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Abstract

Autogenous Self-Healing of Alkali-Activated Slag Exposed to Elevated Temperatures

Ahmed Khaled Ahmed, Ph.D.

Concordia University, 2025

The increasing urgency of mitigating climate change has accelerated the shift toward
sustainable construction materials with reduced carbon emissions. Alkali-activated materials
(AAMs) have emerged as a promising alternative to Portland cement, offering significant CO»
reduction while maintaining comparable mechanical and durability properties. However, similar to
conventional binders, AAMs remain vulnerable to cracking and deterioration under extreme
conditions, such as fire exposure. This research aims to develop a low-carbon, high-resilience
construction material by enhancing the post-fire autogenous self-healing ability of alkali-activated
slag (AAS). The study investigates the self-healing potential of AAS exposed to elevated
temperatures (200°C, 400°C, 600°C, and 800°C) under different curing conditions, including
water, ambient air, and sodium hydroxide solution. Furthermore, the incorporation of self-healing
agents such as crystalline admixtures (CA) will be explored to maximize self-healing efficiency.
The experimental program, including compressive strength tests, ultrasonic pulse velocity (UPV),
water sorptivity, rapid chloride penetration test (RCPT), scanning electron microscopy (SEM), and
X-ray diffraction (XRD) reveals a notable recovery in both mechanical and durability properties
after self-healing. By leveraging the inherent reactivity of un-hydrated slag and promoting the
crystallization of healing products, this study advances the development of fire-resistant, self-
repairing, and environmentally sustainable construction materials. The findings contribute to a

more resilient built environment, ensuring improved structural performance and sustainability.
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Chapter 1 : Introduction

1.1 General Background and Problem Definition

In the era of environmental concerns, more attention is given for adopting sustainable approaches
targeting neutral carbon dioxide (COz) emissions by 2050. As cement production is one of the main
contributors to global CO2 emissions, it has become an indispensable necessity to find low-carbon
alternative binding systems which can functionally substitute the cement binders. Alkali-activated
materials (AAMs) have been successfully introduced as a green and sustainable binders, exhibiting
behaviors comparable to conventional cement. These AAMs are susceptible to cracks and
deteriorations under the effects of different exposure conditions like conventional ones. Repair,
strengthening, and retrofitting are all various means which have been effectively revealed as direct
solutions for such damages. However, applicability of these techniques with AAMs is not fully
investigated. With the advent of self-healing concept, which reflect the ability of material to heal
itself by closing its cracks and restoring its integrity without human intervention, the potential to
achieve sustainable smart materials become a fact. Recent research has explored AAMs’ ability to
autogenously and autonomously self-healed after the damage effects of different mechanical
loading mechanisms. However, in fire events, the ability of AAMs to regain its strength and
maintain integrity are more critical and represent a knowledge gap. Hence, this research examines
AAMs’ self-healing ability after being deteriorated due to fire exposure Exploring the associated
changes in the material’s phases during exposure to fire will provide a fundamental understanding

for the AAMSs’ potential to self-healed.



1.2 Research Objectives

This thesis presents a comprehensive exploration of the autogenous self-healing of alkali activated
slag exposed to elevated temperatures. The findings contribute valuable insights into achieving
environmentally sustainable construction practices. By overcoming the challenges associated to
elevated temperatures exposure, these research outcomes have the potential to revolutionize
concrete construction methods, leading to more efficient, eco-friendly, and resilient buildings for
a greener future.
This will be achieved through:
1- Study the inherent self-healing abilities of alkali-activated slag (AAS) under autogenous
conditions, particularly when exposed to elevated temperatures.
2- Evaluate how different levels of elevated temperatures impact the self-healing efficiency of
AAS, including microstructural changes, mechanical recovery, and durability.
3- Identify and characterize the phases or compounds formed during the self-healing process

at elevated temperatures, such as any new hydration products or crystalline phases.
1.3 Original Contributions

1- Providing the first detailed study of how alkali-activated slag (AAS) can autogenously self-
heal when exposed to elevated temperatures, including the specific chemical and physical
processes that enable healing in these extreme conditions.

2- Discovering and characterizing new hydration or recrystallization products that form during
the self-healing process under high temperatures, which may differ from those found in

conventional concrete or under normal conditions.



Establishing a unique understanding of how AAS responds to varying elevated
temperatures in terms of its crack-healing capacity, offering insights that could inform the
development of thermally resilient materials in construction.

Demonstrating significant improvements in the durability and mechanical recovery of AAS
after exposure to elevated temperatures, potentially outperforming traditional cementitious
materials.

Offering a sustainable alternative to Portland cement in high-temperature environments,
due to the environmental benefits of AAS (e.g., lower carbon emissions), while also
addressing concerns about performance at elevated temperatures.

Providing detailed insights into the microstructural changes in AAS during the self-healing
process at elevated temperatures, using advanced characterization techniques (e.g., SEM,
XRD, or EDX). This contribution could highlight the relationship between microstructure,
crack closure, and temperature, adding to the existing body of knowledge on the thermal

stability and resilience of alkali-activated materials.

1.4 Thesis organization

This thesis is structured into seven chapters, each addressing a crucial aspect of the research on

post-fire autogenous self-healing of alkali-activated slag (AAS).

Chapter 1 introduces the research by providing a general background on the environmental
challenges associated with conventional Portland cement and the potential of alkali-activated
materials (AAMs) as sustainable alternatives. The chapter outlines the problem definition, research
objectives, and the original contributions of this study in the field of self-healing AAMs. Chapter

2 presents a comprehensive literature review on AAMs, including their advantages, disadvantages,
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and mechanical properties. The chapter discusses the effect of elevated temperature exposure on
AAMs and explores the concept of self-healing, emphasizing autogenous self-healing mechanisms,
their limitations, and the influence of damage degree on healing efficiency. Furthermore, critical
analyses of past research, including studies on self-healing quantification, X-ray computed
microtomography of microcracks, and the effects of age and damage level on self-healing, are
discussed. Finally, applications of AAMs in repair and road construction are highlighted. Chapter
3 details the research methodology and experimental plan. It outlines the procedures for
investigating the post-fire self-healing capacity of AAS, including specimen preparation, exposure
to elevated temperatures, and the evaluation of self-healing through various testing methods.
Chapter 4 investigates the effect of activator dosages on the autogenous self-healing behavior of
AAS. The chapter presents experimental findings on compressive and tensile strength recovery,
permeability reduction, and microstructural evolution through thermogravimetric analysis (TGA),
scanning electron microscopy (SEM-EDX), and X-ray diffraction (XRD). The results highlight the
role of unhydrated slag particles in promoting self-healing by forming additional hydration
products. Chapter 5 examines the application of wet-dry cycles as a post-fire curing scheme to
enhance the self-healing efficiency of AAS. This chapter evaluates the effect of alternating wetting
and drying conditions on self-healing, particularly in terms of mechanical recovery, crack closure,
and improvements in permeability and sorptivity. The findings demonstrate the potential of this
curing approach in enhancing the resilience of fire damaged AAS. Chapter 6 focuses on
microstructural analysis and the underlying self-healing mechanisms. It investigates the evolution
of microstructures after fire exposure and subsequent healing, using advanced techniques such as
ultrasonic pulse velocity (UPV), water sorptivity, rapid chloride penetration test (RCPT), SEM-

EDX, and XRD analysis. The results provide insight into the transformation of amorphous phases
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into crystalline healing products, contributing to the densification of the AAS matrix and improving
its durability properties. Chapter 7 explores the incorporation of crystalline admixture as a self-
healing agent to enhance the recovery of fire damaged AAS. The effects of crystalline admixture
on mechanical performance, permeability, and sorptivity are discussed, along with an analysis of
the underlying self-healing mechanisms facilitated by crystalline phase precipitation. The chapter
concludes with recommendations for optimizing the use of crystalline admixture in self-healing
AAM applications. Finally, the thesis concludes with a comprehensive list of references,

documenting the studies that have informed this research.



Chapter 2 : Literature review

2.1 Introduction
2.1.1 Background and general definitions

Cement production is one of the major sources of greenhouse gas emissions. Hence, it becomes an
indispensable priority to find other effective and friendly alternatives with less carbon dioxide
(CO») footprints [1]. Therefore, AAMs or geopolymer materials were introduced as promising
innovative materials presenting more advanced sustainability, with lower energy requirements for
production than OPC [2-4]. AAMs are cement-free materials which is formed through the
geopolymerization of by-product waste materials rich in aluminosilicate, using alkaline activator
solutions, to produce aluminosilicate gel. This gel will have binding characteristics. In more details,
aluminosilicate raw material is dissolved in the high alkaline solution producing (AlO4) and (SiO4)
tetrahedra, both will be sharing oxygen atom to form monomer. Resultant monomers will interact
to form oligomer which subsequently undergo a polycondensation reaction to form 3-D network

structure representing the binder gel [5] as illustrated in Fig. 2-1.

AlO4 &

tetrahedra
3-D network
StltuCtl?.rfi Polycondensation
Aluminosilicate
gel

Fig. 2-1 Geopolymerization of AAM

Depending on the chemical components of used raw materials, different types of AAMs with



different chemical reaction mechanisms, formed hydration products, and mechanical properties are
produced. AAMs precursors were classified into three categories according to the percentage of
calcium concentration content: calcium-free (i.e., FA type F), low calcium content (i.e., Metakaolin
(MK)), and calcium-rich (i.e., slag) [6]. As shown in Fig. 2-2, aluminosilicate precursors (e.g., slag,
MK, and FA) which can be used in AAMS, were indicated according to silicate oxide (SiO»)-
aluminium oxide (Al,03)- calcium oxide (CaO) ternary composition, while a comparison between
those materials with limestone and OPC were also illustrated. Furthermore, alternative alkali
activated precursors, rich in aluminosilicate, such as Rice Husk Ash (RHA), red mud, and heated
coal gangue have been proposed and incorporated due to the increasing demand for the
conventional precursors [7]. Hydration products of Calcium-free and low-calcium precursors are
mainly zeolite-like (e.g., analcite (N-A-S-H), sodalite) gels. Hydration products of calcium-rich
precursors are mainly calcium aluminum silicate hydrates (C-A-S-H) gels with a low (Ca/Si) ratio
[6].

Moreover, chemical compositions of alkaline activator solutions have a substantial effect on the
hydration process and subsequently the generation of hydration products. Alkali activators were
classified into six categories; caustic alkali (MOH), silicate (M20.nSi0;), aluminate
(M20.nALO3), aluminosilicate (M20.Al1>03.2-6S102), non-silicate weak acid salt (M2COs,
M:>S0;3), non-silicate strong acid salt (M2SOs4) [8,9]. However, several researches focused on the
use of sodium hydroxide (NaOH), sodium silicate (Na>SiO3), sodium sulfate (Na;SO4), and sodium
carbonate (NaxCOs3) as alkaline activator for AAMs production due to their conventient
availability. Few researches utilized a combinatin of NaOH and Na»SiOs in a certain percentages
according to the concentration of sodium oxide (Na20%), and water glass ratio or silica modulus

(Ms) (mass ratio of SiOz to NayO) for better activation effects (i.e., strength development,
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mechanical properties). Conversely, with respect to the fact that some alkali activators, such as
NaOH, and Na»>SiO3 induce high CO; emissions during production process, green alkaline activator
(e.g., NaxSO4, NaCO3, lime, and sodium aluminate) were also recommended for environmental

sustainbility.

Silicate oxide

Metakaolin

Calcium oxide Aluminum oxide

Fig. 2-2 S10,-A1,03-CaO ternary diagram

2.1.2 Advantages and disadvantages of AAMs

The severe environmental impact of OPC production were the primary motivation for researchers
to find other alternative materials. In addition, AAMs have superior properties, such as high
strength, high durability and high resistance to elevated temperature, water, and corrosion [10].
Utilizing AAMs in civil engineering ranges from being used as coating and membrane materials
up to be used for emergency repairing, for transportation and nuclear waste disposal [2,11-15].
Despite the advantageous mechanical properties and durability of AAMs; corrosiveness of the
alkaline activator solutions used in manufacturing of AAMs has detrimental consequences, which

eventually limited their in-situ applications. Also, unlike OPC materials, intensive and proper



cautions have to be followed in handling, mixing and manufacturing of those binding materials to
avoid serious respiratory and burning incidents. Therefore, researchers proposed a safer
manufacturing method to compensate the intrinsic setbacks of AAMs production. Instead of
preparing the alkaline activator solution separately before mixing with the aluminosilicate
precursors (Two-part AAMs), a solid dry activator is mixed with precursors, then “just add water”
to initiate the geopolymerization reaction. This innovative technique is known as (One-part
AAMs). Moreover, one-part AAMs exhibited superior mechanical properties and durability
compared to that of the conventional two-part AAMs [16].

Two-part alkali-activated slag (AAS) is preferred over one-part AAS due to its superior reactivity,
strength, and durability. In two-part AAS, the liquid alkali activator (e.g., sodium hydroxide or
sodium silicate) is dissolved in water before mixing with slag, ensuring better dissolution of slag
particles, faster reaction kinetics, and enhanced gel formation (C-(A)-S-H), leading to higher
mechanical strength and durability. In contrast, one-part AAS relies on solid activators that dissolve
in situ when water is added, resulting in slower activation, longer setting times, and often lower
strength. Additionally, two-part AAS offers greater control over the activator dosage, improving
workability and allowing for precise mix design adjustments. While one-part AAS is more user-
friendly and sustainable, it generally suffers from reduced performance, making two-part AAS the
preferred choice for high-performance applications requiring resilience, such as fire-resistant and

self-healing materials [17].

2.1.3 Mechanical properties of AAMs

Implementation of supplementary cementitious materials (e.g., GGBFS, FA, SF) as a partial

replacement of OPC, have been revealed to improve the mechanical properties, rheology,



durability, and sustainability of OPC concrete [18]. Subsequently, investigating the influence of
full cement replacement with pozzolanic cementitious materials in producing cement-free concrete
must be demonstrated. Research was carried out to determine the structural and non-structural
characteristics of AAMs. Mechanical properties, including compressive strength, tensile strength,
elastic modulus, Poisson’s ratio, and stress-strain behavior, were intensively investigated.

Compressive strength of AAMs concrete varied based on several factors (e.g., the type of raw
materials, the type and dosage of alkaline activator solutions, and the curing regimes, etc.) [18].
Slag-based alkali-activated concrete (AASC) is characterized by relatively high early strength and
high strength development rate, whereas a 60 MPa compressive strength can be achieved after 1-
day, and more than 100 MPa can be recorded after 1-year [19]. Advanced mechanical properties
of AASC can be attributed to the fast hydration reaction’s rate occurred at elevated pHs. Also, the
homogeneity of the dense interfacial transition zone (ITZ) whereas the strength variances between
the matrix and ITZ is relatively minimal [20]. The early mechanical characteristics in AASC under
heat curing schemes (65°C - 70°C) are better than those in room temperatures (26°C). However,
mechanical strengths of the ambient cured samples were found slightly better than heat cured [18].
The compressive strength of AASC cured in elevated temperature (65°C - 70°C) were slightly
reduced. This can be attributed to the inhomogeneity of microstructure formed in the elevated
temperature curing. The rate of hydration reaction is faster than the diffusion rate leading to the
settling of hydration products near the slag grains inducing interstitial spaces liable to dense
precipitations forming a barrier to the ion diffusion [21]. Incorporating silica spices into the alkaline
activator solution by mixing NaOH with Na>SiO3, aims to promoting the mechanical properties of
AASC. Presence of silicate spices into the matrix generates a more porous hydration products

around the slag particles, enhancing the diffusion of the newly formed gels to fill the interstitial
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spaces between particles, significantly improving the mechanical strength [22].

On contrary, FA-based Alkali-Activated Concrete (AAFC) has relatively low early strength, and
heat curing is required to improve its early strength [23]. Due to the high activation energy for FA
[24], the mechanical properties of AAFC in the ambient curing conditions (28 days at 22°C) are
lower than that in the heat curing (48 hours at 50°C) [25-27].

The engineering characteristics for AASCs, AAFCs, and OPC concrete, including tensile strength,
Poisson ratio, modulus of elasticity, and stress-strain relationship, were investigated by [28]. It can
be revealed that tensile strengths of both AASCs, and AAFCs are significantly higher than that for
the OPC concrete with similar compressive strength. Poisson's ratio for AASC and AAFC is about
two-thirds that typical of OPC concrete with excellent repeatability. Young's modulus of elasticity
varies linearly with compressive strength for AAFC, while the modulus remains relatively constant
for AASC over the entire compressive strengths used in this study (20 MPa- 60 MPa). They
attributed this conclusion to the assumption of the significant influences of microstructure,
composition, and degree of hydration on the modulus of elasticity rather than the compressive
strength. AAFC exhibits similar stress-strain behaviour to OPC, marked by imperfect linear
elasticity followed by post-peak strain softening, but with a more rapid stress decline due to the
decrease in toughness in AAFC. Conversely, AASC due to the inherent brittleness and prevalence
of microstructures, exhibits highly brittle behaviour marked by near-perfect linear elasticity
followed by sudden and total failure [28].

To validate AAMs in different construction applications, bond strength between steel
reinforcement in comparison to OPC concrete should be addressed. Most of researchers have
revealed that the bond strength between AAMs and steel reinforcement are better than OPC. This

can be attributed to the more homogeneity of AAM microstructures than OPC. Morphological
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studies demonstrated that ITZ between aggregate and binder matrix is denser and more
homogenous in AAMs. There are no significant variances between the micro-hardness of ITZ and
the alkali-activated matrix. Therefore, the stronger the ITZ is shown up into concrete, the more

splitting tensile strength, and the more advanced bond strengths with steel reinforcement [18].
2.2 Elevated temperature exposure

The effect of elevated temperature exposure on the mechanical properties and microstructures
composition of AAMs has been investigated. Rovnanik et al. studied the microstructural changes
of GGBFS after exposed to elevated temperatures (200°C - 1200°C) for 1h. Partial decomposition
and dehydration of the microstructure C-A-S-H was observed up to 575°C. The principle
microstructural change and mechanical strength reduction were exhibited under exposure from
(600°C to 800°C) due to the complete decomposition of microstructures. Nevertheless, new
significant phases start to crystalize, enhancing the mechanical properties, morphology, and pore
distribution from 800°C up to 1200°C. Akermanite was revealed as the dominant crystal formed
into the matrix [29].

The compressive and tensile strength of AAS declines as temperature increases. At 200°C, the
reduction in strength is relatively low, but by 600°C, a significant drop is observed due to the
decomposition of hydration products and the formation of interconnected cracks. Durability is also
affected, with increased permeability and sorptivity making the material more susceptible to further
degradation.

Specimens were subjected to various elevated temperatures starting from 200 °C up to 800 °C. An
electrical heating furnace was used, where the specimens were heated up at an increasing rate of

5-10 °C/min, according to the standard ASTM E831, until reaching the targeted temperature, which
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was maintained for lh, followed by naturally cooling down at ambient temperature inside the
furnace [46], as shown in Fig. 2-3. To ensure that the specimen core reached the targeted
temperature, the temperature at the center of a dummy specimen was monitored using a
thermocouple type K. Specimen’s temperature, along with the oven temperature, was continuously

monitored and recorded using a data acquisition system.
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Fig. 2-3 Heat profile of exposure to elevated temperature

2.3 Self-healing of materials

Self-healing of materials can be defined as the capability of the material to repair itself by closing
cracks and overcoming internal defects. There are two types of self-healing; autogenous self-
healing, in which the natural mode of the ongoing chemical reactions into the matrix (i.e.,
hydration, carbonation, crystallization, etc.) heals the cracks without any manual interference. For
example, the continuous hydration of the non-hydrated particles into the binding matrix, will form

a binding hydration product, enhancing the mechanical properties and durability of the defected
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concrete. Moreover, in cement-based concrete and calcium-rich AAS where Ca*? is present into
the matrix, in addition to the ongoing hydration process, autogenic self-healing products might also
be formed due to the crystallization of calcium carbonate (CaCO3), which supports bridging the
cracks, preventing aggressive materials from penetrating into the concrete matrix through cracked
sections. On the other hand, calcium-free AAS have no free calcium ions to form calcite
precipitations CaCOs. However, the un-hydrated particles into the calcium-free binding system can
form a hydration product that will enhance the AAS gaining more strength and improving its
sustainability. Secondly, autonomous self-healing, in which the cracks induced inside the concrete
will be plugged using engineered materials embedded into the mixture during casting. Hollow
fibers, nanomaterials, encapsulation, mineral admixture, coating, shape-memory materials, and
bacteria are all different autonomic self-healing approaches aiming to enhance the mechanical

properties and durability of concrete in different applications [30].
2.3.1 Autogenous self-healing

Several research was conducted to investigate the potential of autogenous self-healing, exposure
schemes to trigger the healing, and parameters affecting the extent of self-healing. Autogenous
healing was revealed as an inherent feature of both cementitious and alkali-activated binding
materials with a promising characteristic to mitigate the damage of concrete infrastructures [31].
Most researchers utilized water as a triggering agent, namely in cement-based and calcium-rich
AAMs, to form autogenic healing products by initiating the rehydration reaction of the un-hydrated
particles and enhancing the ions diffusion to promote the alkali-precipitations into the matrix [32—
34]. However, calcium-free AAMs exhibited mechanical and durability recovery by producing a

hydration product N-A-S-H through autogenous healing using high alkalinity solutions (i.e.,
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NaOH) [35].

