 8-14 and 8-15

(Section 8.3.5). For full description of the methodology, please refer to Section 6.4.

Results from the analysis are presented in Table 8-3 (mean and total lengths) and in Figure 8-12 (crack

length distributions) for samples with different binder type, w/b ratio and age respectively.
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Table 8-3 Average and total microcrack lengths in mm with standard errors.
(* - refers to relevant replicas).

The analysed microcracks have a wide range of lengths from 50 um up to 100 mm. The average length
is between 6 and 30 mm depending on sample type. Results show that microcracks in concrete with SCMs are
much longer than in neat Portland cement. The average crack length is three times longer in samples with silica
fume, and five times longer in samples containing GGBS, in comparison to neat Portland cement concrete. The
average length of microcracks also increased with decrease in water to binder ratio from 5.5 mm at w/b = 0.45 to
15 mm at w/b = 0.20. The average length also increased with concrete age, the highest increase was observed

between third and seventh day.

Further analysis of the length distribution shows that most of the microcracks (70-85% of the
population) have lengths ranging from 0.2 mm to 10 mm. The sample with neat Portland cement has a very
small population of microcracks longer than 10 mm (4.9%), while concretes with SCMs have twice as many of
these microcracks, precisely 9.6% (OPC + SF) and 10.7% (OPC +GGBS). Microcracks that are shorter than 0.20
mm represent 8.6% of the population in samples with neat OPC and 10% in samples containing GGBS, while

concrete with silica fume have up to 18% of these microcracks.

The length distribution curves (Figure 8-12 b, ¢) also indicate differences caused by water to binder
ratio and concrete age. The lengths of microcracks increase with decrease in w/b ratio as seen by the slight
translation of the distribution curves towards larger values. This is evident especially for w/b of 0.45, as this
sample was the least affected by autogenous shrinkage and associated with microcracking. The percentage of

microcracks longer than 5 mm increases from 14.7% to 17.4%, 18.0%, 19.6%, 21.8%, to 22.7% for samples with
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w/b of 0.45, 0.40, 0.35, 0.30, 0.25 and 0.20, respectively. The increase in microcrack length is clearly visible for
sample analysed at different ages. The crack length distribution curves show a substantial shift to larger values,
apart from the early age samples (one and three days old) that had overlapping curves. The greatest change in
crack lengths occurred in the first two weeks. The last curve (28 days old sample) does not diverge much from
the curve of the 14 days old sample. This is evidence of microcracks propagating with time and its rate can be

correlated to the development of autogenous shrinkage (see Section 7.3).

8.3.5 Density

Microcrack dendritic density was measured on the 3D skeletons of microcracks as ratio between total
length of the skeleton to the image volume. Images of the skeletonised microcracks are presented in Figures 8-
13, 8-14 and 8-15 for concretes with different binders, w/b ratios and curing ages respectively. These images
clearly indicate that the type of binder and water to binder ratio have the greatest impact on microcrack density.

However, concrete age has a less noticeable effect based on visual comparison.

The visual assessment is reinforced by quantitative image analysis presented in Figure 8-16. The
highest microcrack density was measured in samples containing GGBS, followed by silica fume, while the
sample with neat Portland cement had the lowest density, at 1.00, 0.62 and 0.14 mm/mm? respectively. This
corresponds to the results from linear deformation measurement, where concretes with SCMs showed much
higher shrinkage compared to Portland cement concrete (see Section 7.3). Therefore, these samples were

expected to crack more severely.

The measured microcrack density of concretes with very low w/b ratios of 0.20, 0.25 and 0.30 were
consistent (ranging from 0.56 to 0.59 mm/mm?), but much higher than those at w/b ratios of 0.35, 0.40 and 0.45
(at 0.40, 0.29 and 0.15 mm/mm? respectively). Samples with w/b of 0.20, 0.25 and 0.30 had very similar
characteristics in terms of density and volume fraction of microcracks (as can be seen in Section 8.3.2). These
results are also consistent with linear shrinkage measurements where large differences were seen between

samples with different water to binder ratios.

.20

Figure 8-13 Skeleton of microcracks in concretes with different binders
a) 0.30C-10/68-14, b) 0.30SF-10/68-14- (binder replica), c) 0.30S-10/68-14.
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Figure 8-14 Skeleton of microcracks in concretes with different water to binder ratios:
a) 0.20SF-10/68-14, b) 0.25SF-10/68-14, c) 0.30SF-10/68-14- (w/b ratio replica),
d) 0.35SF-10/68-14, ¢) 0.40SF-10/68-14, and f) 0.45SF-10/68-14.

N

Figure 8-15 Skeleton of microcracks in concretes at different ages: a) 0.30SF-10/68-1, b) 0.30SF-10/68-3,
¢) 0.30SF-10/68-7, d) 0.30SF-10/68-14- (age replica) and ¢) 0.30SF-10/68-28.
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The results from measurements made at different ages demonstrate that development of microcracking
occurs mainly in the first two weeks, which also confirms the findings from shrinkage measurements. Most of
the microcracks formed in the first 24 hours. The total number of microcracks (labelled clusters) after the first
day did not increase substantially in subsequent measurements. Thus, the microcracks were mainly branching
with little tendency to form new, separated cracks at later stages. The microcrack density at age of 1, 3, 7, 14 and
28 days was 0.29, 0.33, 0.38, 0.45 and 0.49 mm/mm? respectively, which correspond to shrinkage development
over time (31.3 pstrain in the 1st day, increasing to 13.4,45.9, 52.6 and 22.6 pstrain in the 3rd, 7th, 14th and
28th day, respectively).
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Figure 8-16 Dendritic density of microcracks in concretes with
a) different binders, b) different water to binder ratios and c) at different ages.
(*- refers to relevant replicas).

