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Abstract

Cement production for concrete is responsible for 5-8% of the global anthropogenic emissions, making
it essential to search for alternative binders. This study focuses on alkali-activated materials (AAMs) as
a potential replacement for Portland Cement (PC) to reduce carbon emissions. The practical implemen-
tation of AAMs in the construction industry faces challenges, particularly related to volume instability
caused by drying shrinkage. Drying shrinkage is linked to both water loss through evaporation and the
hydration process. The underlying mechanism of drying shrinkage in AAMs is not well understood yet,
hindering their widespread application.

The aim of this study is to advance the understanding of the drying shrinkage mechanism in AAMs, by
considering the contribution of the pore size distribution and gel characteristics of AAMs. A detailed
analysis is performed to identify the governing parameter related to the drying shrinkage mechanism.
This is done by controlling the pore size distribution and total porosity at moment of exposure, while
differences in the gel composition were obtained. Moreover, the impact of different mix design pa-
rameters of blended AAMs on drying shrinkage behaviour, weight loss, microstructural development,
flexural and compressive strength are investigated. The selected mix design parameters in this study
include slag-to-fly-ash ratio (1, 0.7 and 0.5), curing time (3, 7, 14 and 28 days) and Na,O wt.% content
(4 and 5 wt.%).

Results from the study indicate that drying shrinkage in AAMs is influenced by factors beyond water
loss, diverging from the observed correlation in PC. The study highlights important findings related to
mix design parameters. In terms of the slag-to-fly-ash ratio, an increase in ground granulated blast
furnace slag (GGBFS) content correlates with reduced drying shrinkage, weight loss, refinement of the
pore structure and total porosity. Regarding curing time, prolonged curing durations lead to decreased
drying shrinkage and weight loss, coupled with improved flexural and compressive strength. As for
activator content, an increased amount of activator refines the pore structure, resulting in reduced total
porosity, weight loss, and increased compressive strength. However, drying shrinkage remains rela-
tively constant over the 56 days exposure.

Based on the starting point that the pore size distribution of selected samples at the moment of ex-
posure to drying was controlled, it is suggested that gel characteristics, i.e. reaction products, rather
than pore size distribution, govern the drying shrinkage phenomenon in AAMs. Comparative analyses
underscore the influence of homogeneous reaction products, a higher atomic Ca/Si ratio and the avail-
ability of sodium and silicate from the activator. At the moment of exposure, the type of gel is more
crucial than the quantity, as demonstrated by the sample with more reaction products exhibiting greater
drying shrinkage in the analysis.

The drying shrinkage mechanism in AAMs is strongly correlated with microstructure and the nature of
reaction products. The comprehensive results of this study suggest that the gel characteristics have
an crucial role as a driving force in the mechanism of drying shrinkage. The study underscores the
substantial influence of mix design parameters on drying shrinkage, offering valuable insights for the
practical implementation of AAMs in construction. This research marks a significant step forward in
enhancing our understanding of this complex phenomenon for AAMs.

The study provides several recommendations for future research, including extending the range of
mix design parameters and curing times to evaluate the findings of this study, assessing the rate of
reaction of mixtures and considering the impact of drying on the exposed pore structure. Furthermore,
the application of N, adsorption to detect the smaller range of pores in AAMs, the determination of the
influence of internal relative humidity on drying shrinkage, and the investigation of cracking potential of
AAMs related to drying shrinkage are also suggested.
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Introduction

1.1. Background information

Concrete has become one of the most widely consumed products globally, second only to water [1]. Its
popularity can be attributed to its affordability, widespread availability, resistance to water and a variety
of shapes and sizes that can easily be made [2]. The composition of concrete involves the combination
of water and cement, which acts as a binder when combined with aggregates. Nowadays, the majority
of cement used is Portland Cement (PC), which is easily produced by burning limestone and clay. The
production of PC contributes to anthropogenic CO, emissions, accounting for 5-8% of global emissions

[3].

To combat climate change and limit global temperature rise well below 2 °C, 196 parties agreed to
the Paris Agreement in 2015 [4]. The harmful emissions of greenhouse gasses should be limited as
soon as possible, to reach a climate-neutral world in 2050. The Dutch government has set a target
for the building sector to become fully circular by 2050, prompting the exploration of various pathways
to decrease the carbon footprint of the world’s second most utilized material. This thesis focuses on
investigating an alternative binder as a potential substitute for PC. Alkali-activated materials (AAMs)
are considered a viable and sustainable alternative, given their potential to reduce the CO, emissions
by 80-90% compared to PC [5].