Incorporating heat curing in self-healing triggering regimes has its impact on the fast progress of
autogenic healing. Reinhardt et al. [36] investigated the effect of elevated temperature treatment
scheme (80°C) on the autogenous healing and permeability of the High- Performance Concrete
(HPC). Water flow rate penetrating through the samples under a pressure hydraulic gradient equal
to 1 MPa/m was measured to identify the autogenous healing. To investigate the effect of heat
curing, they allocated the whole load cell in a big environmental chamber to simulate the elevated
temperature. Subsequently, they revealed that the smaller the cracks induced, the more the self-
healing was effective. Moreover, they deduced that cracks of widths < 0.10 mm would be entirely
and smoothly closed by self-healing. Also, increasing the temperature from 20 °C to 80 °C during
self-healing will result in a faster healing process [37].

Despite heat curing treatment schemes have an influential impact on self-healing. However, the
age of tested specimens is also one of the key factors controlling the extent of self-healing. Ali et
al. [38] investigated the potential of self-healing in geopolymer concrete based on the availability
of the non-hydrated particles embedded within the formed hydration products after the
geopolymerization process. They cast 12 beams with dimensions of 25mmx*25mmx145mm, then
after heat curing under 40°C, 60°C, and 90°C; specimens were pre-cracked using a three-point
loading test to a crack mouth opening displacement of 0.3 mm at ages 10, 24 and 52 days.
Subsequently, all cracked specimens were subjected to a treatment regime under a healing
temperature of 90°C for 48 hours to be reloaded at ages 14, 28 and 56 days. Eventually, it was
revealed that the unreacted particles in the geopolymer-healed specimens had undergone into a
geopolymerization reaction, enhancing the load capacity. Moreover, the load capacity development

rate due to autogenous healing depends on the age at which the samples were tested. The 14-day
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samples exhibited much more increment in the load capacity than 28-days and 56-days. This can
be attributed to the density of the non-hydrated particles, which exist intensively at the 14-day age
rather than at other ages. Consequently, the rate of hydration process was greater under healing at
the earlier age influencing the rate of improvement in recovery strength [38].

Furthermore, type of precursors was also revealed as one of the primary parameters affecting the
autogenous self-healing and the formed healing products into the matrix or on the surface of the
tested specimens. Ulugol et al. [39] investigated the effect of incorporating construction and
demolition waste (CDW) materials (waste red clay brick, roof tile, hollow brick, concrete rubble,
and glass) as a 100% substitutional precursor to the self-healing capability of engineered
geopolymer concrete. After exposing specimens to wet and dry cycles (water at temperature 23 +
2 oC for 24 hours, then drying at room temperature for 24 hours) as a post-crack curing regime,
they revealed that self-healing in the CDW-based concrete has the same configuration as the
conventional OPC. They recognized that the calcite precipitation and the formation of CaCO3 was
the principal self-healing agent in the healed cracks. Moreover, the continuing geopolymerization
of the un-hydrated particles was detected at the end of the healing period, as well [39].

On the other hand, autonomous self-healing refers to a material's inherent ability to repair damage
without external intervention, often through specially engineered mechanisms embedded within its
matrix. In cementitious materials, this process typically involves encapsulated healing agents,
bacterial activation, or the integration of crystalline admixtures that react with environmental
stimuli such as moisture or CO2. When cracks form, these healing agents are released or activated,
leading to the precipitation of secondary hydration products, calcium carbonate formation, or
polymerization reactions that seal the cracks and restore structural integrity. Unlike autogenous

self-healing, which relies on unreacted components within the matrix, autonomous self-healing
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systems are designed to function even in severely damaged environments with minimal residual
reactivity. This approach significantly enhances the longevity, durability, and resilience of concrete
structures, making it particularly useful in infrastructure exposed to harsh conditions, elevated

temperatures, or repeated mechanical loading [30].
2.3.2 Limitation of autogenous self-healing

For the cement-based concrete, the study [40] reported that the amount of the un-hydrated particles
into the concrete matrix is not the main factor in self-healing process, however, permeability and
pores interconnectivity can be introduced as the key factors controlling the extent of self-healing.
As shown in Fig. 2-4, calcite precipitations which are more likely to form at the crack entrance,
will increase the concentration of ions inside the crack. Subsequently, when the supersaturation
state is reached, more hydration products (i.e., calcium silicate hydrate (C-S-H), calcium hydroxide
(C-H), and ettringite) will be formed inside the crack. However, permeability of solidified binder
matrix and pore interconnectivity have a substantial effect on the delivery of calcium and silicate
ions from the matrix into the crack. Therefore, more hydration products are potentially formed,
reducing the crack widths, and enhancing the mechanical properties and durability. However,
supply of calcium into the matrix will be affected by two phenomena which may cut off the water
access to the un-hydrated particles:

e  When the prolonged hydration densifies the microstructure, the anhydrous cement may be

surrounded by an impermeable water binder matrix.
e The hydration reaction developing on the anhydrous cement freshly exposed to water may

result in the rapid formation of an impermeable membrane built of ettringite, Portlandite,
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and CSH. Access to other phases which can provide Ca ions, especially including

Portlandite, will be affected as well.

Un-reacted
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Fig. 2-4 Schematic section for proposed self-healing.

Subsequently, the ions diffusion mechanism, which is essential to promote self-healing into cracks,
should be addressed. Crack opening has been revealed that it has a significant influence on the
local diffusion into the matrix. Ismail et al. [41] investigated the mechanical critical crack opening,
where no stresses are transferred between the fracture surfaces (i.e., crack surfaces are separate
from each other). They deduced that the local diffusion inside the inert material was highly reduced
when the crack opening was less than 53 um. This can be attributed to the mechanical interaction
between the crack surfaces, which impedes local diffusion [41]. For more advanced findings, they

investigated the relationship between the crack opening and the local diffusion [42]. As shown in
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Table 2-1, the mechanical critical crack opening was experimentally estimated to be less than 30
pm.

Table 2-1 Correlation between the crack opening and the corresponding local diffusion.

Crack opening Effect on diffusion

Greater than 200 The crack opening is not a limiting factor that will affect the
um diffusion

The diffusion still occurs but at a slower rate. Experimentally,

80-100 pm the reduction in diffusion can be two times.

The self-healing impedes the diffusion regardless of the

60 pm or more mortar age (28days or two years)

The self-healing impedes the diffusion based on the mortar
age.
Less than 60 pm @?28days: more self-healing- less diffusion.

@2 years: less self-healing — greater diffusion.

Less than 30 um No diffusion

Thus, different sizes of microcracks into the matrix along with the permeability and pores’
interconnectivity have been inserted and characterized in few scientific research as the term “level
of damage”. It also has been revealed that there is a correlation between the level of damage and

the self-healing extent [35].
2.3.3 Influence of damage-degree on autogenous self-healing

Investigation of the correlation between degree of damage and the autogenous self-healing was a
source of much debate and scientific conflict. This study [35] investigated the correlation between
degree of damage and self-healing level by investigating the permeability recovery of damaged

FA-based geopolymer slurries after exposure to autogenous healing scheme. Using freeze-thaw
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cycles, micro-cracks were induced into the specimens at the age of 7-days, then immersed into
NaOH solution for extra 21 days for the self-healing purposes. They used the pressure transmission
test (PTT) to measure the permeability into three levels (i.e., before damage, after damage, after
healing). The random nature of microcracks induced into the matrix by the thermal shock exhibited
different level of damage (i.e., size of microcracks), although the initial permeability of the tested
samples was similar. They concluded that the level of permeability restoration representing the
healing level is reversely proportional with the initial level of damage. The more the permeability

at the damage level, the less the permeability recovery is obtained after healing.
2.3.4 Cracks initiation and propagation

Concrete is a composite material consisting mainly of three phases (i.e., aggregate dispersed in the
binder paste matrix and interfacial transition zone). Under the uniaxial compression loading, the
deformation of concrete can be exhibited in terms of micro-cracks initiation and propagation up to
macrocracks, closing of cracks under the act of rearrangement of matrix particles, and the matrix
deformation, which can be thoroughly considered as elastic linear. According to fracture

mechanics, there are three stages of concrete cracking

1- Crack initiation:

Despite there are some discontinuities into fresh concrete due to compaction; however,
initial micro-cracks will be mainly induced due to the differences in the elastic modulus
between the aggregate and the surrounding paste matrix, which induce strain and stress
concentrations, initiating micro-cracks in the interfacial transition zone.

2- Stable crack propagation:
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The cracks initiated in stage 1 begin to propagate. Within stage two, the cracking will
multiply and propagate stably viz, when the loading stops and the stress level remains
constant, the cracks propagation will cease.

3- Unstable crack propagation:

The released strain energy will be enough to make the cracks self-propagate till failure.
Furthermore, the crack propagation will continue, and failure will occur whether the stress
level increases or not. This stage is much more likely to happen when the applied load

reaches 70-90 % of the ultimate load.

Although numerous studies have discussed the fracture properties of cement-based concrete,
however, very limited studies concerned with the fracture properties of AAS. The inherent
brittleness and homogeneity of the alkali-activated binder matrix with its ITZ, have a significant
impact on the AAS fracture properties including the fracture energy which can be defined as the
energy absorbed by the material to induce a unit area of surface cracks. It has been revealed that

the fracture energy exhibited by AAS is lower than that in OPC concrete [18].
2.3.5 Quantification of autogenous self-healing

Despite the investigation of transport properties and mechanical characteristics were introduced as
evidence for the potential of self-healing. However, researchers utilized advanced tests (e.g., scan
electron microscopy SEM, x-ray diffraction XRD, and energy-dispersive x-ray spectroscopy EDX)
to present an intrinsic indication of the healing products formed due to either crystalline

precipitation or continuous hydration of un-hydrated particles.
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2.4 Critical analysis for the factors affecting the extent of self-healing
2.4.1 Influence of damage degree on self-healing of concrete

Up to the peak loading, this study [42] have tested different types of concrete, normal and high
strength, at different ages to investigate the correlation between the degree of damage and
autogenous healing using a non-destructive UPV test. The velocity of UPV inside concrete is
directly proportional to the intensity of microstructure and reversely with microcracks and
macrocracks. Consequently, according to the velocity of UPV and its dependency on the intensity
of microstructures, microcracks and macrocracks, they deduced the self-healing ratio and the

degree of damage according to the following Equations 1 and 2:

compressive strength after healing—compressive strength at loading
compressive strength at loading

)
2

Self — healing ratio =

UPV after peak loading
UPV before peak loading

Degree of damage = 1 —

They revealed a damage threshold that discriminates two scenarios to represent the significant
effect of damage degree on autogenous healing; before this threshold, the self-healing ratio
increases with the evolution of damage degree. Contrarily, the self-healing ratio decreases with the
increasing degree of damage after the aforementioned threshold. They estimated the damage degree

threshold as 0.6 — 0.7 for normal concrete and 0.4 for high-strength concrete.

The critical limitation in this study is that they healed the deteriorated concrete when the samples
exceeded beyond the peak point. Accordingly, regarding a practical point of view, that would be
unacceptable to start the treatment processes after the disastrous failure of concrete. So, it would
be better to monitor the behavior (stress-strain) using condition assessment of concrete, then start

treatment once there are performance deficiencies.
2.4.2 Effect of age and level of damage on the autogenous healing of lime mortars

Nardi et al. [43] investigated self-healing of hydraulic lime mortars and its dependency on the age
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of the tested samples and the level of damage induced in lime mortars under two loading schemes
(pre-peak 70% of the compressive strength and 90% post-peak). Compressive strength, UPV,
SEM, and XRD were utilized to show the healing degree at different ages with respect to various
levels of damage.

They have deduced that autogenous healing in mortar samples is dependent on the level of damage,
as the pre-peak 70% damage schemes exhibited a higher healing behavior than the post-peak 90%
scheme. Moreover, UPV results showed that the lower level of damage 70% performs very similar
to the undamaged specimens before and after healing.

The variances in velocities of UPV of undamaged samples and 70% loading scheme samples were
almost null. This can be considered as a substantial limitation as the pre-peak 70% load would not
be representative to a level of damage because the velocity of UPV had not been changed. This
simply indicates the non-existence of significant microcracks inside mortar samples after loading
equal to 70% of the compressive strength. Subsequently, investigation of diverse percentages of
loading, higher than 70% and up to failure, will be more convenient for both configuration of
representative level of damage and precise correlation between autogenous healing and level of

damage.

2.4.3 X-ray computed microtomography of three-dimensional microcracks and self-

healing in engineered cementitious composites

Fan et al. [44] have revealed that the extent of self-healing in cementitious materials also depends
on the crack width and depth. Precise microcracks volumetric characterization prior to and after
treatment had significantly affected the direct quantification of self-healing. Subsequently, for

quantitative characterization of autogenous healing and evolution of micro-cracks propagation, 3D
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x-ray computed microtomography nCT was used. Using four-point loading flexural test, they
experimentally investigated an engineered cementitious composite ECC beam with dimensions
300 x 76 x 12 mm. The specimen was loaded up to failure, then two small cubes with dimensions
of 10 x 10 x 10 mm, representing different crack patterns (width and depth), were cut from the
cracked beam.

After that, self-healing was triggered using a different number of wet/dry cycles (1, 5, and 10),
submerging in water at a temperature of 20 = 1 °C for 24 hours, then drying at room temperature
for 24 hours.

Eventually, they revealed that samples with small cracks (depth and width) had adopted fast and
robust self-healing rather than other larger cracks’ samples, which exhibited a low percentage of
healed crack volume.

However, one of the limitations of this experiment is that two samples with specific crack
geometries are not enough to figure out the influence of variation in cracks’ widths and depths on
autogenous healing. Therefore, a diverse pattern of cracks with different widths and depths must
be addressed. Accordingly, investigating the stress-strain behavior of loaded samples; load capacity
(stress), versus gradually increasing cracks’ widths, depths, and numbers representing deformation

(strain), will inevitably expose fair cracks variation to be simply correlated to autogenous healing.

2.5 Applications of alkali-activated materials

2.5.1 Repair applications

Kramar et al. [45] investigated the suitability of AAMs for concrete repair using different
precursors (GGBFS, FA, and MK). For the experimental program involved in this study, repair

mortars must meet the requisites of the EN 1504 series before being used in practice. As a result
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of this experiment, slag mortar was unsuitable for repair applications as it delaminated from the
substrate during testing procedures. On the other hand, fly ash and metakaolin precursors exhibited
good mechanical properties and adhesion. The bond strength of the fly ash and metakaolin mortars
ranged from 1.8 to 2.3 N/mm? and thus met the criteria of non-structural and structural repair
mortars according to the criteria of EN 1504.

Despite the capillary absorption was too high in all three mixtures to be used in the structural repair
according to the criteria of EN 1504-3. However, metakaolin and fly ash mixtures still have the
potential to be used for non-structural repair works. Nevertheless, the problem of efflorescence was
assessed in all three mixtures.

On vertical surfaces, difficulties were met when applying the FA and MK mortars. As shown in
Fig. 2-5, these two mortars tended to sag down the surface. On the other hand, the S mortar was
easier to apply as it was stiffer than the other two precursors. That can be attributed to the
flowability and the setting time properties of the three tested mortars; flowability of S mortars

decreases in a short time, unlike the two other mortars, FA, and MK.
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Fig. 2-5 Application of the alkali-activated mortars to a vertical concrete surface. (a) The S
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mortar, (b) the FA mortar, and (c) the MK mortar.

Fresh properties for the three mixtures, flowability, air content, Bulk density, and setting time, were
carried out. Results were illustrated as follows; after 10 min, the flow value was the highest for the
S mortar (180 mm), whereas the lowest value was obtained for the FA mortar (152 mm). The high
flowability of S mortar could be attributed to the low percentage of water glass present in the
mixture, whereas soluble silica dissolved in the water glass has a vital role in improving the viscous
properties, and flowability of AAMs depends mainly on the viscosity of the binder matrix [46]. On
the other hand, the flowability of S mortar after 30 minutes decreased remarkably (from 180 to 159
mm), however the flow value in the two other mixtures, FA and Metakaolin, remained relatively
constant. Deb et al. [47] deduced that flowability decreased when using ground granulated blast
furnace slag as a precursor due to the angular shape of the slag particles and the accelerated reaction
of calcium from slag.

The bulk densities in the three mortars ranged from 2187 to 2248 kg/m>. There were no specified
differences between the three investigated AAMs for the air content value. The air content ranges
from 4.1 % to 5.2%, where this percentage might be generally from 3 %to 10% in cement-based
mortars. Initial and final setting times were significantly different in the three alkali-activated
mortars. Whereas the initial setting time of the FA mortar had the most extended value of 2515
min, then MK mortar came next with 450 min, and S mortar was relatively the shortest with a value
equal to 60 min. Similarly, the final setting time of the FA mortar was the longest with an estimated
time of 2910 min, followed by the MK mortar with 505 min, and the S mortar was also the shortest
with a setting time equal to 90 min. In general, using fly ash in AAMs decreases the rate of

hydration reaction with low heat of hydration which results eventually in a significant long setting
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time with low early strength, whereas the setting time decreases significantly with a higher
percentage of slag content [46,48,49].

Compressive, Flexural, Bond strengths, Bulk density, and Modulus of elasticity were also
illustrated in Table 2-2. After seven days, the three alkali-activated mortars' compressive strength
ranged from 13.8—-67.6 N/mm2. The FA mortar had the lowest compressive strength; then, the S
mortar achieved higher strength; eventually, the MK mortar attained the highest compressive
strength. After 56 days, there were no remarkable differences between the MK and FA mortars,
whereas the S mortar achieved the lowest compressive strength. FA achieved the slowest rate in
compressive strength development, as the compressive strength increased from 13.8 N/mm2 to
76.5 N/mm2 in 7 days and 56 days, respectively. This slow strength gaining can be attributed to
the low hydration reaction rate with low hydration heat and low early strength of fly ash.

On the other hand, MK achieved the most rapid rate of compressive strength development, as the
compressive strength increased from 67.6 N/mm2 to 71.5 N/mm2 in 7 days and 56 days,
respectively. MK's high specific surface area resulting in high reactivity is the main reason for the
quick gain of compressive strength. Generally, the compressive strength of the three investigated
mortars was approximately within a close range (60.0-76.5) N/mm2 after 56 days [45].
Regarding flexural strength, after seven days, the tested mortars ranged from 3.1-8.8 N/mm2, being
lowest in the case of using the FA precursor and highest in the case of the MK mortars. Eventually,
the S mortar reached the highest flexural strength among the three mortars after 56 days (14.4
N/mm?2), whereas the MK mortar (9.7 N/mm2) achieved a value close to the FA mortar (8.5
N/mm?2). The amount of the precursor could be the factor that affected the flexural strength as the
aggregate to solid binder ratio was approximately the same for the three tested mortars.

For the bond strength, as shown in Table 2-2, it was not applicable to determine the value of bond
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strength in both vertical and horizontal surfaces in the case of using S mortars, as it delaminated
before running the test, whereas the bond strength of the FA and MK mortars, had the range from

1.8 to 2.3 N/mm?.

Table 2-2 Mechanical properties of AAS based on the three different precursors.

Mechanical

properties 7days 28 days 56 days
Compressive
strength (N/mm?)
Metakaolin 67.6 71.2 71.5
Slag 324 52.2 61.0
Fly ash 13.8 51.1 76.5
Flexural strength
(N/mm?)
Metakaolin 8.8 7.3 9.7
Slag 6.5 11.4 14.4
Fly ash 3.1 5.5 8.5
BO(I;? /Z‘ilelrzl)gth Metakaolin Slag Fly ash
Vertical surface 2 N/A 23
Horizontal surface 2 N/A 1.8

2.5.2 Road applications

High early strength is one of the most important properties of any repair material. Abideng et al.
evaluated the performance of AAMs, in road repair applications, based on the early strength
characteristics. They used the metakaolin as a precursor, mixed with parawood ash (rubberwood

ash) or oil palm ash as a binder agent, as shown in Fig. 2-6. The experimental work was performed
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based on the hot mixes process with variant heat curing times (1, 2 and 4 hours). As a result, high
early strength, low drying shrinkage, high compressive strengths, and significant bond strength
enhancement were considerably observed [50]. Fig. 2-7 indicated that the percentage of metakaolin
replacement with ashes would have a remarkable effect on the bond strength. Moreover, the greater

the heat curing time, the higher the bond strength along the repair surface.
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Fig. 2-6 AAMs repair mortars bonded to OPC
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Fig. 2-7 Bond strength (AAMs & OPC), measured using Slant Shear Test.
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Chapter 3: Methodology and experimental plan

3.1 Methodology

As stated in the literature, microstructural alterations of AAS pastes have been studied after being
exposed to elevated temperatures (200-1200°C) for 1h. At 575°C, a partial decomposition and
dehydration of the microstructure C-A-S-H was observed. Whereas the main microstructural
changes and mechanical strength reduction were exhibited under the exposure range of 600°C —
800°C, which were mainly attributed to the complete decomposition of AAS microstructures,
exhibiting serious degradations and deteriorations into the matrix. While new phases start to
crystallize at temperatures above 800°C, where Akermanite was identified as the dominant formed
crystal, enhancing the mechanical properties, morphology, and pore distribution into the matrix.
Conversely, different amorphous phases were revealed to be existing significantly into the matrix,
prior to the critical exposure temperature (i.e., 800°C). Subsequently, the main concept of this
research is to investigate the crystallization ability of these amorphous phases under the effects of
self-healing. Potential chemical reactions (e.g., further hydration reactions of the un-hydrated slag
particles, carbonation of alkalis ions into the AAS matrix) will be triggered to form self-healing

products, closing the cracks as well as improving the mechanical performance of this fire damaged

AAS.
3.2 Experimental Plan

AAS samples will be exposed to different elevated temperatures (i.e., 200°C, 400°C, 600°C, and
800°C). Autogenous self-healing will be triggered as shown in the following tasks. To quantify the
extent of self-healing, Microscopical inspection, compressive strength, ultrasonic pulse velocity

(UPV), water sorptivity, rapid chloride penetration test (RCPT), scanning electron microscope
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(SEM), and X-ray diffraction (XRD), 3D X-ray microtomography (LCT), will be conducted. The
experimental plan for this dissertation is illustrated in Fig. 3-1.