8.3.6 Degree of anisotropy

Degree of anisotropy of microcracks was estimated by application of the mean intercept length method
(MIL) in 3D (see Section 6.4.3). The visualisation of microcrack orientation is presented in Appendix IV. These
images present the 3D visualisation of the MIL vector cloud, shown in orthogonal views in the XY, XZ and YZ
directions. Note that the X and Y axes are perpendicular to the casting direction. Additionally, the 2D orientation
of microcracks at 0°, 45°, 90°, 135° angles in XY, XZ and YZ directions was determined (see Section 6.4.1 for
detailed explanation). It is presented in the form of rose of intercepts (thick black lines) that matches the shape of

the MIL vector cloud’s orthogonal views.

Orientation of the microcracks varied quite significantly between different directions within the sample.
On the XY orthogonal views, the microcracks in all samples seem to be uniformly oriented (isotropic structures).
However, on the XZ and YZ orthogonal views they appear to have one privileged orientation usually towards 0-
180° direction (on the XZ plane) and 90-270° direction (on the YZ plane). The orientation of microcracks within
the volume may be related to sample size. Note that the shape of the moulds in which the samples were cast was
cylindrical with a diameter of about 1.5 times the height of the mould for samples with different binders and w/b

ratios (drilled samples) and with a diameter of about 0.5 times the height of the mould for samples scanned over
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time (cast sample). Therefore, the autogenous shrinkage could be affected by these dimensions; from being
uniform across the XY plane to being distorted along the Z-axis. Moreover, the orientation of aggregates as well
as casting and compacting concrete mixes in layers may influence the microcrack orientation. However, the

sample size effect seems to have the strongest influence on the orientation of microcracks.

The overall (3D) degree of anisotropy of microcracks which is a number between 0 (complete isotropy)
and 1 (complete anisotropy), was above 0.6 for most of the samples (see Figure 8-17). Samples with degree of
anisotropy lower than 0.6 experienced much less microcracking (e.g. samples: 0.30C-10/68-14, 0.40SF-10/68-14
and 0.45SF-10/68-14).
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Figure 8-17 Degree of anisotropy of microcracks in concrete with different c) type of binder, b) w/b ratio and
¢) age. The results were calculated for the whole 3D volume and with 2D interpretation in XY, XZ and YZ.

8.3.7 Connectivity

Connectivity of microcracks was expressed in percentage of the volume of the largest interconnected
microcrack over the total volume of all microcracks. In addition, the density of connections was measured as the
number of junctions of the skeletonised microcracks divided by image volume. Results are shown in Figure 8-18
a), b) and c) for samples with different binders, w/b ratios and ages respectively. The results for connectivity
show a large spread of values between samples with different binders (23 to 89%) and w/b ratios (3 to 54%).
Connectivity increased substantially with the presence of SCMs and with decrease in w/b ratio. Similarly, the
density of microcrack connections also show an increasing trend for samples with lower w/b ratio and samples
containing SCMs. These clearly indicates that both the type of binder and w/b ratio influence the connectivity of
microcracks, as these parameters in general have an impact on the degree of autogenous shrinkage-induced

microcracking.

Connectivity of microcracks in samples scanned at different ages was rather constant, around 47%.
However, the density of connections shows a significant increase with increase in age. This increase may be

caused by formation of new microcracks and propagation and branching of already existing microcracks with
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time. It may also indicate that the crack growth is uniform since the volume ratio of the largest microcrack to all

microcracks was maintained throughout the experiment.

8.3.8 Tortuosity

Tortuosity of microcracks was determined by two parameters i.e. geometric tortuosity and centroid path
tortuosity measured in X-, Y and Z- directions. These are defined in Section 6.4.1. Results from this analysis are
presented in Figure 8-19 a, b and ¢ for microcracks in concretes with different binders, various w/b ratio and age
respectively. The geometric tortuosity of the microcracks is fairly uniform, approximately 1.28 for every sample.
This is considered a low value (t,=1 means that the structure is not tortuous, e.g. a straight pipe) and the findings
indicate that autogenous induced microcracks have a fairly low tortuosity. Such results were caused by presence
of a large number of short and relatively straight branches of the 3D skeletonised microcracks. Note that the
geometric tortuosity was calculated as the sum of the length of the branches divided by the sum of their

Euclidean lengths.

On the contrary, the centroid path tortuosity measurements showed more differential results not only
between sample types, but also between the directions of the measurements. The reason is that the centroid path
tortuosity is the ratio of the path formed by centroids of each 2D slice along one axis to the number of the 2D
slices along that axis. Therefore, it is strongly related to the orientation of the microcracks. The more orientated
microcracks (higher degree of anisotropy), the lower centroid path tortuosity. For instance, most of the samples
exhibited the highest centroid path tortuosity in Z direction, which is consistent with the lowest degree of

anisotropy on the XY planes, along z-axis.

Microcracks in concrete with SCMs, especially with GGBS were less tortuous than in pure Portland
cement concrete. An increase of w/b ratio resulted in an increase of the centroid path tortuosity, and with age the
centroid path tortuosity decreased. The differences between individual samples are strictly related to the
quantity, distribution and orientation of microcracks. Samples that cracked more severely have lower tortuosity,
because the path length through the computed centroids is shorter that in samples containing less microcracks.
The obtained results are consistent with the degree of anisotropy, volume fraction and density results provided in

Sections 8.3.6; 8-3-1 and 8-3-5.