Alkali-activated materials are created by aluminosilicate precursors that need to be activated in an
alkaline environment to form a hardened binder, in order to serve as binding agent to hold the aggre-
gates in concrete together [6]. Precursors consist of a wide range of solid industrial by-products, raw
materials and recycled aluminosilicates [7]. Among the industrial by-products, the most popular and
extensively studied materials are ground granulated blast furnace slag (GGBFS) and fly ash (FA) [8, 9].
The use of alkali-activated binders offers the advantage of reducing waste streams and CO, emissions,
thereby benefiting the environment [7, 10, 11]. AAMs exhibit promising properties regarding strength
development, mechanical characteristics, chloride resistance, fire resistance and acid resistance [7,
12].

1.2. Problem statement

The practical implementation of AAMs as marketable products in the construction and building industry
faces challenges due to volume instability, particularly drying shrinkage [11, 13, 14]. Drying shrinkage,
a complex phenomenon associated with the evaporation of free water from the pores of hardened ma-
terials, will be elaborated in section 2.2.2 [10, 15, 16]. While the mechanism of drying shrinkage in
PC can be directly associated with weight loss of water, the mechanism of AAMs is more complex,
involving various different chemical and physical processes [17, 18].

The impact of drying shrinkage in AAMs has been extensively documented in literature, and demon-

strated that AAMs containing materials such as GGBFS or FA exhibit a two to six times higher magni-
tude of shrinkage and shrinkage strain compared to equivalent PC [11, 17-19]. Figure 1.1 presents a

1



1.2. Problem statement 2

comparison between concrete specimens including GGBFS and PC, varying the amount of activator
concentration and activator modulus [11]. The figure illustrates that in extreme cases, the shrinkage
strain is nearly twice as high for alkali-activated slag concrete compared to PC concrete, while the mass
loss is approximately four times lower. Additionally, a comparison between PC and alkali-activated slag
binders shows that while slag binders experience lower mass loss, they display a higher magnitude of
drying shrinkage and faster shrinkage kinetics [11, 13]. For this reason, the direct relation between
mass loss and shrinkage strain used for PC is not valid for AAMs. Similarly, Figure 1.2 shows the
comparison between concrete specimens including FA and PC, highlighting the same distinction be-
tween shrinkage strain. However, the mass loss is higher compared to PC, due to higher availability of
evaporate water and porosity in alkali-activated fly ash binders [11].
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Figure 1.1: Early age drying shrinkage and water loss of PC and alkali-activated slag concrete (SC).
SC1-SC2: M = 1.5, %Na20 =4, 5; SC3-SC5: M = 0.75, %Na20 =4, 5, 6; [11].
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Figure 1.2: Early age drying shrinkage and water loss of PC and alkali-activated fly ash concrete (FC).
FC1-FC3: M, = 1.5, %Na20 =4, 5, 6 [11].

The drying shrinkage of AAMs is influenced by various parameters, including raw material properties,
mix design and curing conditions. This complexity poses challenges in both controlling and accurately
predicting drying shrinkage behaviour [13]. While previous research extensively addressed the dif-
ferences in magnitude, there remains a limited understanding of the mechanism responsible for dry-
ing shrinkage in AAMs [18]. Additional research is needed to explore the parameters influencing this
mechanism and establish a scientific understanding, especially in correlating microstructure with drying
shrinkage [18, 20-22]. To overcome these challenges, it is crucial to comprehend the mechanism of
drying shrinkage in alkali-activated binders and its consequences for engineering practice.
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1.3. Research aim and objectives

The primary aim of this thesis is to advance the understanding of the drying shrinkage mechanism
in alkali-activated binders. This thesis aims to unveil the microstructural feature governing the drying
shrinkage mechanism in AAMs, considering the pore size distribution and gel characteristics. By do-
ing so, this thesis will not only contribute to the knowledge base but also provide a foundation for the
development of strategies. These strategies ensure the sustainable implementation of alkali-activated
materials in construction and building practices, promoting a more environmentally friendly and circular
construction industry.

To reach the research aim, the following research objectives are stated:

1. To determine the influence of mix design parameters, such as slag-to-fly-ash ratio, curing time
and Na,O wt.% content, on the drying shrinkage behaviour and mechanical properties of alkali-
activated binders. This objective seeks to provide a comprehensive understanding of how these
parameters affect the pore structure and gel characteristics parameters and therefore the perfor-
mance of alkali-activated materials.

2. To study the influence of mix design parameters on the development of the microstructure of
alkali-activated binders. This objective strives to unveil the microstructural changes induced by
variations in the mix design, with the goal of revealing their contribution to the phenomenon of
drying shrinkage.

3. To attain a fundamental understanding of drying shrinkage mechanism by thoroughly examining
the pore structure and gel characteristics of alkali-activated materials. This objective is dedicated
to identifying which fundamental parameter exerts the most significant influence on the mecha-
nism through comprehensive analysis of pore structure and gel characteristics in alkali-activated
binders.