Research Phase #1: “Investigate the potential of self-healing of AAS after being deteriorated under

severe elevated temperatures exposure”.

Through this phase, AAS self-healing potential will be investigated by applying post-fire curing,
using two different mediums (i.e., water, and sodium hydroxide solution), separately. Water would
enhance the ions diffusion into the matrix, promoting the formation of self-healing products (e.g.,
microstructures, alkalis precipitations, other crystals). The sodium hydroxide solution, in addition
to the similar role of water, would highly improve the self-healing extent due to its ability to target
the un-hydrated slag particles existing into the matrix forming more hydration products. This phase

will take approximately nine months.

Research Phase #2: “Investigate the synergetic effect of the alkali-activator dosage and the post-

fire curing schemes on the AAS self-healing”.

According to results of task #1, which reveal the potential of AAS self-healing after fire exposure,
further self-healing triggering will be encouraged by investigating the synergetic effect of the
alkali-activator dosage coupled with the applied self-healing schemes. To elaborate, different
activator dosage, 1.e., upon the silica modulus, and percentage of sodium oxide, as well as different
post-fire curing schemes i.e., ambient curing, Water curing, solution curing, heat curing, and dry-
wet cycles, will be conducted to specify their effects on improving the performance of fire-
damaged AAS specimens. The preliminary results of this phase have revealed significant variances
in the mechanical recovery of the self-healed specimens upon the involved parameters. This phase

will take approximately fourteen months.

Research Phase #3: “Incorporation of agents to promote the self-healing ability of AAS after fire
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exposure”.

In this phase, four autogenous self-healing agents’ categories, stated in the literature, will be
incorporated into the AAS mixture, to investigate their effect on the recovery behavior of the fire
damaged AAS composites. Mineral admixture (i.e., crystalline admixture, bentonite minerals);
Fibers (i.e., polyethylene, PVA, polypropylene); nanofillers (i.e., nano SiO2, multi-walled carbon
nanotubes MWCNT); curing agents (i.e., light weight aggregate, superabsorbent polymer) will
separately be considered as the autogenous self-healing agents to improve the AAS self-healing

performance after exposure to severe elevated temperatures.
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Chapter 4 : Effect of activator dosages on autogenous self-healing

4.1 Abstract

Alkali-activated slag (AAS) is a potential alternative binder for ordinary portland cement (OPC)
with a lower carbon footprint. Despite its higher mechanical and durability performances than
OPC, AAS are susceptible to severe microstructural decompositions when it exposed to elevated
temperatures. Nevertheless, post-fire self-healing of AAS was revealed as an inherent property
densifying the matrix microstructures, restoring its mechanical strengths, and extending its
durability. This paper examines the influence of activator dosages on the post-fire self-healing of
AAS matrix. A mixed solution of sodium hydroxide and sodium silicate was adopted as the
activator in this study. Different dosages reflecting various level of activations (i.e. low, medium,
and high) were selected according to the silicate modulus (Ms) and sodium oxide percentage
(Na20%). Results showed that mixtures with low activation dosage exhibited the lowest post-fire
damage percentages and highest self-healing ability. Calcite precipitations were able to close
surface cracks up to 250 um. This precipitation improves the matrix durability by preventing
aggressive substances to ingress. Moreover, mixtures with high activation dosage were able to
acquire the highest mechanical recovery, approximately 20% of the compressive strength with
respect to fire-damaged specimens. The higher ions concentrations of the high activation dosage
were effectively diffused to initiate the hydration reaction of existing un-hydrated slag particles,
increasing the microstructures intensity. These findings emphasize that different dosages of alkali-
activated slag could be effectively utilized to produce fire-resistant construction materials with
enhanced resilience. The specific dosage can be tailored for different applications depending on

the desired outcome, whether focused on durability or mechanical recovery.
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4.2 Introduction

AAS is adopted as a promising approach alternative to OPC, with less carbon dioxide contribution
[51-53]. AAS is a 3-D network structure, chemically produced through a geopolymerization
process. The high alkalinity solution (i.e. activator) dissolves the aluminosilicate precursor [54],
then under a polycondensation reaction, the alkali-activated gel (e.g. calcium-aluminum-silicate-
hydrate C-A-S-H) which possesses a high binding characteristic is intrinsically produced [55].
Furthermore, it was widely reported that this AAS products exhibit mechanical behaviors similar
to that obtained from OPC [56-59].

Nevertheless, exposing AAS to elevated temperatures has a severely impact on its microstructures
and subsequently its mechanical strength [60]. Rovnanik et al. [29] stated that a dehydration and
partial microstructural decomposition occurred progressively into the matrix exposed to
temperatures 200 °C to 600 °C. However, different amorphous phases were clearly detected as they
are intensively existing into the matrix. At 800 °C, a complete decomposition of the AAS main
hydration product (i.e. C-A-S-H) was reported [29], where most of the previously detected
amorphous phases disappeared and new crystallized phases developed [29].

Self-healing was emphasized as an inherent property of AAS [61]. It was revealed that un-hydrated
slag particles of the original matrix have the capability to undergo into a further geopolymerization
reaction (dissolution and polycondensation) to produce more hydration products promoting the
crack closure [62]. Furthermore, calcium cations existing into the AAS matrix, are able to react
with the carbon dioxide (CO.) to form calcium carbonate (CaCO3) precipitations, sealing the cracks
[63]. For instance, Nguyén et al. [33] investigated the mechanical recovery and the microstructural
morphology of self-healed AAS specimens under the effect of post-damage water immersion. It

was reported that treated specimens exhibited about 41% mechanical recovery relative to the
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reference AAS samples. This was attributed to the development of microstructure and formation
of C-(N)-A-S-H upon exposure to water self-healing. Furthermore, calcite precipitations were also
identified as the dominant self-healing products.

Alkaline activator type was disclosed as a key factor influencing the mechanical behavior and long-
term durability of AAS [64]. Sodium silicate (Na2Si0O3) solution was characterized as the most
effective activator [65]. However, combination of sodium hydroxide and sodium silicate was the
most commonly used activator [64]. This combination is designed according to silicate modulus
(M= Si02/Na;0), and sodium oxide content as a percentage of the binder precursor (Na,0%) [66]
and referred to as the activator dosage. The activator dosage plays a pivotal role in determination
of the mechanical strength. Aydin et al. [64] revealed that AAS compressive strength is directly
proportional with the M; ratio and Na;O%. At age of 90-d and Ms=1.2, AAS compressive strength
increased from 87.2 MPa to 94.8 MPa when the sodium oxide content increased from 6% to 8%.
Moreover, the compressive strength increased up to 99.0 MPa when the silicate modulus increased
from 1.2 to 1.6 at the 8% of Na>O. Moreover, Abubakr et al. [67] classified the activator dosages
into three categories: low activation level with Ms ratio of 1.00 and NaO% of 4%, medium
activation level with M; ratio of 1.25 and Na20O% of 6%, and high activation levels with M; ratio
of 1.50 and NaxO% of 8%. The variations in the activator dosages have a crucial influence on the
hydration rection development, intensity of hydration products and un-hydrated particles.
Therefore, the current study investigated the potential of targeting these un-reacted slag particles
as a self-healing approach to furtherly improve the mechanical properties and durability of AAS
after fire exposure. Moreover, the distinct self-healing performances due to the variation of the
intensity of the un-hydrated particles was investigated to figure out the effect of the activator

concentration dosages on the extent of self-healing.
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4.3 Materials and methods
4.3.1 Materials

A ground granulated blast furnace slag (GGBFS) with a specific gravity of 2.92 g/cm?, Blaine
fineness of 515 m?/kg, and an average particle size of 15 um was used as the main precursor to
produce the AAS for the three mixes. The chemical composition of GGBFS is shown in Table 4-1.
A mix of sodium hydroxide (NaOH) solution and sodium silicate (Na»SiO3) solution was used as
the alkali activator. Sodium hydroxide pellets with 99.9% purity were dissolved in water, and then
the solution was left for 24-h at room temperature to cool down. A commercial sodium silicate
solution (28.8% of SiO2, 9.01% of Na»xO, 62.2% of H>O) was mixed with NaOH solution to
produce the desired activators with silicate modulus (Ms = Si02/Na»O) of 1.00, 1.25, and 1.50 and
NaO of 4% 6%, and 8% by mass of the binder, respectively. Riverside sand with a fineness
modulus of 2.70, a specific gravity of 2.61, and water absorption of 2.73% was used as fine
aggregates.

Table 4-1 Chemical properties of GGBFS

Constituents Si02 ALO;  CaO MgO K20 NaxO Fex0s SO3

Percentage %  36.1 10.4 37.1 13.3 0.40 0.42 0.67 1.61

Based on a previous study [67], a mortar mixture with a binder content of 400 kg/m>, a water-to-
binder (w/b) ratio of 0.44 (including water from the activator) was selected. Following the mixing
sequence [67], dry fine aggregate and GGBFS were initially mixed for 1 min; then, the activator
solution was added and mixed for 3 additional minutes. Cube specimens with a dimension of

50x50%50 mm, dog bones samples, and cylinders 100x200mm were cast and sealed using plastic
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sheets [31]. After 24-h, all specimens were demolded and stored in sealed bags at the laboratory
ambient temperature (23 + 1 °C) until the day of testing. For microstructure and mineralogical
analyses, paste samples were prepared under identical conditions to those in mortar specimens (i.e.

curing, exposure temperatures, and self-healing procedure).

4.3.2 Self-healing study

At 28 days, specimens were subjected to various elevated temperatures starting from 200 °C up to
800 °C. Specimens were heated in an electrical heating furnace up to the desired temperature at an
increasing rate of 5-10 °C/min, according to the standard ASTM E831, until reaching the targeted
temperature, which was maintained for 1h, followed by naturally cooling down to ambient
temperature inside the furnace. To ensure that the specimen core reached the targeted temperature,
the temperature at the center of a dummy specimen was monitored using a thermocouple type K.
Specimen’s temperature, along with the oven temperature, was continuously monitored and
recorded using a data acquisition system.

After the elevated temperature exposure, specimens of each mixture were divided into two groups:
post-fire air-cured (AC-AAS) and post-fire water-cured (WC-AAS) as shown in Table 4-2. For 28
days, AC-AAS specimens were kept at uncontrolled ambient temperature (23 = 1 °C) in the lab,
while WC-AAS specimens were immersed in the conditioning scheme (i.e. water). This scheme
was applied to trigger the un-hydrated particles to react with the existing activator ions by
improving the diffusion into the matrix through inducing saturation condition. Then, all groups’
specimens were tested to quantify the effect of the applied post-fire curing schemes on the extent

of self-healing.
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Table 4-2 Mixtures and curing conditions

Activator Post-fire curing

. Exposed to
LS temperature
Nax0% M; p Air Water
AAS-1-4 4.0 1.0 _ _
AAS-1.25-6 6.0 1.25 B B
AAS-1.5-8 8.0 1.50 _ _
WCAAS-1-4 4.0 1.0

WCAAS-1.25-6 6.0 1.25

WCAAS-1.5-8 8.0 1.50

In order to quantify the autogenous self-healing, the percentage of damage was initially assessed
relative to the reference specimens (i.e. not exposed to fire) to reveal the residual properties of AAS
specimens after elevated temperature deteriorations using Eq. 3 [48]. Subsequently, following the
implementation of post-fire self-healing schemes, the percentage of self-healing was evaluated
based on the differences between the damages before and after the post-fire curing [49], as shown
in Eq. 4. Furthermore, the recovery percentage of the post-fire cured specimens was determined
by comparing them to the reference specimens Eq. 5. The quantification methodology will rely on
compressive strength, tensile strength, permeability, and sorptivity, to investigate the effect of

activator dosage on the extent of AAS self-healing.

After elevated temperature exposure —Reference

Damage % = x 100 Eq.3

Reference

After self healing — After elevated temperatures exposure

Self — healing % =

x 100 Eq. 4

Reference

After self healing — Reference

Recovery % = x 100 Eq. 5

Reference
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4.3.3 Testing methods

Post-fire cured specimens were observed using a Motic 40x optical microscope, to provide an
initial assessment of its surface cracks closure. Cube samples 50 x 50 x 50 mm were cast to
determine compressive strength of AAS mortars according to ASTM C109/109 M standards.
Moreover, dog-bone shaped briquettes with dimensions 75 mm in length, 25 mm in thickness, and
625 mm? cross-section area at the mid-length were cast, to evaluate the direct tensile strength
according to AASHTO T132. Water penetration through cracked specimens was measured before
and after healing. The RILEM Test Method 1.4 (Measurement of Water Absorption under Low

Pressure) was adopted to estimate the water permeability coefficient, k (cm/s) based on Eq. 6.

axL hl
K=—In—
AXxt h2

Eq.6
Where, a=cross-sectional area of the pipe (cm?); L=specimen thickness (cm); A=cross-sectional
area subjected to flow (cm?); t=time (s); hi=initial water head (cm); ho=water head (cm).

Water sorptivity test was performed according to the ASTM C1585 standard on triplicate
cylindrical specimens with a diameter of 100 mm and a thickness of 50 mm. This test aimed to
investigate the changes in AAS capillary pores, which control the ingress of water initiation into
the matrix [31]. The capillary absorption (/) and the sorptivity index (S;) were calculated and
considered to assess the rate at which water permeates. This provides insights into the influence of
post-fire curing on the water ingress behavior of AAS materials. In order to further characterize
and determine the content of various hydration products in the tested mixtures, small chunks were
ground and sieved on sieve No. 200 for thermogravimetric analysis (TGA). Powder samples

(approximately, 20 to 40 mg) were prepared and submerged in acetone to stop the hydration

reaction and remove free water, then heated up to 1000°C at a rate of 5 °C/min [68]. This helped
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exploring the variations of hydration products of the post-fire cured AAS due to its initial activation
level. A scanning electron microscope and energy dispersive x-ray tests (SEM-EDX) were
performed to examine the microstructures using Phenom ProX Scanning Electron Microscope
(SEM) with EDX capability [69]. The X-ray diffraction (XRD) was performed using a Bruker D8
advance diffractometer (CuKo radiation, 1.5406 A) with an imaging plate detector to collect data
in a range of 20= 10°-70° . Morphological and microstructural compositions of post-fire cured
specimens were examined to determine the formed self-healing products (e.g., hydration products,
crystals, etc.) [70,71]. The obtained XRD patterns were compared to understand any variations in
crystallographic phases. The identification of new crystal phases, alterations in existing phases, or
the restoration of initial phases in the self-healed samples could indicate the activation of the

applied self-healing scheme within the AAS materials.
4.4 Results and discussion
4.4.1 Visual inspection

Surface cracks were examined for post-fire cured specimens of different dosages (i.e. 4%, 6%, and
8%) using an optical microscope. Variated white precipitations were formed on the crack surfaces
(Fig. 4-1) dependent on the initial activation dosage. Low activation mixture (Na2O%= 4% and
M= 1.0) exhibited a complete crack closure up to 250 pm, where it was limited to approximately
50 um in both medium (NaxO%= 6% and M= 1.25) and high (Na,O%= 8% and M= 1.50)
activation mixtures. The calcium-rich matrix of the low activation mixture was able to diffuse more
calcium ions Ca?" [71-73]. This calcium ions reacted with carbonate ions COs>~ generated from
the decomposition of the weak carbonic acid (H2COs) which was presented into the conditioning

water due to the absorption of atmospheric CO; [74]. Subsequently, more calcite precipitations
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CaCOs were intensively formed, close to the cracks’ openings enhancing the crack closure and self-

healing extent of the low activation mixture [31].
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Fig. 4-1 Visual inspection

4.4.2 Compressive strength

Fig. 4-2 showed the compressive strengths of AAS mixtures specimens (i.e. 4%, 6%, and 8%) after
exposed to elevated temperatures 200 °C to 800 °C, as well as its values after applying water post-
fire curing scheme. When the activator dosage increased from 4% up to 8%, the compressive
strength increased subsequently from 54.0 up to 80.0 MPa. This can be attributed to the more

dissolution subjected to the slag particles, leading to more intensive microstructures [67]. However,
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when exposed to elevated temperatures, the three mixtures exhibited different behaviors. At
temperature 200 °C, WCAAS-1-4 showed a 25% increment of its reference specimen’s
compressive strength, which can be attributed to heat activation of un-hydrated slag particles,
forming denser hydration products with lower Ca/Si ratios, contributing to the higher strength [75].
Then, a decreasing trend was observed from 400 °C up to 800 °C. This is ascribed to the partial
decomposition of AAS microstructures between 400 °C and 600 °C leading to a little strength
reduction [29]. At 800 °C, a steep compression reduction occurred due to the full decomposition of
microstructures [29]. However, WCAAS-1.25-6 exhibited a quite different behavior due to its
denser microstructures rather than WCAAS-1-4. This would initiate more cracks under the
dehydration effects especially at temperature 200 °C. Then, it gradually adopted a performance
similar to WCAAS-1-4 at temperatures 400 °C to 800 °C. Conversely, WCAAS-1.5-8 showed a
significant reduction in compressive strength at temperature 200 °C. This can be ascribed to its
highest microstructures’ intensity with a finer pore size distribution. This less porous mixture
experienced greater damages due to the impacts of the increasing vapor pressure [68]. Moreover,
WCAAS-1.5-8 showed severer damages than WCAAS-1-4 and WCAAS-1.25-6 at temperatures
400 °C to 800 °C due to its increased microstructural decompositions.

After applying water post-fire curing, compressive strength exhibited different behavior according
to the original activator dosage. WCAAS-1-4 showed very limited compressive strength
improvements for temperatures 200 °C to 800 °C. While WCAAS-1.25-6 exhibited enhanced
compressive strengths compared to its fire-damaged specimens under the effect of being subjected
to post-fire water curing. For instance, the WCAAS-1.25-6 compressive strength increased to 66.0
MPa and to 50.0 MPa compared to 53.0 and 39.0 MPa of fire-damaged AAS-1.25-6, for exposure

temperatures 400 °C and 600 °C, respectively. For WCAAS-1.5-8, it showed a compressive
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strength of 54.0 and 42.0 MPa compared to 38.0 and 29.0 MPa of its fire-damaged specimens for
exposure temperatures 400 °C and 600 °C, respectively. This can be attributed to the higher
activator concentrations, subsequently increase the cations diffusion under the effects of the applied
post-fire water curing scheme. These high-intensity cations promote the initiation of the further

geopolymerization reaction, densifying the matrix microstructures.
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Fig. 4-2 Compressive strength for damaged specimens at age of 28 days, and post-fire water
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cured specimens at age 56 days

Damage, self-healing, and full recovery percentages were evaluated according to the compressive
strength results of AAS as described in Eq. 1, Eq. 2, and Eq. 3, respectively. As shown in Fig. 4-3,
while AAS-1-4 showed the lowest damage percentages ranging from 0% at 200 °C to 20% at 600
°C. This calculated damage percentage increased subsequently when the activator dosage increased
from 4% to 6% and 8%. For instance, at dosage 6%, the damage percentage increased from 1.60%
at temperature 200 °C to 42.80% at temperature 600 °C. Additionally, at dosage 8%, the damage
percentage increased from 28% at temperature 200 °C to 61.6% at temperature 600 °C. Similarly,
self-healing percentages exhibited an increasing trend accompanied to the increasing activator
dosage from 4% to 6% and 8%. Whereas the 4% mix showed very limited self-healing
characteristics, this self-healing percentage increased notably in the 6% AAS activator dosage to
be 8.4% and 11.8% at temperatures 400 °C and 600 °C, respectively. Furthermore, it increased in
WCAAS-1.5-8 to achieve 19.6% and 14.8% at temperatures 400 °C and 600 °C, respectively. This
can be attributed to the cations’ greater intensity, existing in the higher activator concentrations.
These ions supported the geopolymerization reactions (dissolution and polycondensation) of the
un-hydrated slag particles. Under the applied water post-fire curing scheme, a microstructural
densification was increased when the activator dosages increased for example, from 4% to 6% and
8%, respectively. In conclusion, the compressive strength results revealed that the low activation
of AAS would exhibit the lowest damage in the AAS matrix. Moreover, although the high
activation mixture assured the maximum self-healing percentages at different exposure
temperatures, the medium activation thoroughly maintained the highest compressive performance

at different levels i.e. after elevated temperatures exposure, and after applying the water curing.
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to the AAS compressive strength results