175



100 2.5 100 25 100 25
M Largest crack %volume —_ M Largest crack %volume — M Largest crack %volume —
90 -4 ] ™ 90 ™ 90 - ™
O No of junctions/ image volume S O No of junctions/ image volume S O No of junctions/ image volume S
80 4 L20 £ 80 L 20 E 80 7 -20 £
~ < ~
—_ o [e) o
X 70 ] K= — 70 K= 70 7 £
';' ) §, %) '\? ] %)
£ 60 ] 15§ =~ 60 15 § & 60 4 — F15 §
= ] =} B =] = =]
© 501 b Z 50 b S 50 ] o
GCJ c 8 c 8 c
c 40 ] L 10 § e a0 L 10 § @ 40 10 §
8 O g O g o
30 1 G S 30 G G 30 G
Zz z © Z
20 4 - 05 '&H 20 - 05 7 20 - 05 %
g g g
10 1 |_| 8 10 2 10 H g
0 - 0.0 0 - 0.0 0 0.0
» “ » g g “ » » » N > K >
oy s ; A y \d Ny Y Ny ot & & :
\@ & \(o‘b \ng \ng Gb'\’ \Q;b \(37 \(o% & &° &9 & &
Q \ Q Q Q \ Q Q Q N N » \ Q
~ o N N N o N N N < < « > N
< > S 3 < > 3 3 < S S S b <
X & o N 3 S 5 & & oD X o S N
- O - v v \\] > ™ 3 Q- - \\] Q
o & © N NN N o o & o

Figure 8-18 Connectivity of microcracks and density connections in concretes with different a) binders, b) w/b ratios and c) age. *- refers to relevant replicas.
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Figure 8-19 Geometric (G) and centroid path tortuosity along X-, Y- and Z- axes for concretes with different a) binders, b) w/c ratio and c) age.
*- refers to relevant replicas
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8.4 Statistical approach

An accurate image analysis of microcracks is very difficult to achieve. On the one hand, it is important
to image a representative image volume at sufficient resolution, and this aspect was already discussed in Section
6.6. On the other hand, it is required to analyse a number of replicates to ensure adequate statistical analysis.

The statistical approach was demonstrated on three replicate samples (0.30SF-10/68-14* - binder, w/b
ratio and age replicas). Note that the binder and w/b ratio replicas were drilled out of a larger volume (two
cylinders of 95 mm in diameter and 65 mm height), while the age replica was directly cast into a small mould (a
cylinder of 30 mm in diameter and 65mm height). This could have an impact on the autogenous shrinkage

development and consequently on the microcrack characteristics due to sample size effects.

Results from the measurements for all three replicas are tabulated in Table 8-4. Additionally, the
average value and standard deviation for each parameter was calculated first for all three replicas (binder, w/b

ratio and age) and then for cored replicas only (binder and w/b ratio).

0.30SF-10/68-14*
Cored Cored Cored Cored

cored Cast & cast & cast . .
Parameter . . replicas  replicas
binder w/b ratio age replicas  replicas average st. dev
! g average  st. dev. I

replica  replica  replica

Volume fraction [%)] 1.67 1.56 1.26 1.50 0.17 1.62 0.05
Density [mm/mm?) 0.62 0.56 0.52 0.57 0.04 0.59 0.03
Specific surface area

(LICM) [mm"] 21.24 23.57 21.62 22.14 1.02 22.41 1.17
Surface density

(LICM) [mm"'] 0.35 0.37 0.27 0.33 0.04 0.36 0.01
Average width [um] 178 169 177 174.67 4.03 173.50 4.50
Average length [mm] 17.8 11 25.3 18.03 5.84 14.40 3.40
Total length [m] 6.51 6.23 8.86 7.20 1.18 6.37 0.14
Degree of anisotropy [-] 0.697 0.682 0.669 0.680 0.01 0.690 0.01
Connectivity [%] 31.24 38.57 47.08 38.96 6.47 34.91 3.67
No of junction/image 1.40 1.07 1.43 1.30 0.16 1.24 0.17
volume [no/mm?-]

Tortuosity [-] 1.27 1.29 1.24 1.27 0.02 1.28 0.01

Table 8-4 Characteristics of microcracks in three replicate samples (binder, w/b ratio and age replicas) and
averages with standard deviations of the measured parameters.

The results between replicate samples are very similar for all measurements, therefore the standard
deviations are low, especially for cored samples. Noticeable differences might be observed for parameters such
as volume fraction, microcrack length (average and total values) and connectivity between cored and cast
replicates. However, as mentioned earlier, this could be associated with sample size effect on microcracking.

Such influences were also observed in the 2D image analysis (see Section 7.4 for more details).
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8.5 Comparison between 2D image analysis (LSCM and p-CT) and 3D image analysis (u-CT)

Each imaging technique, whether 2D or 3D image analysis, has its advantages and limitations over the
others. This study gives an excellent opportunity to demonstrate them because the same sample sets were imaged
with two different techniques (LSCM — Section 7.4 and p-CT — Section 8.3) and the image analysis of
microcracks was carried out in 2D (images from LSCM and p-CT) and in 3D (images from p-CT). The
differences between 2D and 3D analysis were discussed in Chapter 6.5.1. Here, further discussion of results from
2D analysis of microcracks acquired with LSCM are presented. The comparison was made on three samples
(0.30C-10/68-14, 0.30SF-10/68-14 and 0.30S-10/68-14). These samples were selected because they have the
most diversified characteristics of microcracks among all the analysed samples. Results from the analysis are

tabulated in Table 8-5.