1.4. Scope limitations
In order to ensure the completion of this research within the allocated time frame, certain limitations
have been imposed on its scope. The scope limitations of this research include the following:

» Precursor: This study focuses on two precursors, namely ground granulated blast furnace slag
and fly ash class F. Other precursors are not considered in this research.

» Sample type: The study is conducted only on paste samples. Other forms, such as mortar or
concrete, are not included.

» Curing time constraint: The maximum curing time for samples is limited to 28 days. Extended
curing periods beyond this duration are not investigated.

» Drying shrinkage experiment duration: The drying shrinkage experiments are conducted up to a
maximum period of 56 days.

1.5. Outline

To achieve the formulated research aim, this thesis is subdivided into distinct chapters. The state of
the art of alkali-activated materials, the mechanism of drying shrinkage, fundamental parameters and
factors affecting drying shrinkage in alkali-activated materials are addressed in Chapter 2. Chapter
3 covers the formulated research structure, the chosen design parameters, used materials, sample
preparation and the test methods applied in this study. Chapter 4 provides insight into all results gained
from the performed experiments. In Chapter 5, the result analysis, the challenges of AAMs, reflections
on the performed and analysis and the novelty of research are discussed. Chapter 6 finishes by giving
conclusions found in this research and providing recommendations for future research.
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2.1. Alkali-activated materials

As mentioned in the introduction, AAMs consist of various aluminosilicate precursors and activators,
combined to create an alternative binder for Portland cement (PC) [23, 24]. AAMs require the inclusion
of alkali activators to initiate a chemical reaction that results in the formation of a hardened binder [9].
The most commonly used precursors in AAMs are by-products from the industry, with fly ash, ground
granulated blast furnace slag, and metakaolin being the predominant choices in conducted research
[7, 9]. Precursors differ in terms of availability, reactivity, CO, emission, chemical properties, resulting
in diverging mechanical properties [18]. Within alkali-activated materials, the calcium content of the
precursor plays a crucial role, resulting in the formation of distinct binder systems. The presence these
systems gives rise to variations in the activation process, reaction mechanism, and final hydration
products. The binder systems have been defined as [7, 9, 18]:

1. High-calcium ((Na, K)20 — CaO — AlsO3 — SiO5 — H20O) based binder system
2. Low-calcium ((Na, K)20 — Al,O3 — Si0O2 — H30) based binder system
3. Blended alkaline system

This section focuses on selected precursors, characteristics and reaction mechanisms of high- and
low-calcium based binders, the blended system of GGBFS and FA, and the role of curing in AAMs.

2.1.1. Precursors: slag and fly ash

This thesis focuses on ground granulated blast furnace slag and fly ash, as they exhibit highly promising
characteristics for the large-scale production of alkali-activated materials [12]. These industrial byprod-
ucts contribute to waste reduction, recycling, and environmental benefits. They are extensively utilized
as supplementary cementitious materials in concrete production due to their notable pozzolanic prop-
erties. These properties enable them to react with calcium hydroxide in the presence of water, forming
additional cementitious compounds [25]. While both materials contribute to enhancing concrete prop-
erties and reducing environmental impact by replacing PC, they exhibit distinct characteristics and
behaviours in the alkali-activated materials system [7].

Ground granulated blast furnace slag is an industrial by-product that is produced during the iron and
steel production process, primarily composed of silicates and aluminosilciates [2, 9, 13, 26]. During
production, molten iron flows down the furnace, while it reacts with impurities resulting in molten slag
that flows on top of the molten iron. This molten slag is tapped from the furnace and rapidly cooled in
water [26]. Afterwards, the residues are dried and finely ground into a powder. The chemical and phys-
ical properties of GGBFS are constant, which can be attributed to quality control during iron production
and the homogeneous nature of the material [27]. However, the chemical composition of GGBFS can
vary due to differences in the composition of raw materials and the locations of furnaces in the produc-
tion process [25, 27]. The composition of GGBFS typically consists out of 35-40% CaO, 25-35% SiO.,
5-15% Al,O3 and 5-10% MgO [28]. The shape of GGBFS particles is irregular, with a glassy surface.
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GGBFS exhibits latent hydraulic behavior, meaning it has the ability to react with water and form cemen-
titious compounds over time [25]. Furthermore, the reactivity of GGBFS is influenced by particle size.
Smaller particles react more rapidly, while larger particles require a longer time to fully react. Therefore,
controlling the pore size distribution of GGBFS can be tested to manage the strength development [27].