4.4.3 Tensile strength

AAS has an entirely different behavior under tensile stresses than that of compressive stresses. The
tensile strengths for the different activator dosages” AAS specimens versus exposure temperatures
(i.e. 200 °C to 800 °C), in addition to its values under the effect of post-fire water curing, were
illustrated as shown in Fig. 4-4. Due to its high brittleness characteristics, AAS-1.5-8 had the
lowest tensile strengths prior to elevated temperatures exposure. Furthermore, after exposure to
elevated temperatures from 200 °C to 800 °C, AAS-1.5-8 also showed a limited tensile behavior.
This can be attributed to its low porous matrix with finer pore structures. Subsequently, this high
activator dosage mixture was more severely affected after exposure to elevated temperatures due
to non-released vapor pressure [72]. This pressure will induce internal stresses, increasing the
cracks propagation. Besides, due to its high-density microstructure, more hydration products will

be vulnerable at high temperatures to further decompositions, resulting in a weaker microstructure.
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After applying water post-fire curing, variant tensile improvements compared to the fire-damaged
specimens were revealed. For example, WCAAS-1-4 exhibited an enhanced tensile strength of
2.62,3.21, and 1.17 MPa, compared to its fire-damaged specimens 1.69, 1.60, and 0.71 MPa, at
temperatures 200 °C, 400 °C, and 600 °C, respectively. Also, the tensile strengths of WCAAS-1.25-
6 was increased to 2.52, 3.14, and 2.05 MPa, compared to fire-damaged specimens 1.40, 1.04, and
0.60 MPa, at exposure temperature 200 °C, 400 °C, and 600 °C, respectively. This improvement
for WCAAS-1-4 or WCAAS-1.25-6, might be attributed to the formation of the surface self-
healing products (i.e. calcite precipitations as confirmed by following XRD), bridging the cracks
and enhancing the tensile performances. Conversely, WCAAS-1.5-8 showed the lowest post-fire
cured tensile behavior due to the limited formation of calcium carbonate CaCOj precipitations.
About 52%, 55%, and 68% tensile strength reduction were observed in WCAAS-1.5-8 lower than

that in WCAAS-1-4 at temperatures 200 °C and 400 °C, and 600 °C, respectively.
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Similar to compression strength analysis, tensile results were furtherly studied to determine the
damage, self-healing, and full recovery percentages and its correlation with the original activator
concentrations of AAS, as shown in Fig. 4-5. Subsequently, it was revealed that the damage

percentages increased when a higher activator dosage was implemented. For instance, at
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temperatures 200 °C, 400 °C, 600 °C, and 800 °C, damage percentage increased from 66%, 68%,
85%, and 93% to 67%, 74%, 87%, and 95%, and to 70%, 79%, 90%, and 98%, when the activator
concentration increased from 4% to 6%, and 8%, respectively. Moreover, the self-healing
percentages were also dependent on the activator dosage. For example, WCAAS-1-4 exhibited
self-healing percentages of 19.5%, 33.6%, 9.7%, and 0%, compared to 27%, 51.4%, 35.4%, and
0%, of WCAAS-1.25-6 and 1.1%, 16.7%, 0.6%, and 0%, of WCAAS-1.5-8, at temperatures 200
°C to 800 °C, respectively. It was revealed that higher activator concentration has its impact on the
intensity of the diffused calcium ions, released from the un-hydrated particles. These calcium ions

are crucial to initiate the carbonation processes, producing the calcite precipitations.
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4.4.4 Permeability

Fig. 4-6. showed the permeability coefficient of different activator dosages specimens i.e. 4%, 6%,
and 8% at age 28-d before and after exposure to elevated temperature (i.e. 200 °C to 800 °C). For
reference specimens (i.e. before exposure to temperatures), water permeability was reversely
proportional with the original activator dosage. Therefore, Permeability coefficient decreased from
13.9x107 to 11.4x107° and 9.37x107° cm/sec, when the activator dosage increased from 4% to 6%
and 8%, respectively. The higher concentrations of AAS activator increased the microstructures’
density to produce a less porous matrix. Consequently, this finer pore structures led to a reduction
in water permeability. After exposure to elevated temperatures, different behaviors were exhibited
by the activator dosage-based specimens. For example, permeability coefficients of the AAS-1-4
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specimens reduced to 8.0x10° and 8.8x10° cm/sec, compared to its reference samples (i.e.
13.9x10° cm/sec) at temperatures 200 °C and 400 °C, respectively. This can be attributed to the
new formed hydration products due to heat implementation. Subsequently, water permeability was
impeded under the effect of the enhanced pore structure of this denser microstructure matrix [72].
Then, permeability coefficient increased to 60.5x10 and 833.3x10” cm/sec, at temperatures 600
°C and 800 °C due to partial or complete microstructural decompositions. For AAS-1.25-6,
permeability degradation commenced at temperature 200 °C (i.e. 14.0x107 cm/sec compared to its
reference 11.4x10 cm/sec), due to the increased internal vapor pressure of the less porous matrix.
Then, permeability coefficient continued increasing to 14.7x107°, 63.1x107°, and 1195.6x107
cm/sec, at temperatures 400 °C, 600 °C, and 800 °C, respectively. Also, compared to its reference,
AAS-1.5-8 exhibited higher permeability coefficients 48.1x107°, 61.1x107°, 143.9x10”, and

1664.6x107° cm/sec, at temperatures 200 °C, 400 °C, 600 °C, and 800 °C, respectively.
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After applying post-fire water curing, all specimens showed a significant reduction in water
permeability. WCAAS-1-4 exhibited 63%, 65%, and 94% permeability coefficients’ reductions,
compared to AAS-1-4 specimens, at temperatures 200 °C, 400 °C, and 600 °C, respectively. Where
WCAAS-1.25-6 showed permeability coefficients 23%, 64%, and 90% lower than its fire-damaged

specimens, at temperatures 200 °C,400 °C, and 600 °C, respectively. For WCAAS-1.5-8, 57%,
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80%, and 87% reductions of permeability coefficients compared to its fire-damaged specimens,
were revealed upon the conducted water self-healing scheme.

Fig. 4-7. illustrates the differences between the water permeability coefficients before and after
applying the post-fire water curing for the three different activation dosages i.e. 4%, 6%, and 8%.
After exposure to elevated temperatures, more stress concentrations exacerbating the crack
propagations due to limited stress release, were observed at higher activation dosages. Also, due to
the higher intensity of the hydration products into the higher concentrations’ mixtures, more
microstructural decompositions were progressively exhibited. Thus, permeability coefficients
increased in average (i.e. summation of the increment percentages at the studied temperatures
divided by the number of tested specimens) by 46% and 400% in AAS-1.25-6 and AAS-1.5-8,
compared to AAS-1-4. While after applying the water post-fire curing scheme, calcite
precipitations, with the crack sealing effects, hindered the water permeability into the treated
specimens. Furthermore, when more self-healing products were formed, more enhanced water
permeability were recorded. Therefore, permeability coefficients decreased in average by 56% and

80% in WCAAS-1.25-6 and WCAAS-1-4, compared to WCAAS-1.5-8.
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4.4.5 Absorption and sorptivity

Water sorptivity index for both WC-AAS and AC-AAS specimens were depicted in accordance
with the activator dosages 4%, 6%, and 8% at exposure temperatures from 200 °C to 600 °C. Water
sorptivity index can be estimated using the initial absorption (for the first 6 hrs.) according to the
ASTM C1585 standard, as shown in Fig. 4-8. This study was limited to exposure temperatures
200°C to 600°C, as the high instant absorption of the WC-AAS and AC-AAS specimens exposed
to 800 °C exposure made it difficult to evaluate their sorptivity index. Distinct reductions in water
sorptivity index were revealed in WC-AAS specimens rather than AC-AAS specimens. For
example, water sorptivity index decreased from 1.58x10 and 9.88x10 mm/sec in the AC-AAS
to 0.44x1072 and 3.70x10"2 mm/sec in the WC-AAS for exposure temperature 200 °C and 600 °C,
respectively. Moreover, sorptivity index reductions for exposure temperatures 300 °C, 400 °C,

500 °C, 600 °C, were listed as shown in Fig. 4-9.
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Interestingly, the self-healing percentage obtained from water absorption test was higher than that
from other tests. Fig. 4-9 illustrates the anticipated reasons advocating the mechanism of
autogenous self-healing. Specimens submerged into the post-fire water curing scheme experienced
a dual effect: calcium ions would diffuse from the matrix to the crack and further hydration of un-
reacted slag. However, as the carbonization reaction is faster than the hydration reaction [71],
calcite precipitation will impede the penetrability of the solution into the matrix [51]. CaCOs tends
to become concentrated at the crack mouths to obstruct the diffusion of ions into the deeper regions
of the cracks. This is one of the primary factors causing the lack of a dense matrix and reducing
the mechanical recovery. The chemical reaction between calcium ions Ca** (leakage from C-A-S-
H) and carbonate ions CO3%, produced calcium carbonate CaCOs in the form of calcite that

precipitates at the crack mouth [51].
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4.4.6 Thermogravimetric analysis TGA

Thermogravimetric analysis (TGA) was performed to provide a quantitative characterization of
different compositions of AAS at different conditions (i.e. reference, fire-damage, post-fire curing).
Under the effects of each condition, three mixtures incorporating the studied dosages i.e. 4%, 6%,
and 8%, were analyzed to evaluate the conjugated alteration and evolution of its hydration products.
As it showed high self-healing performances, the WC-AAS at exposure temperature 600 °C were
selected to be analyzed. As shown in Fig. 4-10, The TGA curves were plotted for the reference
mixtures AAS-1-4, AAS-1.25-6, and AAS-1.5-8, where the presence of C-A-S-H and hydrotalcite
for all tested samples was confirmed, in consistence with previous studies [76,77]. In general, the
weight loss in the range from 40°C to 105°C is ascribed mainly to the evaporable water, hence all
measurements started from 105°C. From 105°C to 215°C, the weight loss is mostly due to the loss
of bound water in C-A-S-H, and from 215°C to 400°C, is the result for the release of bound water
from hydrotalcite [76]. For various AAS mixtures, the bound water content was calculated from
the TGA data and expressed as total weight loss between 105°C and 1000°C [22,78]. Results

showed that mixture AAS-1.5-8 exhibited around 26% weight loss compared to 19% and 25% for
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mixtures AAS-1-4 and AAS-1.25-6, respectively. This indicates higher progress in hydration and
formation of various products as activator concentration increased. Increasing the
activator NaxO% dosage resulted in a rich amount of hydroxide (OH)™ species in the aqueous
phase, increasing the precursor dissolution rate [67]. Hence, more dissolute species such as Al and
Si were available to form different phases of hydration products. Moreover, as shown in Fig. 4-10,
TGA results showed that specimens exposed to 600 °C had a certain amount of hydration products
already decomposed. For instance, the total weight loss for the fire-damaged specimens AAS-1-4,
AAS-1.25-6, and AAS-1.5-8 was around 4%, 3%, and 1%, respectively. All post-fire cured
specimens exhibited variant recovery through the newly formed hydration product (C-A-S-H). This
densifying microstructural formation might support the enhancement of the AAS structural
performance. Moreover, the weight loss percentages of the self-healed specimens reflecting the
amount of the post-curing generated hydration products, were significantly complied with the
compressive strength results. Whereas the specimen WCAAS-1.25-6 has the highest formation of
self-healing products (C-A-S-H) 18%, followed by the specimen WCAAS-1-4 by a percentage of
11%, while the WCAAS-1.5-8 has the lowest overall self-healing performance by a percentage of

8%.
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Fig. 4-10 Thermogravimetric analysis

4.4.7 SEM-EDX

The 600 °C WCAAS-1-4 specimen was selected for microstructural analyses (SEM-EDX), as it
showed high intensity of surface self-healing products according to the conducted optical
microscope analysis. Fig. 4-11 depicts a typical image of self-healing products formed within
surface cracks. The self-healing product had crystals of various shapes such as trigonal, cubical,
and rectangular. It was revealed that the healing product was primarily composed of calcium, along

with some carbon and oxygen, confirming the formation of CaCOs as a healing product.
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Fig. 4-11 SEM analysis

4.4.8 XRD

The XRD test was conducted to evaluate the self-healing potential by analyzing AAS specimens'
crystalline structure and phase composition [71]. Three separate sets of samples were examined:
the reference, the 600 °C fire-damaged, and the 600 °C WC-AAS. The 600 °C WC-AAS specimen
was selected as it has exhibited significant recovery in compression, tensile, sorptivity, and
permeability tests. From each mixture, three sets of samples were examined: the reference, the 600
°C fire-damaged, and the 600 °C WC-AAS. The 600 °C WC-AAS specimen was selected as it has
exhibited significant recovery. The XRD patterns obtained from these distinct sample sets were
compared to understand any variations in crystallographic phases. The identification of new crystal
phases, alterations in existing phases, or the restoration of initial phases in the self-healed samples
could indicate the activation of the applied self-healing scheme within the AAS materials. As

illustrated in Fig. 4-12, for reference specimens (i.e. before the exposure), the main peak around
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30.20 is attributed to the hydration product C-A-S-H and carbonate species due to the alkalis’
carbonation in the AAS matrix [69]. Then, after being exposed to elevated temperatures (i.e. 600
°C), the main peak decreased due to the decomposition of the microstructure C-A-S-H and calcite
decomposition, which started at a temperature of 400 °C [69]. However, after applying the self-
healing scheme, further hydration altered the phase composition of the product significantly as the
intensity of the main diffraction peak increased. This peak might be attributed to the
superimposition of the diffuse peaks of the C-A-S-H gel and the strongest diffraction peak of the
CaCO:s crystal [96]. These self-healing products would enhance the mechanical behavior of the
AAS through the formation of C-A-S-H, and its durability by sealing the surface cracks due to

calcite precipitations.
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Fig. 4-12 XRD analysis for (a) reference, (b) after exposure to 600 °C, and (c) after applying

water self-healing

4.5 Conclusion

The effect of activator dosage implemented to dissolute the chemical compositions of slag to
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initiate the geopolymerization reaction, was revealed as a key factor controlling the extent of post-

fire self-healing. Subsequently, the following conclusion can be drawn:-

1-

Water post-fire curing was revealed as an effective mechanism to enhance the AAS self-
healing abilities through formation of hydration products, as well as calcium carbonate
precipitations.

Specimen WCAAS-1.5-8 exhibited the highest calculated self-healing percentages due to
its intensive ions concentrations which support the formation of hydration products,
followed by WCAAS-1.25-6 and WCAAS-1-4, respectively.

Specimen WCAAS-1-4 exhibited more calcite precipitations due to its higher calcium ions
diffusion.

Although specimens WCAAS-1.5-8 and WCAAS-1-4 showed significant post-fire self-
healing through different mechanisms, however, WCAAS-1.25-6 maintained the highest

overall self-healing performance.
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Chapter 5: Application of Wet-dry Cycles as post-fire curing
scheme to Boost Autogenous Self-healing of Alkali-activated Slag

5.1 Abstract

Autogenous self-healing in alkali activated slag materials is an inherent property, which can
support the mechanical performance’s restoration and improve its durability and sustainability. The
prolonged chemical activation of the un-hydrated particles into the matrix and the formation of the
crack-sealing products are the main approaches of this self-healing characteristic. These
microstructural densifications and crack closures were found that they hinder the extent of
autogenous self-healing. Thus, this paper investigated the potential of improving self-healing
abilities through implementation of different external self-healing conditioning scheme. The
adopted wet-dry post-damage curing scheme exhibited further mechanical and durability
enhancement. A percentage of approximately 30% recovery of the compressive strength was
revealed upon the conducted wet-dry cycles. Although calcium carbonate was revealed as the
primary self-healing product, however, a newly formed hydration product of N-C-S-H was

intensively detected under the effects of the implemented dry phase.
5.2 Introduction

The increasing demand for sustainable construction materials has led to the growing use of alkali-
activated slag (AAS) as an eco-friendly alternative to traditional Portland cement [77,79—-82]. Not
only the AAS reduces the carbon footprint of construction but also exhibits superior mechanical
properties and chemical resistance [83—86].

One of the critical challenges for any construction material is its ability to withstand extreme

conditions, such as fire exposure [21,87]. Fire-induced damage can severely compromise the
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structural integrity of materials, leading to the formation of cracks, degradation of mechanical
properties, and potential long-term durability issues [88]. It was reported that AAS exhibited a
progressively dehydration and partial microstructural decomposition at temperatures 200 °C to 600
°C. While, at 800 °C, a complete decomposition of the AAS main hydration product (i.e. C-A-S-
H) was occurred [29]. To address these challenges, the concept of autogenous self-healing has
emerged as a promising solution, particularly in the case of AAS where different amorphous phases
were clearly detected as they are intensively existing into the matrix up to temperature 600 °C [89].
Autogenous self-healing refers to the material's intrinsic ability to heal cracks and micro-damages
without external intervention, primarily through the hydration of unreacted particles or the
formation of new crystalline phases [90,91]. In alkali-activated slag materials, this self-healing
process is triggered when water comes into contact with the unreacted slag particles, leading to the
reformation of binding phases such as (C-A-S-H) gels [62]. Also, the precipitating of calcite
(CaCO3) crystals produced by a calcination process of calcium ions Ca®" existing into the AAS
matrix [63]. These mechanisms not only close cracks but also help restore some of the lost
mechanical strength [74,92].

Post-fire treatment becomes crucial for mitigating the damage effects caused by the extreme
exposure to elevated temperatures [93]. It was revealed that AAS has a self-healing capability in
response to the fire-induced deteriorations. In this study [89], upon exposure to a post-fire self-
healing scheme (i.e. sodium hydroxide solution), AAS demonstrated an approximately 40%
recovery in permeability, where calcium carbonate crystalline phases were detected as the
predominant self-healing product. Moreover, microstructural densification was observed following
the formation of the hydration product C-A-S-H.

One such approach is the use of a wet-dry scheme, where the material undergoes alternating cycles
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of wetting and drying [94]. This treatment not only introduces water, which is essential for the self-
healing process, but also replicates natural environmental conditions that the material would face
in real-world applications [95]. The cyclical nature of wet-dry treatment has been shown to enhance
the healing process by promoting the rehydration of unreacted particles and encouraging the
deposition of healing products in cracks and pores [96]. For example, Yang et al. [94] investigates
the self-healing capabilities of Engineered Cementitious Composites (ECC) under cyclic wetting
and drying conditions, focusing on their recovery in mechanical properties and crack-sealing
behavior. The study showed that ECC specimens can recover up to 76% of their initial mechanical
strengths. The research also highlights that tight crack widths (below 50 pm) are crucial for
effective self-healing, driven primarily by calcium carbonate crystallization within the cracks.

In this study, autogenous self-healing capabilities of fire-damaged AAS subjected to a post-fire
wet-dry regime should be addressed. The aim is to determine how effectively this treatment can
restore the material's structural integrity by healing cracks and mitigating the effects of thermal
damage. Specifically, the role of wet-dry cycles in promoting healing and the resulting impact on
mechanical properties, microstructural changes, and durability performance, was investigated.
Understanding these mechanisms could provide valuable insights for improving the resilience of
alkali-activated slag materials in post-fire recovery scenarios and extend their applicability in fire-
prone environments. Furthermore, this research contributes to the broader field of sustainable
construction by offering a potential strategy to enhance the long-term durability and functionality

of AAS in real-world applications.
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5.3 Materials and methods
5.3.1 Materials

A ground granulated blast furnace slag (GGBFS) with a specific gravity of 2.92 g/cm?, a Blaine
fineness of 515 m?/kg, and an average particle size of 15 um, was implemented as the sole precursor
in this study. The GGBFS was sourced from Lafarge, located in Canada. This material conforms
to the ASTM C989 [97] ensuring its quality and consistency for the intended applications. Its
chemical composition is shown in Table 5-1. A mix of sodium hydroxide (NaOH) solution and
sodium silicate (Na2Si03) solution was used as the alkali activator. Sodium hydroxide pellets with
99.9% purity were dissolved in water (i.e. 7M), and then the solution was left for 24-h at room
temperature to cool down. A commercial sodium silicate solution (28.8% of Si02, 9.01% of NaxO,
62.2% of H2O) was then mixed with NaOH solution to produce the desired activator with silicate
modulus (Ms = Si02/NaxO) of 1.0, and Na2O of 4 wt.% of the binder. Riverside sand with a fineness
modulus of 2.70, a specific gravity of 2.61, and water absorption of 2.73% was used as fine
aggregates, meeting the ASTM C778 for standard sand [98]. It was provided by a local producer,
ensuring the material's uniformity and suitability for use in mixtures casting.

Table 5-1 Chemical compositions of the used GGBFS

Constituents ~ Si02  AlLOs3 CaO MgO KoO NaO FeO3 SO

Percentage %  36.1 10.4 37.1 13.3 040 042 067 1.61

5.3.2 Specimens preparation

For the mixtures proportioning along with the applied post-fire self-healing schemes, Table 5-2

was presented where a binder content of 400 kg/m?, a water-to-binder (w/b) ratio of 0.44 (including
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water from the activator) was selected and remained constant for the three studied mixtures.
Nevertheless, the post-fire self-healing schemes were applied separately to figure out the distinct
influence of each post-exposure conditioning treatment on the extent of autogenous self-healing
(i.e. Air, Water, and Wet-dry cycles). Following the mixing sequence [67], GGBFS was dry mixed
with fine aggregate for 1 min; then, the activator solution was added and mixed for 3 additional
minutes. Cube specimens with a dimension of 50x50x50 mm, dog bones samples, and cylinders
100x200mm were cast and sealed using plastic sheets [31]. After 24-h, all specimens were
demolded and stored in sealed bags at the laboratory ambient temperature (23 + 1 °C) until the
deteriorating day (i.e. crack initiation using elevated temperatures).

Table 5-2 Mix proportioning and the applied post-fire self-healing scheme

Dosage Constituents' weights, kg/m? Post-exposure curing
Samples  Ms
Na;0% Binder Sand NaOH NaySiO; Water scheme
AAS-AC 1.0 4% 540 1485 19 75 191 Air
AAS-WC 1.0 4% 540 1485 19 75 191 Water
AAS-CC 1.0 4% 540 1485 19 75 191 Wet-dry cycles

At the age of 28 days, specimens were subjected to elevated temperatures 200, 400, 600, and
800 °C, separately. Following the study [89], Specimens were heated in an electrical heating
furnace up to the desired temperature at an increasing rate of 5-10 °C/min, according to the standard
ASTM ES831, until reaching the targeted temperature, which was maintained for 1h, followed by
naturally cooling down to ambient temperature inside the furnace.