0.30C-10/68-14

0.30SF-10/68-14*

0.30S-10/68-14

cT 3D 0.28 % 1.67 % 3.28 %
Volume (area)  H 2D 0.28 % 1.67 % 3.28%
fraction
LSCM 2D 1.62 % 1.79 % 2.08 %
S . 3D 27.12/0.07 mm’! 21.24/0.35 mm’! 18.27/ 0.60 mm!
urface area: p-CT
SSA/SD 2D 4.89/0.01 mm! 6.98/0.12 mm'! 8.10/0.27 mm™
(LICM) LSCM 2D 9.27/0.15 mm! 8.85/0.16 mm! 7.88/0.16 mm'!
o P 148 um 178 um 205 um
Average p-
Wi 2D 179 um 263 um 283 um
LSCM 2D 38 um 50 um 70 pm
oT 3D 5.925 mm 17.756 mm 29.439 mm
Average ”' 2D 1.166 mm 2.475 mm 4.122 mm
Length
LSCM 2D 0.161 mm 0.194 mm 0.174 mm
or 3D 0.14 mm/mm? 0.62 mm/mm?> 1.00 mm/mm?>
Density . 2D 0.02 mm/mm? 0.10 mm/mm? 0.18 mm/mm?
LSCM 2D 0.42 mm/mm? 0.36 mm/mm? 0.30 mm/mm?
3D 0.49 0.70 0.75
Degree of n-CT - 0.16 XY, 0.42 XZ, 0.30 XY, 0.44 XZ, 0.28 XY, 0.50 XZ,
anisotropy 0.34YZ 0.38YZ 0.37YZ
LSCM 2D 0.34 0.37 0.36
oT 3D 23.41 %/ 0.35 31.24 %/ 1.40 89.12 %/ 2.26
Connectivity p-
(C, and Dew) 2D N/A N/A N/A
LSCM 2D N/A N/A N/A
3D 1.28/ 1.27/ 1.27/
Tortuosity p-CT 10.22x,10.06y, 1523z 3.55x,3.81y,9.24z2 3.06%,2.78y,6.75z
(g and 1cp) 2D N/A N/A N/A
LSCM 2D N/A N/A N/A

Table 8-5 Comparison of microcrack analysis using different methods: 3D (u-CT), 2D (pn-CT) and 2D (LSCM)
of three selected samples (0.30C-10/68-14, 0.30SF-10/68-14* - binder replica and 0.30S-10/68-14).
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There are three values for each characteristic parameter of microcracks: the first value from 3D analysis
of the whole image volume acquired with u-CT, the second value from a 2D interpretation of the same image (as
a stack of 2D images, where each 2D slice of the 3D image was analysed), and third value from 2D analysis of
image montage (stitched mosaic of 2D images) conducted on the same concrete mix, but not particularly on the
same samples imaged with LSCM. Thus, any differences between the first two values are associated only to the
effect of interpreting the analysed image volumes in 2D or 3D. On the contrary, the measured parameters in both
2D analyses (the second and third values) might vary for three reasons: a) differences in image sampling area; b)
higher resolution of the LSCM technique that can detect finer microcracks compared to p-CT; and c¢) sample
preparation prior to LSCM imaging may have introduced artificial microcracks as explained in Section 3.3.1 —
reference sample. However, contribution of these microcracks to the total area fraction of microcracks should be

smaller than 6% (Ax=0.07% for reference sample), see Section 3.3.1.

The comparison of values from different analyses reported here has yielded several noteworthy results.
Most of these results (three values for the same parameter) varied to some extent depending on the imaging
technique and image analysis approach. There is only one parameter i.e. volume fraction from 3D analysis of p-
CT image and its 2D correspondent — area fraction from 2D analyses of p-CT image which has exactly the same
value. The area fraction obtained from LSCM imaging are generally higher due to the higher detectability of
very small microcracks (higher resolution of the LSCM technique). An exception was the sample containing
GGBS (0.30S-10/68-14) which had slightly lower area fraction compared to results from p-CT imaging. This is
because microcracks in samples with slag were wider and therefore better resolved by p-CT. Another
explanation can be simply related to sampling issue. It must be noted that only one core was analysed and slight
differences in measurement between replicate samples could occur as demonstrated in Section 8.4. Thus, several

cores drilled from different regions of the same sample should be analysed from a statistical point of view.

Due to the better resolution of the LSCM technique, surface area expressed as specific surface area
(SSA) and surface density (SD) are slightly higher in 2D LSCM compared to 2D p-CT, apart from GGBS
sample owing to the factors explained above. Comparing 3D analysis versus 2D analysis, it is observed that 3D
surface areas (SSA or SD) are much higher than corresponding values measured as 2D projections of three-

dimensional structures.

Analysing sample cross-sections (2D analysis) rather than sample volumes (3D analysis) produces a
substantial effect on the measured crack width and length. The average width of microcracks measured with the
same method (the local thickness measurement) is of about 20-45% higher in 2D compared to 3D analysis of the
same P-CT images. Even more evident is the disparity in microcrack length measurements, where the average
crack length is about 80-90% lower in 2D compared to corresponding 3D analysis. Such differences were not
unexpected since 2D analysis measures only some fragments of microcracks, while real three-dimensional
structures are separated into many shorter and often wider cracks depending on the orientation of microcracks to
the slicing direction. Moreover, 2D analysis of LSCM images gave several times lower values for both average
microcrack width and length due to its higher resolution and better detectability of the smallest microcracks. The
average crack width is of about 4-5 times smaller than those from p-CT measurements, while the average length
is about one order of magnitude shorter. These findings show that 2D analysis methods produce misleading

results and are unreliable for microcrack width and length measurements.
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The density of microcracks as a parameter related to its dendritic length is affected by the
skeletonisation algorithm, which gives different results in 2D and 3D. The actual length of microcracks, and
consequently their density, are underestimated in 2D because the skeletonisation processes are performed only
on one plane (e.g. x-y plane) without any insights in the third dimension (z-direction). Furthermore, in samples
that were imaged with LSCM, the 2D density of microcracks is much larger compared to the corresponding
samples imaged with p-CT. This is again caused by the lower resolution of X-ray microtomography, which

limits its ability to resolve the smallest microcracks.