Fly ash is a by-product of coal combustion in power plants, generated during electricity production. It
forms when finely powdered coal is exposed to high temperatures, causing mineral impurities to melt
and transform into fine spherical glass particles [9]. These particles, referred to as fly ash, are carried
by the flue gas stream and subsequently separated using a range of techniques [2]. Due to variations in
coal sources and combustion processes applied in power plants, the fly ash can show significant varia-
tions in terms of chemical composition, alkali content, glass phase fraction and particle size distribution
[7,9, 22, 27]. The primary chemical components of fly ash are silica (SiO,), alumina (Al;O3) and cal-
cium oxide (CaO) [26]. It presents a heterogeneous mineral composition, comprising both amorphous
and crystalline (mainly quartz and mullite) phases [29]. In accordance with classification esthablished
by the American Society for Testing Materials (ASTM) C618, fly ash can be sorted into two categories
[30]. This categorization is dependent on the content of calcium, silica, alumina and iron present. Class
C includes high calcium content (> 20% CaO), whereas Class F fly ash includes lower CaO levels (<
7%) [27]. Characterized by a spherical shape, fly ash particles enhance paste workability by reducing
water demand and optimizing particle packing. Consequently, the combined leads to a reduction in
overall porosity [27].

2.1.2. Characteristics and reaction mechanism of the high-calcium based binders
High-calcium binder systems are defined with a Ca/(Si+Al) ratio of approximately 1 and mainly formed
using GGBFS, which is rich in calcium and silicon (CaO + SiO5 > 70%) [7, 9]. The high-calcium based
system can be activated at room temperature under moderate alkali conditions [7, 12]. The main hydra-
tion products are calcium-alumino silicate hydrate (C-A-S-H) gels, that usually coexist with secondary
hydration products, like crystalline phase of hydrotalcite type (MggAlo,CO3(OH)6 - H,O) and C,AH;3-
type phases [7, 31, 32]. The formation of secondary hydration products depends on the composition
and structure of slag, the type and concentration of activator, pH and curing conditions [9, 31, 32].
C4AH5-type phases form when the system is activated with only NaOH, whereas the presence of
hydrotalcite-like phases can be detected when waterglass, NaOH, or a combination of these activators
is used [7].

Documented beneficial properties of high-calcium based binders compared to PC are high early and
final flexural and compressive strength, decrease in total porosity, lower hydration heat and better re-
sistance to high sulfate and seawater environments [9, 18, 22]. They also present some disadvantages
compared to PC as quick setting, higher drying and autogeneous shrinkage strains with micro-cracking
formation [31, 32].

Glukhovsky and Krivenko proposed in 1994 a series of reaction mechanism in the alkaline activation
with GGBFS, including the reactions below [33, 34]. In this model, it can be observed that the alkaline
cation (R*) is the catalyser in the first phases of the hydration process, by cationic exchange with Ca?*
ions. The activation involving slag consists of multiple stages, from slag destruction to polycondensa-
tion, making it a complex process.

——8j—0~ +Rt———=Si—0—R (2.1)
——Si— 00— R=——=Si—O0 R——OH- (2.2)
——S8— 00— R—O0OH 4Ca2t=——=Si— 00— Ca— OH+R" (2.3)

C-A-S-H gel is the main reaction product of high-calcium based systems, with a disordered tobermorite
C-S-H structure [12, 31]. The gel is slightly different compared to C-S-H gel of PC, due to the incor-
poration of aluminium, having a lower C/S ratio (C/S = 0.9-1.2) [7, 32]. A schematic overview of a
C-(A)-S-H layered structure is given in Figure 2.1, showing that the incorporation of aluminium predom-
inantly takes place in the bridging tetrahedral sides. In addition, the substitution of aluminium is limited
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by the total Al/Si ratio as this influences the degree of cross-linking of the gel [9]. The formation of the
gel can be influenced by the activator used, as a more ordered nanostructure with higher Ca/(Si+Al)
ratio is created working with sodium hydroxide [9]. The developed matrix with C-A-S-H gels are dense
[35]. Due to the presence of calcium, C-A-S-H-type gels are created which reduce the permeability
due to the capacity to chemical binding of water [9].

— €
. . . . . . — CaO layers
Y Y Layer buckling, vacancies?
Interlayer region ~|: o o JJ 9 o . - .
Substitution of Ca2* Na* (* ] ‘ (+ ] — Dreierketten silicate chains
S v v v v v v Cross-linking, Al substitution,
H,0, H*, Al species vacancies in bridging sites
— |—

Figure 2.1: Schematic overview of C-A-S-H gel structure. Blue triangles are tetrahedral Si sites, while the red triangle indicates
the Al substitution [9]

2.1.3. Characteristics and reaction mechanism of low-calcium based binders
Low-calcium based systems consist primarily of aluminium and silicon, activated with low calcium based
materials such as metakolin and type F fly ash [7]. The main hydration product of low-calcium binders is
sodium aluminosilicate hydrate (N-A-S-H) gel, which is structurally disordered and highly cross-linked,
as can be seen in Figure 2.2 [9]. Similarities can be found between the N-A-S-H gels and zeolites, which
in addition is the secondary reaction product in various forms [7, 9]. The reaction temperature plays an
important role regarding the activation of low-calcium based binders, as high temperatures (60-200°C)
are required to initiate the reaction [32]. In addition, high alkaline environments and therefore more
aggressive working conditions are necessary [7].