To evaluate the variances in self-healing related to different post-fire curing schemes, fire

deteriorated specimens were divided into three groups: post-fire air-cured (AAS-AC), post-fire
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water-cured (AAS-WC), and wet-dry post-fire cured specimens (AAS-CC), as shown in Table 5-2.
For additional 28 days after being damaged under elevated temperatures exposure, AAS-AC
specimens were kept at uncontrolled ambient temperature (23 + 1 °C) in the lab, while AAS-WC
specimens were immersed in the conditioning scheme (i.e. water). This scheme was applied to
trigger the un-hydrated particles to react with the existing activator ions by improving the diffusion
into the matrix through inducing saturation condition. While wet-dry cycles were carried out by
immerse the AAS-CC specimens in water for 24h, then dried into an oven for the subsequent 24h,
at a temperature of 65 °C. This adopted cycle was repeated until the day of testing. Eventually, at
the age of 56 days, all groups’ specimens were examined under the following tests to reveal the
effect of applying different post-fire conditioning schemes on the extent of autogenous self-healing

of AAS.
5.3.3 Testing methods

Autogenously self-healed specimens were observed using a Motic 40x optical microscope, to
provide an initial assessment of its surface cracks closure [89]. Cube samples 50 x 50 x 50 mm
were cast to determine compressive strength of AAS mortars according to ASTM C109/109 M
standards. Moreover, dog-bone shaped briquettes with dimensions 75 mm in length, 25 mm in
thickness, and 625 mm? cross-section area at the mid-length were cast, to evaluate the direct tensile
strength according to AASHTO T132. Water penetration through the self-healed specimens of each
mixture was measured using The RILEM Test Method 1.4 (Measurement of Water Absorption
under Low Pressure) by calculating the water permeability coefficient, k (cm/s) according to Eq.

7.

axL h1
K=—In—
AXt h2

73



Where, a=cross-sectional area of the pipe (cm?); L=specimen thickness (cm); A=cross-sectional
area subjected to flow (cm?); t=time (s); hi=initial water head (cm); ho=water head (cm).

Water sorptivity test was performed according to the ASTM C1585 standard on triplicate
cylindrical specimens with a diameter of 100 mm and a thickness of 50 mm. This test aimed to
investigate the changes in AAS capillary pores, which control the ingress of water initiation into
the matrix [31]. The capillary absorption (/) and the sorptivity index (S;) were calculated and
considered to assess the rate at which water permeates. This provides insights into the distinct
influences of the applied post-fire curing schemes on the water ingress behavior into the self-healed
AAS mixtures. In order to further characterize and determine the content of various hydration
products in the tested mixtures, small chunks were ground and sieved on sieve No. 200 for
thermogravimetric analysis (TGA). Powder samples (approximately, 20 to 40 mg) were prepared
and submerged in acetone to stop the hydration reaction and remove free water, then heated up to
1000°C at a rate of 5 °C/min [68]. This helped exploring the variations of hydration products of
the self-healed AAS under the effect of different post-fire schemes. The X-ray diffraction (XRD)
was performed using a Bruker D8 advance diffractometer (CuKa radiation, 1.5406 A) with an
imaging plate detector to collect data in a range of 26= 10°-90°. Morphological and
microstructural compositions of the self-healed specimens were examined to determine the formed
self-healing products (e.g., hydration products, crystals, etc.) [70,71]. The obtained XRD patterns
were compared to understand any variations in crystallographic phases. The identification of new
crystal phases, alterations in existing phases, or the restoration of initial phases in the self-healed

samples could indicate the activation of the applied self-healing scheme within the AAS materials.
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5.4 Results and discussion
5.4.1 Visual inspection

Upon completion of self-healing conditioning phases (i.e. age of 56 days), the 600 °C fire-damaged
self-healed specimens were examined under an optical microscope. Specimen exposed to wet-dry
post-fire cycles, exhibited intensive white precipitations, expanded over the specimen surfaces, and
concentrated on the crack mouth openings (Fig. 5-1). The shown crack mapping displayed a
complete crack closure for cracks with initial widths up to approximately 250 um. During wet-dry
cycle, the implemented water immersion phase supported the ions diffusion into the matrix,
ensuring ions delivery from the matrix (high cations concentrations) to the cracks (lower cations
concentrations) [99]. Meanwhile, the subsequent dry phase led to more white precipitations due to
the enhanced chemical reaction of the highly diffused Ca®" calcium ions with atmospheric CO; to

furtherly promote the formation of white calcium carbonate crystals [100].
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Fig. 5-1. Crack mapping of the wet-dry self-healed specimens after 600 °C

Conversely, specimens which were subjected to ambient air post-fire scheme, remained unchanged
without any remarkable alteration of the crack widths [89]. However, the water post-fire cured

specimens exhibited a slightly improved crack closure, nevertheless, limited when compared to the
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AAS-CC. Fig. 5-2 illustrated the differences between AAS-WC and AAS-CC where separate self-
healing procedures were applied after an identical exposure temperature of 600 °C. For the shown
highlighted crack widths of 200 um, AAS-CC exhibited a complete closure, surpassing the AAS-
WC specimens which showed a limited closure. This observation advocated the implementation of

wet-dry cycles to improve the self-healing ability of fire-damaged AAS.
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Fig. 5-2. Differences in crack closures, (a) water post-fire curing scheme (b) wet-dry post-fire

curing scheme, after deteriorated under 600 °C

5.4.2 Compressive strength

The normal, water and wet-dry post-fire curing schemes were investigated under compressive
strength testing to figure out their different influences on the extent of autogenous self-healing and
the conjugated mechanical performances. Fig. 5-3 showed the compressive strength versus the
exposure temperatures. While the samples subjected to wet-dry post-fire scheme exhibited the
highest compressive strength at temperatures 200 °C to 800 °C, water curing showed also higher

performance than normal curing. For instance, at exposure temperature of 400 °C, wet-dry cured
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samples reached up to approximately 70 MPa compressive strength, whereas normal and water
cured samples had 54 and 57 MPa, respectively. Similarly, at temperatures 600 °C and 800 °C, wet-
dry specimens showed the highest values among the two other schemes 52 and 10 MPa,
respectively.

For normal and water cured samples, compressive strength results were reversely proportioned
with the exposure temperatures. Compressive strength values slightly declined when the exposure
temperature increased from 200 °C to 400 °C which can be attributed to the non-significant damage
exhibited into the matrix due to the bounded water leakage. This low damage hindered the water
curing scheme to penetrate deeper into the matrix to initiate the self-healing. At temperature 600
°C, although a steep declination was observed for both normal and water cured samples, however,
the effect of water conditioning scheme was more obvious and created higher mechanical
performance than that in the normal curing. This was ascribed to the more deteriorations induced
into the matrix due to the decomposition of the hydration products into the matrix. This
deterioration allowed more water penetration during self-healing conditioning, densifying the AAS
microstructures.

On the other hand, wet-dry specimens showed a significant increment in the compressive strength
when exposure temperature increased from 200 °C to 400 °C. While the wet cycles improved the
ions diffusion into the matrix, the dry cycles supported the acceleration the geopolymerization
reaction into the AAS matrix. This increased the intensity of the hydration products, developing
higher mechanical performance. At temperature 600 °C, although the generation of newly formed
hydration products was effectively continuing, however, the microstructural decomposition-based
damage overweighed the ability of autogenous self-healing to achieve the full recovery of the AAS

matrix. This notably reduced the compressive strength results at temperature 600 °C lower than
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400 °C.

The main reaction product of wet-dry cured AAS is Na-substituted C—S—H with low Ca/Si ratios,
which contribute to the higher strength. This can be attributed to the formation of a finer pore size
distribution, denser and compact structure of matrix, increase of hydrated parts of slag grains, and
stronger aggregate matrix interface due to the lower Ca/Si ratio of C—S—H. Also, the incorporation
of high silica modulus Ms into the original matrix affected this Ca/Si ratio as this ratio also
decreases with the increasing Ms values, contributing to the higher strength of the wet-dry post-
fire cured AAS mortars. This might be due to; the transformation of porous and poorly packed
structure to a denser and compact structure by increasing of Ms. Also, Ca/Si ratio of C—S-H
decreased with the higher values of Ms, and the porosity decreased with the increasing Ms values.

These alterations lead to formation of a more durable matrix [75].
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Fig. 5-3. Compressive strength of self-healed specimens (air, water, and wet-dry)

5.4.3 Tensile strength

The tensile strength results from the investigation into the autogenous self-healing of alkali-
activated slag under varying curing conditions; air curing, water curing, and wet-dry curing,
provide valuable insights into the material's performance and potential applications. Three distinct
sets of samples were tested as shown in Fig. 5-4, to evaluate how each curing method influences
the self-healing capabilities of the alkali-activated slag. Among the curing methods analyzed, the
wet-dry curing approach yielded the most promising results in terms of tensile strength.
Interestingly, the tensile strength values of the wet-dry cured specimens were lower than those of
the water-cured specimens. This observation suggests that while water curing typically promotes
the hydration process, the wet-dry curing regime encourages a unique mechanism of autogenous
healing that enhances the material's structural integrity.

The underlying reason for the superior performance of the wet-dry curing method lies in the
increased formation of denser hydration products (i.e. NCSH) within the matrix. The alternating
exposure to wet and dry conditions facilitates a more pronounced and efficient development of
these hydration products, leading to improved bonding and cohesion within the material. However,
it is essential to note that this denser formation may also contribute to increased brittleness in the
wet-dry cured samples. The brittleness can be attributed to the reduced porosity and the high degree
of hydration, which, while enhancing strength, can compromise the material's ability to
accommodate stress and deformation. This might explain the lower tensile strength of specimens

exposed to wet-dry self-healing than that subjected to water-curing.
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Fig. 5-4. Tensile strength of self-healed specimens (air, water, and wet-dry)

5.4.4 Permeability

Permeability coefficient was calculated for triplicate specimens of each group (i.e. AAS-AC, AAS-
WC, and AAS-CC) at different temperatures 200 °C to 800 °C. As shown in Fig. 5-5, specimens
subjected to wet-dry self-healing scheme exhibited the lowest water permeability at all studied
temperatures. At temperature 200 °C, the permeability coefficient of AAS-CC showed a reduction
of approximately 67% of its counterpart AAS-AC specimen. Under the effect of wet-dry cycles,
AAS-CC permeability was impeded by the newly formed self-healing products whether in the
shape of microstructural densification or calcite precipitations [89]. Moreover, this permeability
recovery was dependent to the damage inducing temperatures [35,101]. At temperature 600 °C,
AAS-CC permeability was enhanced by approximately 88% of its counterpart AAS-AC. When
deteriorating temperatures elevated from 200 °C to 600 °C, the pore connectivity into the matrix
was amplified because of the exacerbated crack propagations related to the gradually increased

dehydrations and microstructural decompositions [29]. This porous matrix promoted the diffusion
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through which the ions were able to undergo into a chemical reaction to form more self-healing
products [99]. Also, this wet-dry self-healed specimens revealed permeability performances better
than water self-healed specimens AAS-WC. Permeability coefficient of AAS-CC decreased by
approximately 5%, 13%, 18%, and 7%, lower than water post-fire cured specimens, at temperatures
200 °C, 400 °C, 600 °C, 800 °C, respectively. The inclusion of dry phase accelerated the
geopolymerization reaction, generating a denser hydration product of Na-substituted C—S—H with

low Ca/Si ratios, and finer pore size distribution [75].
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Fig. 5-5. Permeability coefficients of Air, Water, and Wet-dry self-healed specimens

5.4.5 Absorption and sorptivity

The capillary water absorption was measured on triplicate specimens of each self-healing
conditioning scheme (i.e. air, water, and wet-dry). At temperatures 200 °C to 800 °C, specimens
exposed to post-fire wet-dry cycles showed the lowest water absorption compared to the air-cured
and water-cured specimens. For example, as shown in Fig. 5-6, the capillary absorption of AAS-

CC decreased by 23%, 25%, 44%, and 27%, with respect to the corresponding AAS-AC specimens
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at temperatures 200 °C, 400 °C, 600 °C, and 800 °C, respectively. This can be attributed to the
cyclical nature of the wet-dry treatment, enhancing the self-healing process by promoting the
rehydration of unreacted particles into the matrix in addition to encouraging a further precipitating

of calcite crystals which block the capillary pores [95].
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Fig. 5-6. Water absorption (mm*/mm?) for Air, Water, and Wet-dry post-fire curing schemes

To better understand the evolution of capillary pores, water absorption rates (mm*/mm?) were
plotted versus time (Vsec) for 6 days. As shown in Fig. 5-7, a comparison was carried out between
specimens exposed to wet-dry cycles with identical specimens immersed in water. For exposure
temperatures 200 °C to 800 °C, a significant reduction was observed on the rate at which the water
ingresses into the AAS-CC matrix than AAS-WC. This can be ascribed to the more detected calcite
precipitations under the effect of the enhanced ions diffusion due to the implemented wet-dry

cycles [94].
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Fig. 5-7. Differences in capillary water absorption rates between (a) Water self-healed specimens

(b) Wet-dry self-healed specimens
5.4.6 XRD

XRD analysis was carried out on three separate sets of samples: AAS-AC, AAS-WC, and AAS-
CC, as shown in Fig. 5-8. Self-healed specimens deteriorated under a temperature of 600 °C were
specifically selected for the XRD testing, as they exhibited a complicit recovery as confirmed from
compressive strength, tensile strength, permeability, and absorption tests. Consequently, post-fire
curing under wet-dry cycles demonstrated multiple diffraction patterns reflecting either new crystal
formation or alteration in existing phases. For instance, the main peak around 30° 20 was attributed
to calcium carbonate species CaCOs, extensively generated into the AAS-CC matrix because of its
enhanced carbonation processes [65]. Highly diffracted intensity of wet-dry specimens confirmed
its expanded crystallinity of CaCO3; where induced cyclic nature was frequently promoting the
matrix diffusion and precipitating more calcite crystals [60]. Furthermore, a new diffracted peak

around 27° 20 was also revealed. This crystalline pattern matched with a hydration product of N-
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C-S-H (Na2O-Ca0-Si02-H20). The initiation of this denser self-healing product with its lower
Ca/Si ratios and finer particle size distribution was responsible for the enhanced mechanical and

durability recovery of AAS-CC specimens [21].
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Fig. 5-8. XRD analysis for the fire-damaged 600 °C specimens, Air, Water, and Wet-dry schemes

5.4.7 Thermogravimetric analysis TGA

Thermogravimetric analysis (TGA) was performed to provide a quantitative characterization of
AAS compositions upon exposure to different post-fire self-healing conditions (i.e. air, water, and
wet-dry). According to the obtained results from XRD, identical powders were prepared to be
analyzed under TGA. As shown in Fig. 5-9, TGA curves were plotted for the AAS-AC, AAS-WC,
and AAS-CC, where the presence of C-A-S-H and hydrotalcite for all tested samples was

confirmed at distinct percentages, in consistence with previous studies [76,77]. In general, the
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weight loss in the range from 40°C to 100°C is ascribed mainly to the evaporable water, hence all
measurements started from 100°C. Thereafter, up to 215°C, the weight loss is mostly due to the
loss of bound water in C-A-S-H, and from 215°C to 400°C, is the result for the release of bound
water from hydrotalcite [76]. While calcite decompositions were observed at temperatures 650 °C.
However, at temperature 900 °C, microstructural decomposition of hydration product N-C-S-H
was exhibited. As a result, wet-dry schemes showed an approximately 27% increasing in the calcite
formation higher than other approaches (i.e. air and water). This can be attributed to the enhanced
carbonation upon exposure to cyclic saturated and dehydrated phases [95]. Furthermore,
identification of the new generated hydration product N-C-S-H was reflected by 18% weight loss
of AAS-CC specimens. That was ascribed to the implementation of the curing temperature of 65

°C during the dry phase [21].
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Fig. 5-9. TGA of the 600 °C fire-damaged specimens; AAS-AC, AAS-WC, and AAS-CC

5.5 Discussion

Fig. 5-10 presents a schematic diagram for self-healing mechanisms revealed upon exposure to the
studied post-fire wet-dry cycles. When fire-damaged AAS-CC specimens were initially subjected
to the wet phase where the provided saturation condition promoted the diffusion, cations delivery
was furtherly extended from high concentrated matrix to the lower concentrated cracks [60,65,99].
Additionally, a prolonged hydration of un-hydrated slag particles was triggered contributing to a
microstructural densification through the reformation of main hydration product C-A-S-H [32].
During the subsequent dry phase where specimens were kept into an oven at temperature 65 °C,
precipitations of calcium carbonate CaCOs3 crystals were expanded due to direct exposure to
atmospheric carbon dioxide CO; [102]. Moreover, owing to heat implementation, a denser
hydration product Na-substituted C-S-H with low Ca/Si ratios, and finer pore distributions, Na,O-
Ca0-Si02-H>0 (NCSH) was produced [75]. Therefore, the frequent wet-dry cycles had effectively
induced multiple self-healing products, leading to a significant improvement either in mechanical

properties or durability.
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Fig. 5-10. Self-healing mechanism under the wet-dry cycles

5.6 Conclusion

The implementation of wet-dry cycles, as a post-fire self-healing approach of AAS, was

investigated and compared with the air-cured and water-immersion-cured schemes. A

comprehensive experimental program was carried out, where the following conclusion was drawn.

1- A significant enhancement in self-healing ability of alkali-activated slag materials

subjected to post-fire wet-dry curing scheme compared to air and water cured alternatives.

2- Calcite precipitations CaCO3 was revealed as the predominant self-healing product for wet-

dry self-healed specimens because of the enhanced carbonation due to its saturated-

dehydrated nature.



3-

A newly formed hydration product was observed into specimens exposed to wet-dry cycles
due to the implementation of the dry phase which supported the initiation of the Na-
substituted C-S-H

The obtained results advocate the implementation of AAS as a high resilient construction
material that has the ability to be furtherly self-healed using different external self-healing
schemes (i.e. wet-dry).

The environmental conditions reflected in the utilized wet-dry cycles in this study might be

more effective than the theoretical and laboratory water immersion conditions.
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Chapter 6 : Microstructures and Healing Mechanism

6.1 Abstract

The self-healing property of construction materials, particularly in the context of alkali-activated
materials (AAMs) that offering reduced CO> emissions and enhanced durability, represents a
groundbreaking advancement in civil engineering and construction technology. This study explores
the autogenous self-healing potential of alkali-activated slag (AAS) specifically following
exposure to elevated temperatures up to 800 °C, a condition that poses significant challenges to the
structural integrity and longevity of construction materials. Addressing these challenges, this
research examines two post-fire curing methods: exposure to ambient air and immersion in sodium
hydroxide (NaOH), to assess their effectiveness in promoting self-healing in AAS. Through a
combination of visual inspection, ultrasonic pulse velocity, water sorptivity, rapid chloride
permeability tests, scanning electron microscopy-energy dispersive X-ray, and X-ray diffraction,
the mechanisms behind AAS's self-healing capabilities were dymistified. The selection of these
methods is grounded in their ability to provide a comprehensive evaluation of crack healing,
microstructural changes, and the durability of the treated materials. Our findings reveal that NaOH
immersion significantly enhances self-healing, evidenced by reduced crack widths and improved
material properties. The dominant healing product, calcium carbonate (CaCO3), precipitates
through a combination of hydration reactions and carbonation processes, crucially contributing to
the closure of microcracks and the restoration of the material's integrity. This process underscores
the critical role of chemical reactions in AAS's self-healing mechanism, offering insights into its
potential for enhancing the durability and resilience of construction materials. The broader

significance of this research lies in its contribution to advancing sustainable construction practices
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by leveraging the self-healing properties of AAS to mitigate fire damage, thus extending the

lifespan of concrete structures, and reducing maintenance costs.
6.2 Introduction

In the pursuit of more sustainable construction practices, alkali-activated materials (AAMs) have
emerged as a pivotal innovation. Distinct from ordinary Portland cement (OPC), AAMs are
produced through the chemical activation of aluminosilicate precursors, such as blast furnace slag
and fly ash, using alkaline solutions [17,103—107]. This process not only utilizes industrial by-
products, thereby reducing landfill waste, but also significantly lowers CO> emissions associated
with cement production [4,8,81,108,109]. The manufacturing of OPC is known to be energy-
intensive, contributing to ~8% of global CO; emissions due to the calcination of limestone and the
combustion of fossil fuels [110,111]. In contrast, the production of AAMs largely circumvents
these energy-consuming processes, offering a greener alternative that aligns with the global agenda
for carbon footprint reduction in the construction industry [112—114].

The chemical activation of aluminosilicate-rich materials in the production of AAMs leads to the
formation of a three-dimensional network structure that significantly influences the material's
mechanical and durability properties. The nature of the precursor materials plays a critical role in
determining the composition and characteristics of this network [5]. Specifically, calcium-free and
low-calcium precursors, such as fly ash, primarily result in the formation of zeolite-like gel (e.g.,
analcite (N-A-S-H), sodalite) [6]. These gels contribute to the material's mechanical strength and
environmental resistance, although their performance can be sensitive to the specific conditions of
the alkaline activation process. Conversely, calcium-rich precursors, such as blast furnace slag,

lead to the predominance of calcium aluminum silicate hydrates (C-A-S-H) gel with a low Ca/Si
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ratio [6,115]. Developing such high strength C-A-S-H endowed alkali-activated slag (AAS) with
comparable mechanical and durability performances to OPC [18]. The presence of calcium in the
precursor material facilitates the formation of this gel, which acts as the primary binding phase,
contributing to the material's structural integrity and resistance to chemical attack. Several studies
highlighted AAS's intrinsic resistance to physio-chemical deteriorations such as sulfate attacks and
freeze-thaw cycles, among other severe exposure conditions [6,116,117].