Degree of anisotropy of microcracks is a very controversial parameter, especially when measured in
2D. As can be seen from the 2D analysis of p-CT images (Table 8-5), microcracks can have a privileged
orientation and their degree of anisotropy may vary with the direction of analysis, from very low near-zero
values (e.g. XY plane) where it can be assumed that the microcracks are strongly isotropic structures, to
relatively high values (e.g. XZ), where such an assumption is completely incorrect. In the case of LSCM
imaging, the image analysis is usually performed on one randomly selected cross-section, here represented by
the YZ plane. Such one directional analysis is not reliable regardless of the technique used to acquire the images
for analysis. Under these circumstances the only accurate results will be given by the 3D analysis, for which the

degree of anisotropy is much higher than each of the directional measurements.

Another advantage of the 3D analysis over the 2D analysis is the capability of measuring parameters
such as connectivity and tortuosity of microcracks, which are essential for understanding and modelling mass
transport processes. Thereby, p-CT as a three-dimensional imaging technique is more advantageous despite the

much higher resolution of the LSCM conventional 2D imaging.

8.6 Summary

The overall trends of the measured 3D parameters are summarised in Table 8-6, where a colour code
indicates increasing (red), decreasing (green) and no changing (yellow) tendencies. These results are consistent
with those obtained from the 2D analysis of LSCM images reported in Chapter 7 (Table 7-6), even though the
data are not directly comparable due to the fact, that different analysis approaches and imaging techniques were
involved in the characterisation of the autogenous shrinkage induced microcracking. The severity of
microcracking was primarily influenced by the greater development of autogenous shrinkage in samples with
SCMs compared to neat Portland cement samples. Presence of silica fume and GGBS increase volume fraction
and density of microcracks, especially in the case of GGBS. The microcracks formed were wider and much
longer and have greater connectivity. However, parameters such as tortuosity and degree of anisotropy of the

microcracks were not substantially affected by the type of binder.

A much higher degree of microcracking was also observed in samples with lower water to binder ratio.
Concretes with w/b ratio of 0.20 and 0.25 were the most severely damaged (highest volume fraction and density
of microcracks). The degree of microcracking (as measured from volume fraction and density) gradually
decreases with increasing w/b ratio to 0.40 and 0.45, where the microcracking was the least severe. Apart from
volume fraction and density of microcracks, their length and connectivity significantly decreased with increase

in w/b ratio. However, parameters such as microcrack width and geometric tortuosity was practically not
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affected by w/b ratio (stable results for all samples) while other parameters such as degree of anisotropy
decreased only for higher w/b ratio (w/b 0.40 and 0.45) and centroid path tortuosity increased with an increase in
w/b ratio. The 3D analysis shows that most of the microcracking develops during the first two weeks and this is
consistent with the results from linear autogenous shrinkage development and 2D analysis of microcracks in
Chapter 7. The possibility of monitoring microcrack growth in the same concrete core at different ages, which is
enabled by using non-destructive 3D imaging technique, gave some interesting observations. In particular, the
large number of microcracks formed within the first 24 hour (0.98% volume fraction). This increased to 1.26%
and 1.37% after two and four weeks respectively, which are relatively small increments compared to the one-day
result. Therefore, it is questionable whether the measured shrinkage at one day old samples, which was about 30
pstrain (for 0.30SF-10/68-1, see Section 7.3), could cause such damage. In contrast, the measured shrinkage for
one and two-week old samples were about three to five times greater than the one-day values. This could be due
to the uncertainty with defining and errors with measuring the initial sample length at time “zero”. It is not
possible to determine shrinkage in the time between casting and final setting of the concrete because the sample
is too weak and fragile for length measurement. Therefore, the shrinkage that developed during that time was not
considered. Nevertheless, the results show how crucial the first 24 hours is for the development of microcracking
in samples without proper curing. Other parameters besides volume fraction change over time, which indicates
that once formed the microcracks tend to branch and grow, in addition to generation of new microcracks. This is

supported by the increase in the density, width, length and number of connection of microcracks measured at

later ages.
Binder type w/c ratio Age [days]
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Table 8-6 Overall trends of the measured parameters indicated by colour codes.
Vv — volume fraction, W — crack width, SSA — specific surface area, SD — surface density,
Dp = dendritic density, L — crack length, DA — degree of anisotropy, C — connectivity,
Dcn — density of connectioni — geometric tortuosity, Tcp — centroid path tortuosity.

increase, . decrease, E] no change.

Colour code:
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Chapter 9

9.1 Conclusions

This thesis shows the difficulties and challenges associated with 3D imaging and image analysis of
microcracks in cement-based materials. On the one hand, 3D characterisation of microcracks in concrete is
highly desirable for better understanding of transport processes and long-term durability of cement-based
materials. On the other hand, existing 3D imaging techniques that could detect the whole range of microcracks
(1pm < crack width < 1mm) in a representative volume of concrete do not exist. Thus far, this topic has been

overlooked by researchers.

One of the aim of this thesis was to apply and further develop 3D imaging techniques such as FIB-nt,
BIB-SEM, LSCM and p-CT for 3D imaging and quantification of microcracks induced in a laboratory
environment. Unfortunately, the existing 3D imaging techniques are unable to achieve simultaneously the spatial

resolution and image volume required for meaningful characterisation of the 3D microcrack network.

FIB-nt is able to achieve 3D imaging at nanometre resolution, but the imaging plane and imaging depth
are limited to a volume of few tens of um?. Extending the imaging plane by BIB polishing could overcome this,
but still there are limitations on the imaging depth, poor Z-resolution, the time consuming and costly BIB
irradiation of new layers. Because of the restricted image volume, none of the two techniques should be

considered as potential tools for 3D imaging of microcracks in cement-based materials.