Figure 2.2: Schematic overview of N-A-S-H gel structure [36]

For low-calcium based binder systems, the reaction mechanism of Glukhosvky (1994) is primarily fol-
lowed in past research, which includes the following steps: (a) destruction-coagulation; (b) coagulation-
condensation; and (c) condensation-crystallisation [33]. A descriptive model following these steps is
given in Figure 2.3 [23]. During the first stage, alkali break down Si-O-Si, Al-O-Si and Al-O-Al bonds.
Subsequently, polycondensation takes place resulting in the formation of clusters growing in all direc-
tions [7, 23]. Finally, N-A-S-H gel synthesis continues resulting in reaction products whose chemical
composition is dependent on the nature of origin constituents, curing conditions and the origin and
concentration of the activator [24, 37].

Mg b
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Figure 2.3: Explanatory model for N-A-S-H gel formation [23]
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When mixing FA, less water is demanded due to its unique spherical shape [27]. Furthermore, the
setting time is longer relative to high-calcium binders [38]. The presence of anion-binding mechanisms
slows chloride ingress, enhancing the resistance of low-calcium binders to aggressive environments,
attributed to their more porous structure [9]. Despite these advantages, limitations result from low com-
pressive strength and elastic modulus, coupled with low reactivity at room temperature, make them
insufficient for structural applications [18].

The addition of soluble silica to the binder enhances the structural stability of the N-A-S-H gel [37].
The properties of both N-A-S-H-type and zeolite-type gels vary depending on factors such as curing
temperature, curing time and activator content [13]. Maintaining longer curing times promotes the
development of mechanical strength by increasing the degree of reaction and the formation of silica-
rich products [7]. Finally, it is important to note that water does not act as a structural component in
N-A-S-H gel, as it is not chemically bound [9, 39]

2.1.4. The blended system of slag and fly ash

In this section, the focus is on the blended system consisting of mixtures using GGBFS and FA. The
resulting reaction products are a mix of various gels, depending on the reaction conditions. These gels
include compositions of C-A-S-H, C-N-A-S-H and N-A-S-H gels [7]. Binders with a moderate calcium
content may offer a compromise between durability and strength, as the properties of fly ash and slag
are counterbalanced, leading to the development of a more uniform microstructure [40, 41].

It has been documented that when the amount of slag ranges between 25-50%, there is a transition
from N-A-S-H to C-A-S-H [39]. Moreover, when the amount of fly ash increases the binding phase
becomes less dense, as the N-A-S-H gel exhibits lower density.

Studies have shown that co-precipitation of two gels is possible, however Garcia-Lodeiro et al. stated
that the gels are interacting with each other, instead of developing as two separate gels [42]. Figure
2.4 illustrates the stability of the blended gel system, which primarily depends on the calcium content
and pH [7, 18]. The N-A-S-H gel becomes unstable for high pH (>12) [42]. When the calcium content
increases, a transformation from N-A-S-H to C-A-S-H gel can be observed, causing an increase matrix
density [7]. The formation of C-A-S-H gel products results in a denser microstructure, as this reaction
product is more space-filling compared to N-A-S-H gel [41, 43, 44]. The strong influence of calcium on
the gel chemistry is clearly evident in a system with fly ash/slag ratio of 1, as the microstructural features
closely resemble the slag-based binder system rather than a fly ash based system [43]. In addition, the
amount bound water is affected within the gel, considering N-A-S-H gel cannot chemically bind water
[43]. An increase in curing time results in higher polymerisation and cross-linking of the C-(N)-A-S-H
gel, but can also provide generation of more N-A-S-H gel (when enough alumina and alkali are present
(Al/Si = 0.15))[45].

T C-A-S-H
[Ca]
(N,C)-A-S-H

(3D)

-.-pH

Figure 2.4: N-A-S-H gel stability in terms of pH and calcium content [7]

In conclusion, AAMs offer an alternative binder composed of various precursors and activator. The
formation of different gel systems, such as high-calcium (C-A-S-H) and low-calcium (N-A-S-H), is de-
pendent on the composition of the activators. The high-calcium binder system displays a stiffer and
more ordered structure compared to PC. Moreover, it includes better mechanical properties and the
ability to chemically bind water. On the other hand, the low-calcium based binder system is structurally
disordered and highly cross-linked, shows exceptional resistance against aggressive environments.
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Additionally, a blended system leads to the coexistence of gel compositions, from C-A-S-H to C-N-A-
S-H and N-A-S-H gels. The transition from N-A-S-H to C-A-S-H gel occurs when the calcium content
increases, resulting in a denser microstructure and the capacity to chemically bind water.