Despite the high performance, AAS suffers from severe cracking and microstructural
decomposition upon exposure to elevated temperatures [29]. Such damage reduces AAS load-
carrying capacity and opens its microstructure for aggressive substance ingress and attack [118].
Thus, more comprehensive studies were conducted to understand AAS's chemical and
morphological alterations upon exposure to elevated temperatures. Rovnanik et al. [29] studied the
microstructural changes of AAS pastes after exposure to up to 1200 °C for 1h. From 20 °C to
575 °C, dehydration and partial decomposition of C-A-S-H were observed, reducing compressive
strength. Between 600 and 800 °C, a complete decomposition of AAS microstructures was reported
[119,120]. Above 800 °C, new phases start to crystallize (i.e., Akermanite), enhancing the
mechanical properties [29]. This understanding of AAS's vulnerabilities at high temperatures
underscores the need for innovative solutions to enhance the durability and longevity of concrete
structures, paving the way for the exploration of self-healing technologies.

Generally, there are two types of self-healing: autonomous self-healing and autogenous self-
healing. For the first one, unconventional engineered materials are embedded into the mixture
during casting to plug cracks [30,121]. Hollow fibres, encapsulation, coatings, shape-memory
materials, and bacteria are all different autonomic self-healing approaches used to enhance

concrete's mechanical properties and durability [122-126]. For autogenous self-healing,
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continuous hydration of the non-hydrated particles forms hydration products that heal cracks
without manual interference [30,40] . Hence, autogenous self-healing is an inherent feature of
cement-based binders, promoting damage recovery of concrete infrastructure [127]. For instance,
the carbonation of surface-cracked concrete elements was reported to heal such cracks
autogenously, partially and completely, by producing calcium carbonate CaCO3 precipitations
[128].

Edvardson et al. [129] investigated the process in details. They revealed that this calcite
precipitation would have the appropriate conditions to be formed once the water access to the
cracks where the calcium ions are available into the crack vicinity. These calcium ions would
undergo into the chemical reactions and the calcite crystals would grow on the surface of the crack
under the so-called “surface-controlled crystal growth”. Then, under the consumption of calcium
ions on the wall of the cracks, more calcium ions have to travel by means of diffusion from the
inner matrix to the crack i.e., less rich as a source of Ca2+, under the so-called “diffusion-controlled
crystal growth. Moreover, continuous hydration with time developes more hydration products
which have a strength like that of the primary calcium silicate hydrate (C-S-H) gels and clearly
superior to that of calcite precipitation products. This microstructure densification was clearly
observed in the internal bulk cement past and on the crack face. Thus, it was emphasized that it
highly contributes to the mechanical strength recovery [130]. The same was reported for the AAS
composite [61,63]. Similar to OPC, further hydration, densifying AAS microstructures, and
crystallization of CaCOs will have a healing effect. For example, Nguyén et al. [33] investigated
the morphology of self-healed AAS specimens. Results showed structural restoration through crack
closure and mechanical recovery and identified CaCO3, C-(N)-A-S-H, and Na,COs3 as the dominant

self-healing products.
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On the other hand, several studies showed that post-fire curing effectively boosts cement-based
composite strength after exposure to elevated temperatures [131,132]. Previous work by Sarshar
and Khoury [133] reported that the concrete exposed to 500 °C could recover 25 % of its post-fire
compressive strength after curing at 100% relative humidity. Also, 72 h post-fire water curing for
concrete specimens exposed to 400 °C, 500 °C, and 600 °C induced an increase in the residual
strength with 20%, 35%, and 40% with respect to non-post-fire cured specimens, respectively
[134]. Moreover, Poon et al. [93] revealed up to 85% and 93% recovery in the original strength for
normal and high-strength concrete specimens exposed to 600 °C upon 28 days post-fire water
curing, respectively. Furthermore, post-fire air curing was also identified as an effective recovery
approach due to its high carbonation potential [135—137]. However, post-fire water-curing resulted
in higher mechanical recovery and denser pores than post-fire air-curing for OPC concrete
specimens [138]. This highlights cement-based material self-healing capability under post-fire
curing by generating new healing products in the form of hydration components (e.g., C-S-H) and

precipitations (e.g., calcite) to close cracks and overcome internal defects [139—-141].

6.3 Research Significance

Previous research revealed that post-fire curing would improve the potential of autogenous self-
healing in cementitious materials enhancing the crack closure and restoring the structural integrity
after fire exposure. However, the effect of post-fire curing on AAS after exposure to elevated
temperature is still not well addressed in the literature. Hence, this study will focus on providing a
fundamental understanding of AAS self-healing performance, including microstructural
investigation, to bridge the existing knowledge gap. Moreover, this research is advocating the high

resilience of AAS under harsh conditions.
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6.4 Materials and methods
6.4.1 Materials

A ground granulated blast furnace slag (GGBFS) with a specific gravity of 2.92 g/cm?, a Blaine
fineness of 515 m?/kg, and an average particle size of 15 um was used as the main precursor to
produce the AAS paste and concrete specimens. The GGBFS was sourced from Lafarge, located
in Canada. This material conforms to the ASTM C989 [97] ensuring its quality and consistency for
the intended applications in this study. Its chemical composition is shown in Table 6-1. A mix of
sodium hydroxide (NaOH) solution and sodium silicate (Na>Si0O3) solution was used as the alkali
activator. Sodium hydroxide pellets with 99.9% purity were dissolved in water, and then the
solution was left for 24-h at room temperature to cool down. For this, a commercial sodium silicate
solution (28.8% of SiO2, 9.01% of Na»O, 62.2% of H>O) was mixed with NaOH solution to
produce the desired activator with silicate modulus (Ms = Si02/NaO) of 1.25, and Na>O of 6 wt.%
of the binder. Riverside sand with a fineness modulus of 2.70, a specific gravity of 2.61, and water
absorption of 2.73% was used as fine aggregates (FA), meeting the ASTM C778 for standard sand
[98]. It was provided by a local producer, ensuring the material's uniformity and suitability for use
in concrete mixtures. The used coarse aggregate (CA) was crushed stone with 2.70 specific gravity,
1.3% water absorption, and a nominal maximum size of 9.5 mm, in accordance with the ASTM
D692 for coarse aggregate in concrete [142].

Table 6-1 Chemical composition of the used GGBFS

Constituents | SiO2 | AlLOs3 CaO MgO | KoO | NaO | FexO3 | SOs

Percentage % | 36.1 10.4 37.1 13.3 040 | 042 | 0.67 | 1.61
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6.4.2 Experimental Design

Fig. 6-1 presents a flow chart illustrating the entire experimental program followed in this study.

Experimental Design

Specimens were
prepared & cured until

| 28-d of age
L J
- ™
Elevated temperature
exposure from 200 °C Visual inspection UpPv RCPT
_ to 800 °C
~ | - | mm? of water 5 o
| . I N mm? of area
s ™ i
Air curing (28-d) Sodium curing (28-d)
Ambient temperature Total immersion in
curing L NaCH
g ) Sortivity X-Ray Diffraction SEM-EDX

Fig. 6-1 Flow chart for the experimental program

6.4.3 Mixture proportioning

Based on a previous study from our laboratory [117], a concrete mixture with a binder content of
400 kg/m?, a water-to-binder (w/b) ratio of 0.44 (including water from the activator), and a FA-to-
CA ratio of 1:1.75 was adopted (Table 6-2). Concrete mixtures were prepared and cast according
to the ASTM C192 standard [143]. Following the mixing sequence reported by Abubakr and
Soliman [144], dry aggregate and the binder were initially mixed for 1 min; then, the activator
solution was added and mixed for 3 additional minutes. Cylindrical concrete specimens with a
diameter of 100 mm and a height of 200 mm were cast and compacted on a vibrating table. After

24-h, all specimens were demolded and stored in sealed bags at the laboratory ambient
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temperature 23 +1 °C until the day of testing. For microstructure and mineralogical analyses, paste

samples were prepared under identical conditions to those in concrete specimens (i.e., curing,

temperatures exposure, healing scheme).

Table 6-2 Mix proportioning of the studied AAS concrete

Dosage Constituents' weights, kg/m? Post-exposure
Samples | Ms . .

NaxO0% | Binder | FA CA | NaOH |Na;SiOs3 | Water | curing scheme
NC-AAS | 1.25 6% 400 656 | 1148 19 104 111 NaOH
AC-AAS | 1.25 6% 400 656 | 1148 19 104 111 Air

“The weight of water in the mix design includes the water into the activator solution.

6.4.4 Elevated Temperature Exposure

At 28 days of age, specimens were subjected to various elevated temperatures starting from 200 °C
up to 800 °C. The selected temperature range was selected as they can represent the dehydration
and major microstructural alterations. For instance, from 200°C to 600°C, dehydration and partial
microstructural decomposition were exhibited, however, from 600°C to 800°C, a complete
decomposition for the AAS hydration products was accomplished. There was no need to go beyond
the 800 °C as there is a huge failure in the mechanical properties [29]. An electrical heating furnace
was used, where the specimens were heated up at an increasing rate of 5—10 °C/min, according to
the standard ASTM E831 [145], until reaching the targeted temperature, which was maintained for
1h, followed by naturally cooling down at ambient temperature inside the furnace [146]. To ensure
that the specimen core reached the targeted temperature, the temperature at the center of a dummy
specimen was monitored using a thermocouple type K. Specimen’s temperature, along with the

oven temperature, was continuously monitored and recorded using a data acquisition system.
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6.4.5 Self-healing Study

After the elevated temperature exposure, specimens were divided into two groups depending on
the following curing regime: air-cured samples (AC-AAS) and NaOH-cured specimens (NC-
AAS). The latter were immersed in the conditioning solution (i.e., 2M NaOH) for 28 days. At the
same time, AC-AAS specimens were kept at uncontrolled ambient temperature in the laboratory.
NC-AAS scheme was applied to trigger the un-hydrated particles to react with the activator solution
(dissolution + polycondensation). Moreover, improving the diffusion into the matrix could be
supported under the applied saturation condition. It should be mentioned that the 2M NaOH
conditioning solution was used to reduce alkali leaching from the specimens as its concentration
was lower than the original existing. Thus, continued reaction from the remaining original
activating solution was encouraged to enable the self-healing [35]. After 28-d of curing (56-d of

age), both groups’ specimens were tested to quantify the effect of the applied post-fire curing
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schemes on the potential of autogenous self-healing. In order to quantify the autogenous self-
healing, the damage was initially assessed relative to the reference specimens (i.e., not exposed to
fire) to reveal the residual properties of AAS specimens after elevated temperature deteriorations
using Eq. 8 [147]. Subsequently, following the implementation of post-fire self-healing schemes,
the self-healing was evaluated based on the differences between the damages before and after the
post-fire curing [148], as shown in Eq. 9. Furthermore, the recovery of the post-fire cured
specimens was determined by comparing them to the reference specimens as described in Eq. 10
[93]. Error! Reference source not found. illustrates the self-healing quantification process f
ollowed. The quantification methodology will rely on ultrasonic pulse velocity (UPV), sorptivity,
and the rapid chloride permeability (RCPT) [31,149,150], to investigate whether the applied
scheme would have the potential to produce self-healing products, densifying the AAS

microstructures as well as promoting the crack closure.

After elevated temperature exposure —Reference

Damage % = x 100 (8)

Reference

After self healing — After elevated temperatures exposure

Self — healing % = x 100 (9)

Reference

After self healing — Reference

Recovery % = X 100 (10)

Reference
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Fig. 6-3 Schematic diagram for the self-healing quantification process

6.4.6 Testing Methods

To comprehensively evaluate the self-healing capabilities of AAS subjected to post-fire curing, a
combination of methods was employed, each selected for its proven effectiveness in assessing
specific aspects of material recovery and integrity restoration. Visual inspection offers a direct,
initial assessment of surface crack sealing and closure, serving as a qualitative indicator of self-
healing. It provides immediate, visible evidence of the healing process, which is essential for
preliminary evaluation. Self-healing was monitored by examining the differences between the
openings of the surface cracks for NC-AAS and AC-AAS specimens using a Motic 40x optical
microscope [151]. The UPV testing was chosen for its ability to quantitatively measure changes in
the material's density and homogeneity, which are indicative of internal crack healing. It enables
the detection of variations in the velocity of ultrasonic pulses, reflecting improvements in the
microstructural integrity due to self-healing. It was tested following the ASTM C597 [152]
standard to determine variations in the density of microstructures and detect the alteration of
internal defects (i.e., microcracks) before and after self-healing [149]. As the exposure temperature

increases, dehydration and microstructural decomposition were progressively exacerbated [29].
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Thus, crack propagations could subsequently heighten, decreasing the UPV velocities. However,
after self-healing, the higher intensity of microstructures, due to further hydration and crystal
formation, would have increased the UPV values [149,153]. Water sorptivity assesses the material's
capacity to absorb water through capillary action, which decreases as self-healing products seal
cracks and pores. A reduction in water sorptivity is a key indicator of effective self-healing,
particularly in terms of enhanced durability against moisture ingress [31]. The test was performed
according to the ASTM C1585 standard [154] on triplicate cylindrical specimens with a diameter
of 100 mm and a thickness of 50 mm. The capillary absorption (/) and the sorptivity index (S7)
were calculated and considered to assess the rate at which water permeates. Given the significance
of chloride ion resistance for the longevity of concrete structures, especially in aggressive
environments, RCPT was employed according to the ASTM C1202 standard [155] to evaluate the
impact of self-healing on improving the material's resistance to chloride ion penetration. It should
be mentioned that there is a debate on the feasibility of RCPT results for AAS as the measured
values are usually higher than the normal values due to the high level of ions, such as Na* and OH
, in the matrix due to the high alkalinity solutions [156—158]. Nevertheless, other researchers
validated the potential of utilizing the RCPT with AAS for comparative analysis purposes [159].
A scanning electron microscope and energy dispersive x-ray tests (SEM-EDX) were performed for
the microstructure analyses using Phenom ProX Scanning Electron Microscope with EDX
capability. The X-ray diffraction (XRD) was performed using a Bruker D8 advance diffractometer
(CuKa radiation, 1.5406 A) with an im aging plate detector to collect data in a range of 10°~70° 20.
Morphological and microstructural compositions of post-fire cured AAS specimens were examined
to determine the formed healing products (e.g., hydration products, crystals, etc.) [69,70]. The XRD

test was conducted to evaluate the self-healing potential by analyzing AAS specimens' crystalline
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structure and phase composition [160].
6.5 Results and discussion
6.5.1 Visual inspection

Surface cracks were examined for both NC-AAS and AC-AAS specimens using the optical
microscope. High white precipitations filling the crack surface of the NC-AAS specimens were
observed, as illustrated in Fig. 6-4. These CaCOjs crystals in the form of calcite precipitations were
intensively formed close to the cracks’ openings. This can be ascribed to the absorption of
atmospheric CO; into the NaOH aqueous solution [161], where Na“ and OH™ are almost entirely
ionized in pure water because NaOH is very strongly alkaline. Subsequently, CO> reacts with
OH™ generating HCO3 and CO%~, as shown in Eq. 11 and Eq. 12 [162]. This CO3~ will react with
the calcium ions Ca** present in the AAS matrix, forming CaCOj3 [74]. On the contrary, for the

AC-AAS specimens, no precipitations or healing products were detected in the cracks.

€0,(aq) + OH™ (aq) = HCO3 (aq) (11)

HCO3(aq) + OH (aq) = H,0 + CO5™ (aq) (12)
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White
precipitations

Fig. 6-4 Cracks observations for a) NC-AAS sample b) AC-AAS sample after 600 °C

Furthermore, AAS crack’s closure was revealed to be related to its initial width. Cracks with widths
lower than 50 um were completely closed by the calcite precipitations. Surface crack widths
ranging from 50 pm to 150 um were partially closed. Moreover, crack widths greater than 150 um
showed the lowest healing ability, as shown in Fig. 6-5. Those observations are in agreement with
the previous values reported in the literature [31,32]. It was emphasized that the lower the crack
width, the more sufficient the formed self-healing products. For instance, when the initial crack
width is 50 um, the diffused ions which later undergo into the chemical reaction to form the calcite
precipitations would be enough to close the cracks. However, the intensity of self-healing products

would not be enough to close the higher crack widths.

102



Fig. 6-5 Cracks observations for a) cracks less than 50 um, b) cracks in range of 50—150 pum, c)

cracks more than 150 pm

6.5.2 Quantification of self-healing using the UPV method

The percentages of damage, self-healing, and recovery at temperatures (200— 800 °C) were
evaluated using UPV as described previously (i.e., Eqs. 1-3). As shown in Fig. 6-6, damage and
self-healing percentages exhibited relatively increasing trends as the exposure temperature
increased. For instance, as the exposure temperatures increased from 200 °C to 600 °C, the
percentage of damage increased from 0% to 54.7%. This can be attributed to the dehydration and
partial decomposition of AAS microstructures [29], which escalate the crack propagation and
decrease UPV velocities[149]. Similarly, self-healing percentage increased from 3.7% at 200 °C to
38.4% at 600 °C. This can be ascribed to amplification of permeability and pores interconnectivity
with the severity of damage [99]. This significantly eases the penetration of the NaOH aqueous
solution into the matrix. Thus, more un-hydrated slag particles would be reachable, leading to more
microstructural densification and the formation of more hydration products [163]. Moreover, ion
diffusion into the permeable matrix will be easier, encouraging more free cations to go from the
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high concentrations’ matrix to the lower concentrations’ cracks [41,42,158]. Accordingly, more
crystals and healing products would be formed, filling up the cracks (e.g., CaCO3) [164]. Those
synergetic mechanisms significantly improve UPV velocities due to the densification of the
microstructure [153]. These results agree with previous findings pointing to permeability and

interconnected pores as key factors in controlling the extent of autogenous self-healing [99,164].
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Fig. 6-6 Comparative analysis between percentage of damage and self-healing percentage at

different exposure temperatures.

Conversely, for specimens exposed to 800 °C, the complete decomposition of microstructures
resulted in wider cracks [29], diminishing the self-healing effect and achieving a percentage of
damage above 80%, as shown in Fig. 6-6. Moreover, at the exposure temperature of 800°C,
amorphous phases start to crystalize where Akermanite was revealed as the dominant crystal phase.

Thus, the extremely low intensity of the amorphous phases after exposure to 800°C significantly
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affects the extent of self-healing [29]. Although the percentage of self-healing increased with the
severer percentage of damage (up to 600 °C), the AAS full recovery is reversely proportional with
this increased damage percentage (Fig. 6-6). This is attributed to the reduction in self-healing
effectiveness as a recovering technique as the percentage of damage increased. In other words, the
increasing rate of damage is much higher than the ability of self-healing to restore the integrity and

bridge the cracks within 28-d of treatment. This result complies with previous research [35].
6.5.3 Water Sorptivity

Fig. 6-7 shows the results of capillary water absorption of NC-AAS and AC-AAS specimens at
different exposure temperatures from 200 °C to 800 °C. The capillary absorption rates (mm*/mm?)
were plotted versus time (Vsec) for 6 days. NC-AAS specimens exhibited a very low capillary
water absorption compared to the AC-AAS specimens. For instance, the capillary water absorption
was 2.99 mm*/mm? and 1.59 mm?/mm? at exposure temperature 200 °C, and 8.77 mm*/mm? and
6.86 mm*/mm? at exposure temperature 800 °C for AC-ASS and NC-ASS, respectively. This can
be attributed to the microstructural densification as well as the formation of self-healing crystals in
the NC-AAS compared to AC-AAS, highlighting the activation effect of the 2M NaOH
conditioning solution. Therefore, the formed self-healing products impeded the water ingression
into the matrix due to reduced cracks’ widths [31].

Furthermore, the water sorptivity index for both NC-AAS and AC-AAS specimens were depicted
in accordance with the exposure temperatures from 200 °C to 800 °C. Water sorptivity index can
be estimated using the initial absorption (for the first 6 hrs.). However, as shown in Fig. 6-8, owing
to the rapid initial absorption rate of the AC-AAS specimens induced due to the high intensity of

cracks, the sorptivity index was evaluated for the first 1-h [165], for both group specimens. Also,
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the high instant absorption of the NC-AAS and AC-AAS specimens exposed to 800 °C exposure

made it difficult to evaluate their sorptivity index. As shown in Fig. 6-8, distinct reductions in water

sorptivity index were revealed in NC-AAS specimens rather than AC-AAS specimens. For

example, the water sorptivity index decreased from 1.58x10 and 9.88x102 mm/sec in the AC-

AAS to 0.44x102 and 3.70x10"2 mm/sec in the NC-AAS for exposure temperature 200 °C and

700 °C, respectively. Moreover, sorptivity index reductions for exposure temperatures 300 °C,

400 °C, 500 °C, and 600 °C, were listed as shown in Table 6-3. The microstructural densification

and surface crystals which were intensively observed in the NC-AAS specimens would impede the

capillary water absorption and subsequently reduce the water sorptivity. These results were in

accordance with the research [31].
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Fig. 6-8 Water sorptivity (mm/Vsec) after elevated temperature exposure for (a) AC-AAS

specimens (b) NC-AAS specimens.