Conventional imaging with LSCM is able to achieve 3D images at submicron resolution, but limited to
a few microns imaging depth. Therefore, a new method that combines serial sectioning with LSCM to extend the
imaging depth of cement-based materials was proposed in this thesis. The method produces a series of Z-stacks
containing overlapping regions for stitching based on phase correlation. It can also be extended in the XY plane
to further increase the overall image volume. The method was tested to build up a reconstruction of
microcracked concrete with imaging plane of 700 x700 pm? and up to a 165 um in depth at XY and Z
resolutions down to ~0.2 um and ~0.5 um respectively. However, it must be pointed out that this method is very
tedious and time consuming because of the repetitive process of sectioning, imaging and reconstruction that will
be needed. Therefore, the method is not yet ideal and practical for imaging large volumes of microcracked

concrete.

The image volume issue is completely resolved by using X-ray microtomography. This technique can
image wide range of sample sizes from hundreds of um? to hundreds of mm?, depending on the type of the u-CT
scanner. However, the sample size strongly affects the achievable resolution (voxel size = 1/2000 sample size for

modern CT scanners), which requires a thoughtful compromise between both requirements.
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The experimental review of existing 3D imaging techniques presented in this thesis not only discloses
their limitations, but also shows their advantages in potential applications to study various microstructural
aspects of cement-based materials. For example, the proposed method of combining serial sectioning and LSCM
fills the gap between X-ray pu-CT and FIB-nt in terms of spatial resolution and image volume and may be used
for example for characterising pore structure of cement-based materials (Yio et al., 2017, 2019). The X-ray
microtomography instead could be used to characterise air voids or aggregates shape in concrete. Such
application (air voids characterisation) was further discussed in this work. An algorithm for extracting air voids

from the 3D image and quantification tools was proposed that can be easily applied in related works.

Moreover, the fluorescence LSCM is ideal for real-time imaging of cement-based materials for
example, for monitoring of water penetration into a microcracked concrete as shown in Figure 9-1. In this short
experiment, a fluorescein sodium-dyed water was applied from one direction and the appearance of fluorescence
in the pores and cracks was imaged. This can be quantified by means of image analysis to help understand how

microcrack and pore structure contribute to water ingress at pore-scale level.
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Figure 9-1 Demonstration of fluorescence LSCM for real-time imaging of water penetration into a
microcracked concrete subjected to cyclical freezing and thawing (in collaboration with Marcus Yio).

In this thesis, large sample volumes (cylinders @30mm and 30mm in height) were scanned with p-CT
scanner, but at lower resolution (voxel size of 15.5 um). This brings the question of whether the size range of the
detectable microcracks is sufficient and whether the imaged volume is sufficiently large for representative image
analysis of the microcracks. This of course, depends on the type of microcracks and their morphology, in other

words, the phenomenon that caused the concrete to crack. This made the thesis even more challenging because
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there are so many physical and chemical processes that may lead to microcracking. Several ways of introducing
microcracks to cementitious samples were tested to find the most realistic approach in a laboratory environment
conditions. This in fact is a difficult task since many real structures are subjected to more complex exposure
environments and deterioration processes. From the approaches examined i.e. drying shrinkage with internal and
external restrained (different regime of oven drying), frost attack (cycles of freezing and thawing) and
autogenous shrinkage (sealed curing of low water to binder ratio concretes), the latter was chosen for more

detailed study.

Autogenous shrinkage is an inherent attribute to every cement-based material. However, the lower
water to binder ratio, the higher the development of autogenous shrinkage and consequently, the potential risk of
microcracking. High autogenous shrinkage leads to internal cracking, while drying shrinkage is associated
mainly with surface cracking or cracking through when the concrete structure is externally restrained. Therefore,
not only the characteristic parameters of microcracks, but also their localization (internal/ surface cracking)
within concrete members may influence mass transport properties of concrete and its ultimate failure. For this
reason, internal cracking should be a primary concern. The assessment of different crack-inducing tactics helps
to visualise how the localization of microcracks is affected by the origin of its formation and thereby endorses

the decision to focus on autogenous shrinkage induced microcracks in this work.

Besides finding the proper imaging technique and the relevant microcracks, image analysis either in 2D
and 3D was also a very demanding task. This is due to the fact that microcracks appear to have to share similar
grey scale intensities with other porous features (pores in aggregates, air voids, capillary pores) in the image
brightness histogram. The overlapping grey scale intensity means that additional steps are required during image
processing to facilitate separation of microcracks from such features. An algorithm to achieve this was
developed in this work. Moreover, quantification measurements enabling extensive analysis of the characteristic
parameters of microcracks were proposed. The developed image processing algorithm and quantification tools

were applied to 3D images of all microcracked samples throughout this thesis.

The 3D images acquired by X-ray microtomography were analysed twice; firstly, as a whole volume
(3D analysis) and secondly, as a stack of image planes, slice by slice (2D analysis). Comparison of results
obtained with such different interpretations highlighted some well-known, but also some unexpected
conclusions. In general, it is known that the 3D analysis has the advantage over 2D analysis in characterising
microcrack connectivity and tortuosity, but other parameters such as volume fraction, 3D density, crack width,
crack length and orientation were estimated based on 2D results. The present work proved that this is true for
volume fraction and crack width, but other parameters particularly crack length and 3D orientation does not give
inter-changeable results. Crack length is significantly shortened in 2D comparing to 3D interpretations and
orientation of microcracks can be directional within the volume, which is difficult to observe on a 2D image,

giving rise to misleading results.