2.1.5. Curing of AAMs

Curing of AAMs involves the management of specific conditions to promote the hydration of precursors.
Similar to traditional concrete, these conditions include factors such as time, relative humidity (RH)
and temperature [2]. These curing conditions are introduced shortly after the placement of the AAM
mixture, and their significance lies in their capacity to facilitate the necessary chemical reactions. In
the subsequent section, these factors and their implications in the context of AAMs development is
provided.

Relative humidity

The RH maintained during the curing process plays an important role in microstructural development of
AAMs. The level of RH directly impacts the availability of moisture, influencing the duration of the hydra-
tion process. Continuing higher RH levels ensures a longer hydration process, promoting the creation
of a stronger matrix. This can be done by creation of an impermeable membrane through techniques
like moist curing. This impermeable membrane prevents premature drying of the binder, retaining the
unaffected hydration process maintaining the desired rate of strength development [2]. Sealing is an-
other effective strategy to prevent moisture loss, as it creates a barrier against water escaping from
the system. However, even after both sealed and moist curing, exposure of AAMs to environmental
conditions can still impact the binder, potentially leading to issues such as cracking, especially in lower
RH environments.

A study by Criado et al. focused on the activation of AAFA, revealing the influence of curing conditions
on both nano- and microstructural development. Curing at a high relative humidity (above 90%), within
airtight containers results in a compact and dense material with developing mechanical properties over
time. On the other hand, curing at low relative humidity, in direct contact with the atmosphere results in
a granular, porous material with stable, aluminum-rich reaction products. Despite the structural differ-
ences, the chemical composition remains consistent during the curing process, ultimately contributing
to a weaker matrix [46].

Curing temperature

The impact of curing temperature is dependent on the type of system that is considered, for low-calcium
based systems elevated temperatures (60-200 °C, depending on reactivity of fly ash) are needed be-
fore hydration products can be created [9, 47]. For high-calcium based systems, elevated-temperature
water (up to 60°C) accelerates the early hydration products of the pastes [48]. This accelerates the
geopolymerization process leading to earlier strength gain.

The curing temperature has been observed to impact the reaction products. At elevated temperatures
(60-80 °C), both C-A-S-H and N-A-S-H gels coexist, while at room temperature, there is a dominance
of C-A-S-H gel, which is considered more stable [8].

Curing time

Curing time is the time that specimens are kept under specific curing conditions to promote hydration
and gain strength. In general, the longer curing time is included, the better the microstructure devel-
opment is. Additionally, the overall porosity reduces with increasing time. The demanded curing time
of the alkali-activated mixture is dependent on the temperature, activation conditions and setting time
[12]. When longer curing times are considered, silica-rich products can be formed which favour the
development of mechanical strength in low-calcium based binders [24].
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2.2. Drying shrinkage in alkali-activated materials

This section provides an introduction to drying shrinkage, followed by the primary concept of drying
shrinkage based on the literature. Subsequently, the fundamental parameters affecting drying shrink-
age are described, specifically the pore size distribution and gel characteristics. Finally, the factors
influencing drying shrinkage in alkali-activated materials are addressed.

2.2.1. Introduction to drying shrinkage

Drying shrinkage refers to the dimensional changes related to the water loss to the external environment
atlow RH [2, 11, 18]. The drying shrinkage of PC and AAMS is the time-dependent strain measured in
an unrestrained and unloaded specimen at constant temperature [49]. Drying shrinkage starts when
specimens are exposed to drying, due to a difference in RH, initiating evaporation of free water. When
the stresses due to shrinkage exceeds the tensile stresses, cracking occurs [2, 11].

The dominant mechanisms involved in the drying shrinkage of cementitious materials include the cap-
illary pressure mechanism, disjoining pressure mechanism, the solid surface energy mechanism, and
interlayer water movement mechanism [35, 40, 48, 50]. In PC, capillary pressure emerges as the pri-
mary mechanism governing the drying shrinkage when the relative humidity exceeds 40% [40]. Con-
sequently, this study focuses on the capillary pressure mechanism as primary concept, which is exten-
sively detailed in section 2.2.2. Moreover, the fundamental parameters associated with drying shrink-
age in alkali-activated are described, followed by an examination of the various mix design and curing
parameters that contribute to this phenomenon.