Table 6-3 Sorptivity coefficient

Exposure temperatures 200°C 300°C 400°C 500°C 600°C 700°C
Sorptivity Before 1.58 3.47 6.45 8.63 9.45 9.88
coefficient(mm/Vsec)x10 | After 0.44 0.88 0.94 2.78 3.29 3.70

Relying on the water absorption results, the correlation between the percentage of self-healing (Eq.
2) and the exposure temperatures was identified as illustrated in Fig. 6-9. As exposure temperatures
increased from 200 °C to 600 °C, the percentage of self-healing subsequently increased.
Surprisingly, their recovery percentages exceeded the initial damage percentages, exhibiting lower
absorption than the reference specimens (i.e., not exposed to fire). This can be attributed to the

severe damage induced into the matrix due to the increased exposure temperatures. This damage
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facilitated the diffusion of more Ca*" to the surface of these fire-damaged specimens. This
consequently improved the formation of more calcite precipitations (i.e., CaCO3), limiting the
surface capillary pores due to the robust surface sealing effects [31]. Although the results of
capillary water absorption and water sorptivity index showed that the self-healing percentage is
directly proportional to the increased exposure temperatures; however, the total recovery (Eq. 3)
has a reversely proportional correlation with the exposure temperatures (similar to UPV results)
(Fig. 6-9). This highlighted the competition between two compensating mechanisms: recovery due

to self-healing and weakening due to damage induced by the elevated temperatures.
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Fig. 6-9 Percentage of self-healing versus the remaining percentage to achieve the full recovery.

Interestingly, the self-healing percentage obtained from the water absorption test was higher than
that from the UPV test. Fig. 6-10 illustrates the anticipated reasons advocating the mechanism of

autogenous self-healing. Specimens submerged into the conditioning solution experienced a dual
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effect: calcium ions would diffuse from the matrix to the crack, forming calcite precipitations and
further hydration of the unreacted slag. However, as the carbonization reaction is faster than the
hydration reaction [166], calcite precipitation will impede the penetrability of the solution into the
matrix [31]. Also, Ismail et al. [41,42] studied the effect of the formed self-healing products on the
matrix diffusion, where they revealed that diffusion start to occur at a slower rate due to the formed
self-healing products when the crack widths were 80-100 um. Moreover, no diffusion was
exhibited when the crack width was less than 30 um. This impeded diffusion will affect the delivery
of cations to initiate the further hydration reaction. Thus, calcite precipitation was the dominant
self-healing product rather than the microstructures.

The CaCOs tends to become concentrated at the crack mouths to obstruct the diffusion of ions into
the deeper regions of the cracks. This is one of the primary factors causing the lack of a dense
matrix and reducing the mechanical recovery. The chemical reaction between calcium ions Ca**
(leakage from C-A-S-H) and carbonate ions CO3*, produced CaCOs in the form of calcite that

precipitates at the crack mouth [31].
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Fig. 6-10 Autogenous self-healing mechanism for AAS

6.5.4 RCPT Analyzes

As shown in Fig. 6-11, the total charge passed into NC-AAS and AC-AAS specimens has notably
increased (i.e., chloride ions penetration resistance has declined) when the exposure temperatures
increased from 200 °C to 600 °C. This can be attributed to the high connectivity of the pore
structure, owing to the higher intensity of cracks induced by the exposure to elevated temperatures
[167]. The higher the connected pores, the higher the chloride ion migration [168—171]. This
observed increase in chloride ion migration, associated with higher exposure temperatures, might
compromise the long-term durability of AAS by accelerating corrosion processes and potentially
affecting structural integrity [172]. It should be mentioned that specimens exposed to 700 °C and
800 °C have exceeded the limits of the RCPT device. The post-fire treatment for AAS samples by

2M NaOH resulted in more hydration formation, filling pores and healing cracks. This explains the
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low RCPT results exhibited by the NC-AAS compared to AC-AAS. For instance, the total charges
passed in the NC-AAS specimens were 15% and 28% lower than that of the AC-AAS specimens
for exposure temperatures 200 °C and 600 °C, respectively. This revealed the NC-AAS high
resistance to the chloride ions penetration due to the less penetrability of its pores’ structure and
densification of its microstructural as well as crystallization of self-healing products. This would
promote the concept that applying the 2M NaOH conditioning solution for the AAS after elevated

temperatures exposure will improve the self-healing potential.

12000 + BNaOH

OAir
(%]
2
£
o
3 8000 +
b E5
5 -
S ;
)
©
Q.
[
© 4000 +
©
=
O

0 -4% ; .
200 300 400

Temperatures, °C

Fig. 6-11 The total charge passed for NC-AAS and AC-AAS specimens at different exposure

temperatures (200 °C-600 °C).

One interesting point is that the healing effect of post-fire treatment varied according to the exposed
temperature. As indicated in Eq. 1, the percentage of damage was estimated using the variances in

RCPT values of the AAS specimens (before/after) exposure to elevated temperatures. Similarly,
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the percentage of self-healing was assessed using the difference in RCPT values (before/after) post-
fire curing, as shown in Eq. 2. As more chloride ions migrated into the specimens upon the increase
of the exposure temperature, the percentage of damage increased. Whereas the increasing self-
healing percentages due to the higher impedance of chloride ions migration prevailed at
temperatures 200 °C to 600 °C. For example, NC-AAS specimens exhibited a self-healing
percentage of 18% and 146% at temperatures 200 °C and 600 °C, respectively (Fig. 6-12). This can
be attributed to the exacerbated crack propagation which was more intensively generated when the
exposure temperature increased from 200°C to 600°C, due to the gradually increased dehydration
and microstructural decomposition [29]. It was emphasized that pore connectivity is a key factor
that control the extent of self-healing. Thus, the more the existing damage, the more pores
connectivity, the more the potential of ions diffusion. These ions can undergo into the chemical
reaction to form more self-healing products [99].

This indicated that the self-healing percentage was directly proportional to the exposure
temperatures. Moreover, self-healing results based on RCPT values followed the same trend as
UPYV and sorptivity tests. However, due to the aforementioned RCPT limitation, its self-healing

percentage was notably higher than that in UPV and sorptivity tests.
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Fig. 6-12 Percentage of damage and self-healing according to RCPT.

6.5.5 SEM-EDX

The 400 °C and 600 °C NC-AAS specimens were selected for microstructural analyses (SEM-
EDX), as they showed high intensity of surface self-healing products according to the conducted
optical microscope analysis. Fig. 6-13 depicts a typical image of self-healing products formed
within surface cracks. The self-healing product had crystals of various shapes such as trigonal,
cubical, and rectangular. The EDX analysis indicated that the healing product was primarily
composed of calcium, along with some carbon and oxygen, confirming the formation of CaCOs as

a healing product.
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Fig. 6-13 SEM observation on cracks after self-healing treatment of AAS

Table 6-4. The chemical composition of the healing material

Position Ratio C (0 Na Mg Al Si Ca
a-1 Atomic 18.8 62.3 0.43 0.31 0.14 0.37 17.7
b-1 Atomic 16.9 61.6 0.45 0.11 0.11 0.53 20.3
c-1 Atomic 20.7 65.5 0.68 0.27 0.12 0.35 12.4

6.5.6 XRD analysis

Three separate sets of samples were examined: the reference, the 600 °C fire-damaged, and the 600
°C NC-AAS. The 600 °C NC-AAS specimen was selected as it has exhibited significant recovery
in UPV, sorptivity, and RCPT tests. The XRD patterns obtained from these distinct sample sets
were compared to understand any variations in crystallographic phases. The identification of new
crystal phases, alterations in existing phases, or the restoration of initial phases in the self-healed

samples could indicate the activation of the applied self-healing scheme within the AAS materials.
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As illustrated in Fig. 6-14, For reference specimens (i.e., before the exposure), the main peak
around 30° 20 is attributed to the hydration product C-A-S-H and carbonate species due to the
alkalis’ carbonation in the AAS matrix [29]. Then, after being exposed to elevated temperatures
(i.e., 600 °C), the main peak decreased due to the decomposition of the microstructure C-A-S-H
and calcite decomposition which started at a temperature of 400°C [29]. However, after reactivation
by 2M NaOH, further hydration altered the phase composition of the product significantly as the
intensity of the main diffraction peak increased. This peak might be attributed to the
superimposition of the diffuse peaks of the C-A-S-H gel and the strongest diffraction peak of the
CaCO:s crystal [65]. These self-healing products would enhance the mechanical behavior of the
AAS through the formation of C-A-S-H, and its durability by sealing the surface cracks due to

calcite precipitations.
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Fig. 6-14 XRD analysis

6.6 Conclusion and Recommendations

The potential of post-fire autogenous healing of AAS has been investigated. Self-healing
quantification and microstructural morphology alteration of AAS have also been addressed. The
conditioning scheme using NaOH (2M in molarity) solution was the triggering mechanism utilized
for self-healing purposes. After elevated temperature exposure and applying the post-fire healing
scheme, the following conclusion could be drawn as:
e AAS has the self-healing ability after elevated temperature exposure using the activation
solution (i.e., NaOH).
e The self-healing extent has been demonstrated to be governed by the initial damage level. As
the degree of initial damage increases, the subsequent self-healing would also increase due

to the intensive formation and densification of healing products.
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e The followed NC-AAS self-healing scheme was significantly revealed to improve the closure
of crack openings. This can be ascribed to the intensive formation of the dominant self-
healing product, i.e., CaCOs3, which is characterized by its effective contribution to the
recovery of durability.

e Although the dominant healing material was CaCOs in the form of calcite precipitation, the
hydration product was C-A-S-H in accordance with the rehydration reaction, and some
amount of Na,CO3 might also be detected.

e This calcite precipitation sheds light on the underlying mechanisms of self-healing, providing
a basis for optimizing healing processes and designing more durable AAS structures. This
finding prompts further investigations into factors influencing calcite formation, alternative
healing mechanisms, and supplementary materials to enhance self-healing efficacy.
Moreover, it offers practical benefits by guiding strategies to extend the lifespan of AAS
infrastructure, potentially reducing maintenance costs and environmental impact while
improving structural resilience.

Despite those interesting findings, some limitations were identified:

e This study was conducted using a combination of sodium hydroxide and sodium silicate
solutions; however, other types of activators might exhibit different self-healing
mechanisms.

e This study was conducted by applying two different post-fire curing schemes i.e., sodium
hydroxide solution and ambient air; however, implementation of other post-fire

conditioning schemes might influence the self-healing process.
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e This study was performed by exposing the specimens to the described elevated
temperatures procedures; however, other fire exposure schemes might induce different
damage in the AAS specimens.

Based on those before-mentioned conclusions, the following recommendations can be drawn:

e Tailoring the composition of AAS by adjusting the types and proportions of precursors,
activators, and supplementary cementitious materials can enhance self-healing properties.
Incorporating additives like nanomaterials, fibers, or crystalline admixtures could promote
crack-bridging or nucleation sites for the formation of healing products.

e Adopting optimized post-curing conditions, such as maintaining moderate temperatures and
relative humidity levels, can promote continuous hydration and improve the formation of
secondary reaction products within damaged areas, aiding in self-healing.

e Introducing encapsulated healing agents within the AAS matrix, like microcapsules filled
with healing agents or vascular networks containing healing agents, could facilitate
autonomous repair by releasing healing agents when cracks appear.

e Conducting comprehensive long-term durability studies under different environmental
conditions, exposure scenarios, and loading conditions will provide insights into the

effectiveness and limitations of self-healing mechanisms in AAMs.
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Chapter 7: Incorporation of Crystalline admixture to boost

autogenous self-healing of fire-damaged alkali-activated slag

Abstract
The durability of alkali-activated slag (AAS) binders has garnered significant attention due to their

sustainable and environmentally friendly properties. However, exposure to elevated temperatures
during fires can severely compromise the structural integrity of AAS-based materials. In this study,
the potential of crystalline admixtures (CA) to enhance the autogenous self-healing capacity of fire
damaged AAS was investigated. A series of AAS specimens, with and without CA, were exposed
to varying temperatures from 200 °C up to 800 °C. The self-healing efficiency was evaluated
through set of tests, compressive strength, tensile strength, water absorption, and permeability, with
a focus on autogenous self-healing mechanisms. Results showed that the incorporation of CA into
AAS significantly improved the self-healing performance post-fire exposure, particularly at higher
temperature of 600 °C. The CA facilitated enhanced formation of secondary hydration products
and crystalline structures within the cracks, which contributed to the reduction of permeability and
mechanical strength recovery. The study highlights the potential of CA as an effective solution to
mitigate fire-induced damage in AAS, providing a pathway toward more resilient and sustainable
construction materials.

Keywords: Alkali-activated slag; Elevated temperatures exposure; Autogenous self-healing.
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7.1 Introduction

The construction industry has long relied on Portland cement as a primary binder material [173].
However, the increasing focus on sustainability, environmental impact, and carbon footprint
reduction has led to the exploration of alternative binders [4,8,81,108,109]. Alkali-activated
materials (AAMs), specifically AAS, have gained considerable attention as a promising substitute
for ordinary Portland cement (OPC) due to their lower carbon dioxide (COz) emissions, utilization
of industrial by-products, and superior mechanical and durability properties [17,103—107]. AAS
binders are formed by activating ground granulated blast furnace slag (GGBFS) with high
alkalinity activators, which induces a chemical reaction called geopolymerization that creates a
hardened binder gel of three-dimensional network structure [5]. This environmentally friendly
alternative offers significant advantages, such as high compressive strength, chemical resistance,
and durability under aggressive environmental conditions [6,116,117].

However, one of the key challenges faced by AAS binders is their vulnerability to extreme
conditions, particularly elevated temperatures caused by fire. Thus, more comprehensive studies
were conducted to understand AAS's chemical and morphological alterations upon exposure to
various elevated temperatures. Although AAS exhibited a superior performance under fire
incidents than OPC, which undergoes calcium silicate hydrate (C-S-H) dehydration and
recrystallization when exposed to high temperatures, AAS experiences unique degradation
processes due to its low calcium/silica (Ca/Si) ratio and high alumina-silicate content [174].
Rovnanik et al. [29] studied the microstructural changes of AAS pastes after exposure to up to
1200 °C for lh. From 20 °C to 575 °C, dehydration, and partial decomposition of calcium
aluminum silicate hydrate (C-A-S-H) were observed, reducing compressive strength. Between 600

°C and 800 °C, a complete decomposition of AAS microstructures was reported [119,120]. Above
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800 °C, new phases start to crystallize (i.e., Akermanite), enhancing the mechanical properties [29].
Microcracking, loss of structural integrity, and significant reduction in mechanical properties
underscore the need for innovative solutions to enhance the durability and longevity of AAS
concrete structures, paving the way for the exploration of self-healing technologies.

Autogenous self-healing, which refers to a material's ability to heal cracks without external
intervention, has been an area of active research [90,91]. In alkali-activated slag materials, this self-
healing process is triggered when water comes into contact with the unreacted slag particles,
leading to the reformation of binding phases such as C-A-S-H gels [62]. Also, the precipitating of
calcite CaCOs crystals produced by a calcination process of calcium ions Ca®" existing into the
AAS matrix [63]. These mechanisms not only close cracks but also help restore some of the
degraded mechanical strength [92,175]. Furthermore, depending on the concept of self-healing,
post-fire treatment becomes crucial for mitigating the damage effects caused by the extreme
exposure to elevated temperatures [93]. AAS has a capability of self-healing in response to the fire-
induced deteriorations. It was revealed that, upon exposure to a post-fire self-healing scheme (i.e.
sodium hydroxide solution), AAS demonstrated an approximately 40% recovery in permeability,
where calcium carbonate crystalline phases were detected as the predominant self-healing product.
Moreover, microstructural densification was observed following the formation of the hydration
product C-A-S-H [89]. This enhancement was exhibited at temperatures up to 400 °C, while limited
improvement was recorded at higher temperatures 600 °C and 800 °C, displaying a potential gap
in the production of more resilient AAS materials.

One potential solution is the incorporation of crystalline admixtures (CA) into AAS binders.
Crystalline admixtures have been extensively used in OPC-based concrete for their ability to

promote self-healing by forming insoluble crystals within cracks and voids [176]. These crystals
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are typically produced when the admixture reacts with free water and certain ions, such as calcium
and aluminum, to form secondary hydration products that seal cracks and reduce permeability
[177]. In the context of AAS, the integration of CA offers a promising pathway for enhancing
autogenous self-healing. By stimulating the formation of crystalline phases in AAS, CA can fill
cracks, mitigate damage, and restore some of the lost mechanical and durability properties [74].

In this study, the incorporation of crystalline admixtures into alkali-activated slag was explored to
investigate the potential of improving its autogenous self-healing capacity, especially after
exposure to fire. A comprehensive investigation is conducted to assess the influence of CA on the
mechanical performance, crack healing, and permeability reduction of fire-damaged AAS. It was
hypothesized that the addition of CA leads to the formation of new crystalline phases, promoting
crack closure and improving the long-term durability of AAS in the aftermath of fire damage. The
outcomes of this research aim to provide a deeper understanding of the self-healing mechanisms in
AAS and to contribute to the development of more resilient, sustainable, and durable construction

materials for use in fire-prone environments.
7.2 Materials and methods
7.2.1 Materials

A ground granulated blast furnace slag (GGBFS) with a specific gravity of 2.92 g/cm®, a Blaine
fineness of 515 m?/kg, and an average particle size of 15 um was used as the main precursor to
produce the AAS specimens. The GGBFS was sourced from Lafarge, located in Canada. This
material conforms to the ASTM C989 [97] ensuring its quality and consistency for the intended
applications in this study. Its chemical composition is shown in Table 7-1. A mix of sodium

hydroxide (NaOH) solution and sodium silicate (Na2Si10s) solution was used as the alkali activator.
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Sodium hydroxide pellets with 99.9% purity were dissolved in water, and then the solution was
left for 24-h at room temperature to cool down. For this, a commercial sodium silicate solution
(28.8% of Si02, 9.01% of Nay0, 62.2% of H>0) was mixed with NaOH solution to produce the
desired activator with silicate modulus (Ms = Si02/NaxO) of 1.25, and Na,O of 6 wt.% of the
binder. Riverside sand with a fineness modulus of 2.70, a specific gravity of 2.61, and water
absorption of 2.73% was used as fine aggregates (FA), meeting the ASTM C778 for standard sand
[98]. It was provided by a local producer, ensuring the material's uniformity and suitability for use
in concrete mixtures.

Table 7-1: Chemical composition of the used GGBFS

Constituents | SiO> | AlLO3 CaO MgO | K2O | NaxO | Fe;O3 | SOs3

Percentage % | 36.1 10.4 37.1 13.3 040 | 042 | 0.67 | 1.61

7.2.2 Mixture proportioning

For the mixtures proportioning along with the applied post-fire self-healing schemes, Table 7-2
was presented where a water-to-binder (w/b) ratio of 0.44 (including water from the activator) was
selected and remained constant for the three studied mixtures. Crystalline admixture was
implemented as 5 wt.% replacement of the binder [74]. GGBFS was dry mixed with fine aggregate
for 1 min; then, the activator solution was added and mixed for 3 additional minutes, subsequently,
CA agent was added and mixed for one more minute. Cube specimens with a dimension of
50x50%50 mm, dog bones samples, and cylinders 100x200mm were cast and sealed using plastic
sheets [28]. After 24-h, all specimens were demolded and stored in sealed bags at the laboratory
ambient temperature (23 + 1 °C) until the cracking day (i.e. crack initiation using elevated

temperatures).
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Table 7-2. Mix proportioning and the applied post-fire self-healing scheme

Dosage Constituents' weights, kg/m? Post-exposure curing
Samples  Ms
Na;0% Binder Sand NaOH NaySiO; Water' CA scheme
Control  1.25 6% 400 1148 19 104 111 0 Air
AAS 1.25 6% 400 1148 19 104 111 0 Water
AAS-CA 1.25 6% 380 1148 19 104 111 20 Water

7.2.3 Elevated Temperature Exposure

At 28 days of age, specimens were subjected to various elevated temperatures starting from 200 °C
up to 800 °C. The selected temperature range was selected as they can represent the dehydration
and major microstructural alterations. For instance, from 200°C to 600°C, dehydration and partial
microstructural decomposition were exhibited, however, from 600°C to 800°C, a complete
decomposition for the AAS hydration products was accomplished. There was no need to go beyond
the 800 °C as there is a huge failure in the mechanical properties [29]. An electrical heating furnace
was used, where the specimens were heated up at an increasing rate of 5—10 °C/min, according to
the standard ASTM E831 [145], until reaching the targeted temperature, which was maintained for
1h, followed by naturally cooling down at ambient temperature inside the furnace [146]. To ensure
that the specimen core reached the targeted temperature, the temperature at the center of a dummy
specimen was monitored using a thermocouple type K. Specimen’s temperature, along with the

oven temperature, was continuously monitored and recorded using a data acquisition system.
7.2.4 Self-healing Study

After the elevated temperature exposure, specimens of each mixture were subjected to the self-

healing scheme indicated in Table 7-2. For 28 days, control specimens were kept at uncontrolled
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ambient temperature (23 + 1 °C) in the lab, while AAS and AAS-CA specimens were immersed in
the conditioning scheme (i.e. water). This scheme was applied to trigger un-hydrated particles to
react with the existing activator ions by improving the diffusion into the matrix through inducing
saturation condition. Furthermore, for AAS-CA, amorphous phases of this implemented additives
were targeted to undergo into crystallization reactions to produce further self-healing

products.Then, all groups’ specimens were tested to quantify the efficiency of self-healing.
7.2.5 Testing Methods

To comprehensively evaluate the self-healing capabilities of AAS subjected to post-fire curing, a
combination of methods was employed, each selected for its proven effectiveness in assessing
specific aspects of material recovery and integrity restoration. Visual inspection offers a direct,
initial assessment of the response of crystalline admixture under elevated temperatures exposure.
It provides immediate, visible evidence of the additives structural stability, which is essential for
preliminary evaluation. Cube samples 50 X 50 x 50 mm were cast to determine compressive
strength of AAS mortars according to ASTM C109/109 M standards. Moreover, dog-bone shaped
briquettes with dimensions 75 mm in length, 25 mm in thickness, and 625 mm? cross-section area
at the mid-length were cast, to evaluate the direct tensile strength according to AASHTO T132.
Water sorptivity assesses the material's capacity to absorb water through capillary action, which
decreases as self-healing products seal cracks and pores. A reduction in water sorptivity is a key
indicator of effective self-healing, particularly in terms of enhanced durability against moisture
ingress [31]. The test was performed according to the ASTM C1585 standard [154] on triplicate
cylindrical specimens with a diameter of 100 mm and a thickness of 50 mm. The capillary

absorption (/) and the sorptivity index (S;) were calculated and considered to assess the rate at

125



which water permeates. Water penetration through the self-healed specimens of each mixture was
measured using The RILEM Test Method 11.4 (Measurement of Water Absorption under Low

Pressure) by calculating the water permeability coefficient, k (cm/s) according to Eq. 1.

axL h1
AXt h2

K = Eq.1

A scanning electron microscope and energy dispersive x-ray tests (SEM-EDX) were performed for

the microstructure analyses using Phenom ProX Scanning Electron Microscope with EDX

capability.
7.3 Results and discussion
7.3.1 Visual inspection

The thermal and structural stability of the crystalline admixture was assessed by subjecting the
material to elevated temperatures of 200°C, 400°C, 600°C, and 800°C, as shown in Fig. 7-1. One
of the key visual indicators of thermal degradation or transformation in materials is a change in
color, which can signify alterations in chemical composition or crystalline structure. Interestingly,
in this study, no visible change in color was observed even at 800°C, indicating that the crystalline
admixture maintained its thermal stability throughout the temperature range tested. The absence of
color change suggests that the admixture possesses robust thermal resistance, which is crucial for
applications involving high-temperature exposure, such as post-fire environments. This stability
indicates that the crystalline structure of the admixture remains intact at temperatures as high as
800°C, thereby retaining its functionality and integrity. Such thermal stability is vital for ensuring
the admixture's contribution to the autogenous self-healing of AAS remains effective even after
exposure to high temperatures, such as during a fire event. Additionally, the stability at elevated

temperatures implies that the admixture does not undergo significant physicochemical
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transformations that could affect its reactivity or compatibility with the AAS matrix. This finding
supports the suitability of the crystalline admixture for use in enhancing the post-fire self-healing
properties of AAS, as it can endure severe thermal conditions without compromising its structural

or functional performance.