Another concern related to the representative elementary volume (REV) for characterising microcracks
and air voids in concrete was also discussed. This was pursued using a ‘statistical’ approach, where every
microcrack and air void parameter was measured in a range of image volumes. Each subsequent image volume
was 10% smaller than the previous image volume. The results showed that most of the measured parameters

achieved stable values for image volumes above approximately 14.1x14.1x17.4 mm?, which was 70% of the
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original volume of the analysed image. An exception was spacing factor of air voids, and the width and length of
microcracks. Further analysis on larger quantity of samples and perhaps using a larger sample size would be
required to confirm these findings. If a smaller sample size gives representative results, a higher image resolution
could be achieved whilst scanning and thereby a better detection of the smallest microcracks could be obtained.

Nevertheless, this REV serves as a lower limit only since microcracks are prone to larger-scale heterogeneities.

In this thesis, a wide range of concrete samples were prepared and subjected to autogenous shrinkage by
means of sealed curing. These samples were varied in binder type, water to binder ratio, age, maximum
aggregate size and aggregate fraction, which gives a complex study of the influence of concrete mix design on
autogenous shrinkage induced microcracking. In the first step, 2D LSCM was used in conjunction with linear
deformation measurement to study the influence of each variable on the development of autogenous shrinkage
and associated microcracking. In the next step, X-ray microtomography was applied to selected samples based

on the results from 2D analysis.

Generally, good correlations were observed between 2D and 3D values of characteristic parameters of
microcracks measured from LSCM and X-ray microtomography. However, direct comparison is not possible for
two reasons. First, with LSCM much higher resolution was achieved compared to p-CT. This allowed the
detection of microcracks from 1 pm in width, while for p-CT images, microcracks below 50 um (i.e. ~3 x voxel
size) were difficult to be resolved. Second, results from 2D and 3D analyses are not necessarily interchangeable

and the 2D approach leads to a misleading interpretation of results for some parameters.

All samples prepared in this thesis exhibited microcracking. The degree of microcracking consistently
increased with the decrease in water to binder ratio. Although microcracks were not avoided in samples prepared
with higher w/b ratio of 0.45 and 0.40, there were far less microcracking compared to samples with w/b ratio of
0.35 - 0.20. Second crucial parameter influencing the degree of microcracking was type of the binder. Samples
containing silica fume (SF) and GGBS (S) showed an increase in severity of microcracking compared to neat
Portland cement concretes. The same trends were observed both in 2D and 3D analyses. It also agrees with the
magnitude of linear deformation measurements. Additionally, these shrinkage measurements over time

highlighted that most of the microcracks were produced in the first two weeks after casting.

Furthermore, the maximum aggregates size (MSA) and aggregate content were found to considerably
influence the parameters of microcracks, particularly their length and width. Generally, samples with large MSA
and low aggregate content produced wider and longer microcracks. In contrast, sample size had a lesser impact
on the results. Nevertheless, samples cast in cylinders of 25 mm in diameter showed less severe microcracking

than those cast in ¥50 mm and @95 mm, which had similar microcrack parameters.

It is interesting to note that these parameters: low water to binder ratio, use of SCMs (particularly silica
fume), low aggregate content and aggregate size of 10/20 mm are incorporated in mix design for high
performance concrete (HPC). This means that such concretes will struggle with early age microcracking and
potentially other associated risks such as acceleration of mass transport via the presence of inter-connected, well-

distributed microcrack networks.
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9.2 Recommendations for further research

As future work, it would be worthwhile to assess the impact of microcracking on long-term durability.
This could be achieved for example by using the obtained data as an input for modelling the contribution of
microcracks to transport processes. It is also strongly recommended to link the measured microcrack
characteristics with mass transport properties, especially in long-term experiments. A thorough understanding of
this is important to ensure that the desire to achieve superior strength performance does not compromise long-
term durability and service life of structures in aggressive environments. To answer this question, for instance,
measurement of oxygen permeability, oxygen diffusivity, water sorptivity, chloride diffusivity, carbonation
resistance and electrical conductivity should be performed and correlated to microcrack characteristics. Ideally,
cracked and non-cracked samples should be investigated to isolate the effect of microcracks. Otherwise, the
transport processes will be also affected by the pore structure. Decoupling and isolating the influence of

microcracks and pore structure will require a combined multi-phase and multi-scale approach.
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Appendices

APPENDIX I: Microcrack width - cummulative distribution curves (Chapter 7)
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Figure I- 1 Cumulative distribution of microcrack width in concretes with different w/b ratios (0.20, 0.25, 0.30, 0.35, 0.40, 0.45)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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Figure I-2 Cumulative distribution of microcrack width in concretes at different ages (1, 3, 7, 14 and 28 days)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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Figure I-3 Cumulative distribution of microcrack width in concretes with different MSA (5 mm, 10mm, 20 mm)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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Figure I-4 Cumulative distribution of microcrack width in concretes with different aggregate fraction
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Figure I-5 Cumulative distribution of microcrack width in concretes with different sample sizes (325 mm, @50 mm, @95 mm)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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APPENDIX II: Microcrack length - cummulative distribution curves (Chapter 7)

Cumulative frequency [%]

100 = ==
90 ]
/.
80 ] 1
74
70 7 1
A
60 1 /; 1:
1
_ A
50 13
(3
40 4 /Ii[
30 ] / /l/ i e 0.20C-10/68-14
/ /’. ¥ = = = - 0.25C-10/68-14
20 1 Vd) 4 0.30C-10/68-14
Yy — .. —0.35C-10/68-14
10 POV AR 0.40C-10/68-14
o — — -0.45C-10/68-14
0.001 0.01 0.1 1

Microcrack length [mm]

10

b)

Cumulative frequency [%]