2.2.2. Primary concept of drying shrinkage

The capillary pressure theory is based on the developing surface tension on the pore walls due to the
formation of the meniscus by the loss of water [40]. In literature, the capillary stress o, is described
by the Kelvin - Laplace equation:

2ycost  —in(RH)RT

re Vin
Where ~ represents the surface tension between vapor and pore water, 6 is the contact angle, r. is
Kelvin radius (capillary radius at the position of the meniscus), RH is relative humidity, R is the univer-
sal gas constant, T is temperature in Kelvin, V,,, is the molar volume of the liquid. The RH and pore
solution properties play a critical role in the determination of the Kelvin radius [13].

(2.4)

Ocap =

When free water evaporates, an internal drop of RH is generated within the paste, producing capillary
tension due to the existence of menisci on the liquid interface. The capillary tension must be coun-
teracted by compressive stress resulting in contraction of the paste, causing drying shrinkage [17].
Equation 2.4 reveals that for smaller pores, the capillary stress is higher and causing higher drying
and autogenous shrinkage. In Figure 2.5, the development of the menisci under different RH is illus-
trated, as when the RH decreases, water evaporates and the pore size where the meniscus if formed
becomes smaller. As equilibrium is created at the meniscus, internal stresses increase as pore size
decreases. In the case of AAMSs, the volume fraction of smaller pores is higher, causing an increase of
capillary tension acting on the matrix phases, which ultimately results in an amplified increase in drying
shrinkage [17].

E=——"—3 Absorbed water
Free water

Figure 2.5: Schematic overview of influence of pore size and RH on meniscus development when water evaporates



2.2. Drying shrinkage in alkali-activated materials 10

2.2.3. Terminology

As mentioned above, drying shrinkage is associated with the loss of water to the environment caused
by differences in RH. According to ASTM 596, drying shrinkage is defined as the decrease in length of
a test specimen, attributed to factors other than externally applied forces [51]. This volume change is
a result of both moisture exchange with the environment and internal reactions within the paste during
hydration. Figure 2.6 schematizes the concept of drying shrinkage. Exposure to lower RH conditions
increases drying shrinkage over time. However, if a specimen is restrained, tensile stresses can de-
velop, potentially causing cracking due to drying shrinkage [2].

Autogenous shrinkage is exclusively related to the volume change without any moisture exchange with
the environment. ASTM C1698 defines autogenous shrinkage as the bulk strain of a sealed specimen
not subjected to external forces, measured from the final setting until a specified age [52]. Autoge-
nous shrinkage arises only from internal drying of the microstructure, as illustrated in Figure 2.7. The
mechanisms for autogenous shrinkage differ between materials; for PC, it is linked to microstructure
development, RH, and chemical reactions. Conversely, in alkali-activated fly ash (AAFA), research
suggests that autogenous shrinkage is not caused by the traditional self-desiccation process but is
associated with the continuous reorganization and polymerization of the alumino-silicate gel structure
[17]. Despite these differences, both materials have in common that water is consumed from hydration
products during the the reaction process.

Volume change of ( )
exposed sample Volume change of
sealed sample

l | l \ l v,
; . 4 A

Internal drying due External drying due Internal drying due to

to continuous to loss of water to . -
- ) continuous hydration
hydration process environment

process

l l \. J
l v

[ Drying shrinkage ] [Autogenous shrinkage]

Figure 2.6: Schematizing definition of drying shrinkage Figure 2.7: Schematizing definition of autogenous shrinkage

To summarize, autogenous shrinkage is related to the internal reactions of hydration and the result-
ing self-desiccation, while drying shrinkage is associated with both the hydration process and external
water loss due to environmental conditions. Previous investigations into drying shrinkage primarily fo-
cus on the external part; nevertheless, measurements often include both internal and external drying
processes [11, 17, 19, 53]. To exclusively study the contribution of external drying shrinkage, it is neces-
sary to account for the autogenous shrinkage component by separate measurements. From this point
in the thesis, external shrinkage is specifically defined as the water loss to the external environment.

2.2.4. Fundamental parameters affecting drying shrinkage

The drying shrinkage mechanisms of both AAMs and PC can be related to pore size distribution and
reaction products. However, due to the influence of considerably more factors on these parameters
in AAMs, the drying shrinkage mechanism in AAMs is more complex [13, 18, 19, 35, 48]. The pore
size of AAMs is finer relative to PC, but includes differences between high-calcium, low-calcium and
blended based binders. In addition, the differences in gel characteristics may have its influence on
drying shrinkage, because the hydration products influence the solid skeleton in AAMs and therefore
the mechanical response of the paste [13]. In coming sections first, the pore size distribution including
differences between binders is discussed. Subsequently, the influence of gel characteristics on drying
shrinkage are taken into account.
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Pore size distribution and drying shrinkage

In context to te pore size distribution and its relation to drying shrinkage, an overview of the considered
pore classification is presented in Table 2.1 [54]. Where capillary pores consist of both macropores
and medium capillaries, and gel pores comprise of small isolated capillaries, micropores and interlayer
spaces.