Reference

200 °C 400 °C

600 °C 800 °C

Fig. 7-1. Thermal and structural stability of the crystalline admixture

Upon visual inspection of the post-fire self-healed AAS specimens, distinct formations of self-
healing products were observed, as shown in Fig. 7-2. These formations included pin-like crystals,
transparent pin-like crystals, and white rod-like crystals, which suggest the emergence of different
crystalline phases as part of the self-healing process. The varied morphology of these crystals may
be indicative of the crystalline admixture's role in promoting the formation of specific mineral

phases that contribute to the healing mechanisms. The pin-like and rod-like structures observed are
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consistent with crystal growth patterns that can arise from the recrystallization of components
within the slag matrix. The presence of transparent pin-like crystals might suggest the formation
of a hydrated phase, while the white rod-like crystals could indicate a more solid, mineralized
phase. The admixture's ability to maintain its structural stability even at high temperatures, as
demonstrated earlier, likely supports the development of these crystalline structures, aiding in the

closure of cracks and voids formed during the fire event.

Fig. 7-2. Different crystal formations upon implementation of crystalline admixture

7.3.2 Compressive strength

The compressive strength results indicate distinct behaviors for the reference, AAS, and AAS-CA
samples. The reference sample showed a typical reduction in strength with increasing temperatures,
dropping from 66 MPa at 200°C to 7.5 MPa at 800°C. The AAS sample retained higher strength,
remaining relatively stable between 200°C (67 MPa) and 400°C (66 MPa), and decreasing
modestly to 50 MPa at 600°C, before a sharp drop to 8 MPa at 800°C. In contrast, the sample with

crystalline admixture exhibited a unique trend, starting with lower strengths at 200°C (55 MPa)
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and 400°C (48 MPa), but significantly improving to 53 MPa at 600°C and slightly higher retention
at 800°C (9 MPa). These results suggest that while water curing improves strength retention at
lower temperatures, the crystalline admixture enhances thermal resistance and self-healing capacity

at higher temperatures, particularly at 600°C, as shown in Fig. 7-3.
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Fig. 7-3. Compressive strength of the control, post-fire water cured (AAS), and specimens with

crystalline admixtures (AAS-CA)

7.3.3 Tensile strength

As shown in Fig. 7-4, tensile strength results revealed distinct trends for the reference, post-fire
water-cured, and post-fire water-cured with crystalline admixture AAS samples at elevated
temperatures. The reference sample showed a steady decline in tensile strength as the temperature
increased, decreasing from 1.40 MPa at 200°C to 0.15 MPa at 800°C. This indicates that the
reference AAS material is highly susceptible to tensile strength loss under thermal exposure. In
contrast, the post-fire water-cured sample demonstrated an improvement in tensile strength up to

400°C, reaching 3.14 MPa before decreasing to 2.05 MPa at 600°C and 0.14 MPa at 800°C. This
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suggests that water curing enhances tensile properties at lower to moderate temperatures but is still
vulnerable to significant degradation beyond 600°C. The post-fire water-cured sample with a
crystalline admixture exhibited the best performance across all temperatures. Starting at 3.61 MPa
at 200°C, the tensile strength increased to 4.07 MPa at 400°C and 4.40 MPa at 600°C, showing
continuous improvement even at elevated temperatures. At 800°C, although the strength decreased
to 0.45 MPa, it still retained significantly more tensile strength compared to the reference and
water-cured samples. This trend highlights the potential of the crystalline admixture to enhance
tensile resistance under thermal stress, especially in higher temperature ranges.

The results indicate that post-fire treatments, particularly the addition of a crystalline admixture,
significantly enhance the tensile performance of AAS. Water curing alone improves tensile
strength at lower temperatures but is insufficient for high-temperature resistance. On the other
hand, the crystalline admixture consistently outperformed the other samples, particularly at 600°C,
where it reached the highest tensile strength (4.40 MPa), and showed better retention at 800°C.
These findings underscore the importance of crystalline admixtures in enhancing the tensile
resilience of AAS, making it more suitable for applications involving high thermal exposure. The
ability of the crystalline admixture to improve performance at both moderate and high temperatures
suggests that it could play a critical role in extending the service life and structural integrity of AAS

materials in fire-prone or high-temperature environments.
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Fig. 7-4. Tensile strength of the control, post-fire water cured (AAS), and specimens with

crystalline admixtures (AAS-CA)

7.3.4 Water Sorptivity

Fig. 7-5 plots the capillary water absorption test results of specimens from the three mixtures

reference, AAS, AAS-CA. The sorptivity coefficient was fitted using linear regression. AAS-CA
had minimum water absorption (Fig. 7-5(c)), which is likely due to incorporation of CA, a

synthetic cementitious material containing reactive silica and crystalline catalysts, used as a

concrete permeability reducer [178]. These compounds was able to produce pore-blocking
precipitates, which decrease water absorption [179]. A slightly lower water absorption compared
to that of the control was observed for AAS. As shown in Fig. 7-5 (b), water absorption increased
more rapidly in cracked specimens. The sorptivity index of the cracked AAS specimen, for
instance, was 0.03396 mm/Vsec (Fig. 7-6 (a)). In contrast, it was 0.0573 mm/Vsec for the cracked
specimen AAS-CA, likely because the crack acted as a capillary pipe for water absorption and

restoration [180]. It can be observed that the sorptivity coefficient in specimens from the two
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mixtures after water curing decreased markedly, especially for the AAS-CA specimens, indicating
the more significant self-healing in AAS-CA specimens. To quantitatively determine the self-
healing efficiency, the sorptivity coefficient reduction ratio, was calculated for each specimen at
cracking and after healing. Results indicate that cracked specimens incorporating CA achieved a

much higher reduction in the sorptivity coefficient compared to that of specimens from the other

two mixes.
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Fig. 7-5. Absorption of (a) control (b) AAS without crystalline admixture (c) AAS with CA

. (@AAs
m 200 °C Y =/0.0072% + 0.5248
* l-. .-l o 0T 0 o
E 4 J|® 600°C y=100317x+ 0.842
2> Sorptivity @ . )
= coefficient .=
= o ..
o
8 2 1 "
_.-"".' Ao &/ e L ‘
R L B N e
0 a2 : :
0 50 100 150
Time, Vsec
’ (b) AAS-CA
m 200 °C y =/0.0021% + 0.0808
A |: '|
E 4 J|e 600°c y=00123¢+ 02454
= ——"—
S Sorptivity coefficient
E-Z
a7 O e
2 LI S
PRRRE PSRN
. ".“'..- ............
0 ! ;.’.g AAAAAAA . FPRTERTELE n ] : B |
0 50 100 150
Time, Vsec

Fig. 7-6. Sorptivity of (a) AAS without crystalline admixture (b) AAS with CA

7.3.5 Permeability

The permeability coefficient results provide insight into the ability of the AAS samples to resist
fluid ingress after exposure to elevated temperatures. The reference sample exhibited a significant

increase in permeability as the temperature increased, starting at 14.7 at 200°C, remaining
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relatively stable at 14.2 at 400°C, and then rising sharply to 63.1 at 600°C and 1195 at 800°C. This
dramatic rise at higher temperatures indicates that the reference AAS material suffers from severe
degradation of its microstructure when exposed to temperatures above 400°C, leading to increased
permeability and reduced durability. The post-fire water-cured AAS sample followed a similar
trend, with the permeability coefficient slightly lower than the reference sample at 200°C (14) and
400°C (13.1). However, the permeability increased significantly at 600°C (80.3) and 800°C (1195),
mirroring the reference sample’s behavior. This suggests that while water curing provides some
minor improvements in permeability at lower temperatures, it is insufficient to prevent substantial
permeability increases at higher temperatures, particularly beyond 600°C. In contrast, the post-fire
water-cured sample with a crystalline admixture displayed a markedly different trend, with much
lower permeability across all temperature ranges. Starting at 11.2 at 200°C, the permeability
dropped to 5 at 400°C and 6.1 at 600°C, indicating that the crystalline admixture plays a significant
role in maintaining a denser and more impermeable matrix under thermal stress. Even at 800°C,
where the permeability coefficient rose to 1195 in all samples due to extensive thermal damage,
the crystalline admixture demonstrated superior performance at lower temperatures, suggesting
that it significantly enhances resistance to permeability up to 600°C.

Crystalline admixture showed a remarkable ability to maintain low permeability, even as
temperatures increased. The substantial drop in permeability from 11.2 at 200°C to 5 at 400°C,
followed by a slight increase to 6.1 at 600°C, indicates that the admixture effectively enhances the
microstructure’s resistance to cracking and porosity development under thermal conditions. This
is likely due to the formation of crystalline phases that improve the density and cohesion of the
material, reducing permeability even under elevated thermal stress. The crystalline admixture's

performance at 600°C, where permeability remained much lower than in the other samples,
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demonstrates its potential for enhancing the durability and long-term performance of AAS in high-
temperature environments.

The permeability results indicate that high temperatures significantly degrade the microstructure
of AAS, leading to increased permeability. The reference and water-cured samples showed similar
trends, with both experiencing substantial permeability increases at 600°C and 800°C. While water
curing provides some benefits at lower temperatures, it is ineffective in preventing severe
permeability rise at higher temperatures. In contrast, the crystalline admixture provided a
significant reduction in permeability, particularly at 400°C and 600°C, suggesting that it effectively
improves the thermal stability and impermeability of the AAS matrix. This makes it a valuable
addition for applications where long-term exposure to elevated temperatures is expected, as it
enhances the material's ability to resist fluid penetration and maintain structural integrity under
thermal stress. The consistent performance of the crystalline admixture up to 600°C highlights its
potential as a crucial factor in improving the fire resistance and durability of AAS materials in

severe environments.
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Fig. 7-7. Permeability coefficient for control, AAS without CA, and AAS with CA

7.4 Discussion

This study explored the effects of post-fire treatments, specifically water curing and the addition
of a crystalline admixture, on the performance of alkali-activated slag (AAS) subjected to elevated
temperatures. The results indicated that while water curing provides some benefits in stabilizing
the material's properties at lower temperatures, it falls short in preventing significant degradation
at higher temperatures. In contrast, the crystalline admixture demonstrated its effectiveness in
enhancing the thermal stability and overall durability of AAS. The presence of this admixture not
only improved the material's performance under thermal stress but also contributed to better
microstructural integrity. This is evidenced by the material’s ability to maintain mechanical
strength and reduce permeability, which is critical for mitigating fluid ingress and long-term
deterioration, especially in high-temperature environments. The crystalline admixture appears to
play a crucial role in reinforcing the AAS matrix, likely through the formation of crystalline phases
that enhance cohesion and density. This enhancement in microstructure is particularly important in
applications where exposure to elevated temperatures is anticipated, such as in construction
materials subjected to fire or high thermal loads. Overall, the findings suggest that incorporating a
crystalline admixture is a highly effective strategy for improving the resilience of AAS materials.
By enhancing thermal resistance and structural integrity, the crystalline admixture can significantly
extend the service life and durability of AAS in demanding conditions, making it a valuable

addition for applications requiring enhanced performance in high-temperature environments.
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7.5 Conclusion and Recommendations

e Water curing improved both compressive and tensile strength of alkali-activated slag
(AAS) at lower temperatures (200°C and 400°C), but was insufficient to prevent significant
degradation at higher temperatures (600°C and 800°C).

e The crystalline admixture enhanced the compressive strength of AAS at higher
temperatures, particularly at 600°C, where it outperformed both the reference and water-
cured samples.

e In terms of tensile strength, the crystalline admixture showed continuous improvement up
to 600°C and retained more strength at 800°C compared to the other samples, indicating its
superior resistance to thermal stress.

e Permeability tests revealed a significant reduction in permeability for the crystalline
admixture-treated samples, especially at 400°C and 600°C, indicating that it helps maintain

a denser, less porous microstructure even under high-temperature exposure.
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Water curing alone had a minimal effect on permeability and could not prevent the sharp
increase in permeability at temperatures beyond 400°C, highlighting its limited
effectiveness in enhancing long-term thermal resistance.

Overall, the crystalline admixture demonstrated significant improvements in thermal
stability, strength retention, and resistance to permeability, making it a valuable addition
for AAS applications exposed to high temperatures or fire.

The findings suggest that incorporating a crystalline admixture can significantly enhance
the durability, thermal resistance, and longevity of AAS materials in fire-prone or high-

temperature environments.
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Chapter 8 : Conclusion, Recommendations, and Future Work

8.1 Introduction

This final chapter provides a comprehensive synthesis of the key findings from the experimental
investigations carried out in this research on the post-fire self-healing performance of alkali-
activated slag (AAS) materials. The study systematically explored the effects of activator dosage,
post-fire curing schemes (including water immersion, wet-dry cycles, and alkaline activation), and
the incorporation of crystalline admixtures. In addition to summarizing the principal outcomes, this
chapter critically reflects on the contributions made, discusses the practical implications, identifies

the limitations, and outlines recommendations for future work.

8.2 Summary of Major Findings

8.2.1 Effect of Activator Dosage and Post-Fire Water Curing

The activator dosage implemented to initiate the geopolymerization reaction in AAS was revealed
as a key factor controlling the extent of post-fire self-healing. The following conclusions were

drawn:

o Water post-fire curing significantly enhanced the self-healing abilities of AAS through the
formation of secondary hydration products and calcium carbonate precipitations.

e Specimen WCAAS-1.5-8 exhibited the highest self-healing percentages due to its higher
ionic concentration, promoting the formation of extensive healing products.

e Specimen WCAAS-1-4 showed pronounced calcite precipitation, attributed to higher
calcium 1on diffusion.

o Although WCAAS-1.5-8 and WCAAS-1-4 demonstrated considerable self-healing
through distinct mechanisms, WCAAS-1.25-6 achieved the best overall self-healing

performance, balancing both hydration and carbonation healing pathways.
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8.2.2 Post-Fire Wet-Dry Curing Scheme

The wet-dry curing scheme, compared against water immersion and air curing, provided the

following insights:

e Wet-dry cycles significantly improved the self-healing ability of AAS specimens after fire
exposure.

e (Calcite precipitation (CaCO3) was the predominant healing product, driven by the
saturated-dehydrated nature of the wet-dry environment, which enhanced carbonation.

e New hydration products, including Na-substituted C-S-H, were formed due to the drying
phase, further contributing to crack closure.

e Wet-dry cycles proved more effective than traditional water immersion in promoting self-

healing, suggesting the superiority of environmentally realistic curing conditions.

8.2.3 Post-Fire Healing Using Alkaline Solution (NaOH)

Using a NaOH (2M) solution as a post-fire healing medium revealed additional self-healing

potential:

e AAS materials demonstrated considerable self-healing capacity after high-temperature
exposure when conditioned with NaOH solution.

o Higher initial damage levels were associated with increased self-healing due to intensified
formation of healing products.

e Crack closure was significantly enhanced by the formation of calcium carbonate, with
secondary products including C-A-S-H and minor amounts of Na,COs.

o These findings shed light on the mechanisms governing self-healing and emphasize the

role of carbonation and rehydration in restoring AAS durability after fire damage.

8.2.4 Incorporation of Crystalline Admixture for Post-Fire Healing

The final part of the study investigated the impact of crystalline admixture incorporation:
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e Water curing improved the compressive and tensile strength recovery of AAS at moderate
temperatures (200°C—400°C); however, its effect diminished at higher temperatures
(600°C—800°C).

e The crystalline admixture significantly enhanced strength retention, particularly at 600°C,
and demonstrated superior tensile performance up to 800°C.

o Permeability testing revealed a marked reduction in permeability in crystalline admixture-
treated samples at elevated temperatures, maintaining a denser microstructure.

e Overall, the crystalline admixture proved to be a highly effective additive for improving
post-fire durability, thermal resistance, and long-term structural performance of AAS

materials.

8.3 Critical Reflections and Contributions

This research offers several important contributions:

o Itadvances the understanding of post-fire autogenous healing mechanisms in alkali-
activated materials, particularly under various environmental conditioning regimes.

e It provides the first comprehensive comparison of water immersion, wet-dry, and alkaline
solution post-fire healing strategies for AAS.

o It demonstrates the significant benefits of crystalline admixtures in enhancing thermal
resilience and post-fire durability of AAS-based systems.

o It highlights the pivotal role of carbonation and secondary hydration in the self-healing

process of thermally damaged geopolymeric materials.

These contributions are critical for developing more resilient and sustainable materials for fire-

exposed structures.

8.4 Practical Implications

The findings have practical relevance for material design, construction practices, and post-fire

rehabilitation:
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e Optimized activator compositions and curing strategies can enhance the self-healing
performance of AAS-based structures after fire incidents.

e Crystalline admixtures offer a viable method to significantly improve AAS performance
in high-temperature or fire-prone applications.

o Wet-dry cycles provide an environmentally friendly post-fire healing approach,
compatible with real-world exposure conditions.

e Incorporating self-healing mechanisms in material design can reduce long-term

maintenance costs and enhance infrastructure resilience.

8.5 Limitations of the Study

While the study generated significant findings, some limitations should be acknowledged:

o The experimental program was conducted at laboratory scale; extrapolation to real
structures requires further validation.

e Only a specific combination of slag, activator, and admixtures was examined; results may
vary with different materials.

e Fire exposure was simulated using controlled laboratory heating; real fire conditions
could produce more complex damage patterns.

o The study primarily focused on mechanical and microstructural assessments; broader

durability performance under cyclic or combined loading remains unexplored.

8.6 Recommendations for Future Research

Building upon this work, the following future research directions are recommended:

o Full-Scale Testing: Evaluate the self-healing behavior of AAS-based structural elements
(e.g., slabs, beams) under realistic fire and post-fire conditions.
o Diverse Material Systems: Investigate alternative activator systems, precursor materials,

and admixture types to broaden the understanding of self-healing mechanisms.
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Environmental and Mechanical Loading: Explore the effect of simultaneous
environmental exposure (freeze-thaw, chloride ingress) and mechanical stresses on the
healing efficacy.

Advanced Healing Agents: Develop and test novel healing agents such as
microcapsules, vascular networks, or bio-based systems embedded within the AAS
matrix.

Mechanistic Modelling: Create predictive models linking damage severity, healing
kinetics, and mechanical recovery to facilitate design integration.

Life Cycle Assessment: Conduct sustainability analyses to quantify the long-term

environmental and economic benefits of self-healing AAS structures.

8.7 Final Remarks

This research reaffirms the promising potential of alkali-activated slag as a sustainable, durable

construction material capable of self-healing after fire exposure. By integrating advanced curing

methods and innovative additives such as crystalline admixtures, AAS systems can be engineered

to achieve enhanced resilience, reduced maintenance demands, and longer service lives. These

advancements contribute directly to the overarching goals of sustainable construction and disaster-

resilient infrastructure development.
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