100

90 4

80 4

60 -

50 -

30 A

20 A

£ 0.20SF-10/68-14
§ = === 0.255F-10/68-14
0.30SF-10/68-14
— -+ — 0.355F-10/68-14
------- 0.40SF-10/68-14
— — - 0.45SF-10/68-14

0.01 0.1 1
Microcrack length [mm]

10

©)

Cumulative frequency [%]

100

90 4

80 4

70 4

60 4

50 4

40

30 4

............. 0.205-10/68-14
- = = = 0.255-10/68-14
0.305-10/68-14
— -+ — 0.355-10/68-14
------- 0.405-10/68-14
— — - 0.455-10/68-14

0.01 0.1 1
Microcrack length [mm]

Figure II-1 Cumulative distribution of microcrack length in concretes with different w/b ratio (0.20, 0.25, 0.30, 0.35, 0.40 and 0.45)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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Figure II-2 Cumulative distribution of microcrack length in concretes at different ages (1, 3, 7, 14 and 28 days)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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Figure I1-3 Cumulative distribution of microcrack length in concretes with different MSA (5, 10 and 20 mm)
and a) Portland cement (C), b) silica fume (SF) and c) GGBS (S) as binders.
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Figure II-4 Cumulative distribution of microcrack length in concretes with different volume fraction of aggregates (50%, 60% and 68%)
and a) Portland cement (C), b) silica fume (SF), ¢) GGBS (S) as binders.
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Figure II-5 Cumulative distribution of microcrack length in concretes with different sample size (25, 50 and 95 mm diameter)
and a) Portland cement (C), b) silica fume (SF) and ¢) GGBS (S) as binders.
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APPENDIX III: 2D orientation of microcracks induced by autogenous shrinkage (Chapter 7)

0 0 0
a) 15 15 15
315 45 315 45 315 45
270 90 270 90 270 90
225 135 225 135 225 135
180 180 180
0.20C-10/68-14 0.20SF-10/68-14 0.20S-10/68-14
0 0
b) 15 0 15 15

3

N
N =
%] I 5]
= S
w wv
[Vl

Yo}

o

N

~

o
N w
N =
%] %]
- E
w v
[

N

~

o
N w
N =
w w
= I
w [l
[

270 90 90
180 180 180
0.25C-10/68-14 0.25SF-10/68-14 0.25S-10/68-14
0 0 0
C) 15 15 15
315 45 315 45 315 45
270 90 270 90 270 90
225 135 225 135 225 135
180 180 180
0.30C-10/68-14 0.30SF-10/68-14 0.30S-10/68-14
0 0 0
d) 15 15 15
315 45 315 45 315 45
270 90 270 90 270 90
225 135 225 135 225 135
180 180 180
0.35C-10/68-14 0.35SF-10/68-14 0.35S-10/68-14

202



e 0
) 15
315 45
270 90
225 135
180
0.40C-10/68-14
f) 0
15
315 45
270 90
225 135
180

0.45C-10/68-14

15 15
315 45 315 45
270 9 270 90
225 135 225 135
180 180
0.40SF-10/68-14 0.40S-10/68-14
0 0
15 15
315 45 315 45
270 90 270 90
225 135 225 135
180 180
0.45SF-10/68-14 0.45S-10/68-14

Figure III-1 Orientation of microcracks in concretes with different binders and w/b ratio of a) 0.20, b) 0.25
¢) 0.30, d) 0.35, ¢) 0.40 and f) 0.45, presented by means of rose of intercepts at 0°, 45° 90° and 135°.
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Figure III-2 Orientation of microcracks in concretes with different binders at age of a)l day, b) 3 days
c¢) 7 days, d) 14 days and e) 28 days, presented by means of rose of intercepts at 0o, 45° 90° and 135°.
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Figure III-3 Orientation of microcracks in concretes with different binders and aggregate volume fraction of

a) 50%, b) 60% and c) 68%, presented by means of rose of intercepts at 0°, 45° 90° and 135°.
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Figure III-4 Orientation of microcracks in concretes with different binder types and MSA of a) 5 mm,
b) 10 mm and c) 20 mm, presented by means of rose of intercepts at 0°, 45° 90° and 135°.
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Figure III-5 Orientation of microcracks in concretes with different binders and sample sizes of a) 25 mm,
b) 50 mm and c) 95 mm in diameter, presented by means of rose of intercepts at 0°, 45° 90° and 135°.
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APPENDIX IV: 3D orientation of microcracks induced by autogenous shrinkage (Chapter 8)
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Figure IV-1 Orientation of microcracks in concretes with three different binders:
a) 0.30C-10/68-14, b) 0.30SF-10/68-14- (binder replica), ¢) 0.30S-10/68-14
presented in 2D by means of rose of intercepts at 0°, 45° 90° and 135° angle (black lines)
and 3D visualisation of the MIL vector cloud in XY, XZ and YZ directions.
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Figure IV-2 Orientation of microcracks in concretes with different water to binder ratios:
a) 0.20SF-10/68-14, b) 0.25SF-10/68-14, c) 0.30SF-10/68-14- (w/b ratio replica), d) 0.35SF-10/68-14,
e) 0.40SF-10/68-14 and f) 0.45SF-10/68-14 presented in 2D by means of rose of intercepts at 0°, 45° 90°
and 135° angle (black lines) and 3D visualisation of the MIL vector cloud in XY, XZ and YZ directions.
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Figure IV-3 Orientation of microcracks in concretes at different ages:
a) 0.30SF-10/68-1, b) 0.30SF-10/68-3, ¢) 0.30SF-10/68-7, d) 0.30SF-10/68-14-(age replica) and
¢) 0.30SF-10/68-28 presented in 2D by means of rose of intercepts at 0°, 45° 90° and 135° angle (black lines)
and 3D visualisation of the MIL vector cloud in XY, XZ and YZ directions.
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