Table 2.1: Classification of pore sizes in AAMs according to Mindess et al. [54]

Designation Diameter Description

Capillary pores  10.000 - 50 nm Macropores
50-10 nm Medium capillaries

Gel pores 10-2.5nm Small isolated capillaries
25-0.5nm Micropores
<0.5nm Interlayer spaces

PC consists mainly of capillary pores, unlike AAMs which contain a higher volume of medium and
small isolated capillaries, particularly in slag systems. Past research on both GGBFS and FA paste
systems observed that this increased volume of medium and small isolated capillaries, also referred
to as mesopores in the literature, contributes to a refined pore structure. This refined pore structure
is one of the main factors responsible for the enhanced drying shrinkage strain observed in AAMs [17,
19]. The sizes of developed pores are dependent on the type and quantity of raw materials in AAMs.
Consequently, the aforementioned binder systems are discussed separately.

High-calcium based binders

The research conducted by Collins et al. showed that alkali-activated slag (AAS) pastes have a higher
proportion of pore sizes within the mesopore region (82%) and a lower amount of macropores compared
to PC pastes (36.4% in mesopore region), the result is also shown in Figures 2.8 and 2.9 [19]. Because
of this difference, the meniscus reaches such pores more quickly, resulting in elevated capillary pres-
sure. Moreover, the smaller size and consequently reduced volume of mesopores in alkali-activated
slag systems contribute to the lower overall weight loss, as demonstrated in Figure 1.1. This observa-
tion further supports the theory that capillary pressure, occurring during the drying process, significantly
influences the drying shrinkage of alkali-activated slag pastes [19].
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Figure 2.8: Cummulative pore size distribution of PC Figure 2.9: Drying shrinkage vs pore radius for AAS
and AAS for 3, 7 28 and 56 days [19] and PC, with w/b = 0.5 [19]

In conclusion, the presence of mesopores within a specific range significantly contributes to the ele-
vated drying shrinkage observed in alkali-activated slag systems, primarily due to their susceptibility to
water loss [11, 14, 18, 22]. The different pore size distribution and properties of the pore solution re-
sult in reduced degrees of saturation and stiffness, consequently leading to increased drying shrinkage
[50]. Therefore, it is important to consider the pore radius at which the meniscus forms, rather than
only focusing on water loss, when evaluating the drying shrinkage behaviour.
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Low-calcium based binders

Low-calcium binders contain higher volume of medium capillaries and have a wider range compared
to high-calcium binders [11, 22]. However, its distribution is in general finer than PC binders. The total
porosity of alkali-activated fly ash binders is higher than alkali-activated slag binders, resulting an larger
surface area available to evaporate of water, so the total water loss increases [11, 53]. However, in
other studies it was found that binders of fly ash exhibit lower drying shrinkage strains, dependent on
the curing conditions [55].

The higher porosity is causing a lower density of the binder [40]. Moreover, it is documented that in-
stead of large capillary pores, large cavities are detected in the microstructure [56]. The pore structure
and its pore size distribution is affected by properties and proportions of raw materials, alkali and silica
content [40, 56].

Blended binders

Consistent with previous research (see section 2.1.4), C-A-S-H gels have been recognized for their su-
perior space-filling effect compared to N-A-S-H gels, resulting in a denser pore structure with reduced
pore size distribution and overall porosity [44, 57]. This transition towards greater densification can also
be observed in Figure 2.10, where an increase in slag content leads to an denser pore structure [53, 58].

The study conducted by Wang et al. examined the pore size distribution, drying shrinkage behaviour
and weight loss of alkali-activated blended system with varying proportions of fly ash and slag [53].
The findings of this study revealed that samples containing 30-50% fly ash exhibited the lowest rates
of drying shrinkage, correlated with a denser pore structure, as illustrated in Figures 2.10 and 2.11.
Additionally, specimens with higher slag content showed lower reduced weight loss during the drying
process [53]. It is important to note that these results do not clearly establish a direct relationship
between lower water loss and reduced drying shrinkage. This phenomenon may also be attributed to
the finer pore structure that arises from increased slag incorporation [16, 19].
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Figure 2.10: The effect of different FA/GGBFS ratios on Figure 2.11: The effect of amount of fly ash on the drying
cumulative pore size distribution at 3 and 365 days. N: shrinkage behaviour of alkali-activated blended binders
wt.% NasO activator content; S: proportion of slag; T: after 3 days, w/b = 0.35, N4: 4 wt.% NaxO content in the
curing time in days. Data from [53, 58] activator; FO-F7: 0-70% fly ash replacement of slag F[53]

Based on the findings discussed above, it can be concluded that the pore structure of AAMs is influ-
enced by the type of precursors chosen for the mix design. Specifically, samples with lower fly ash
content exhibited a denser pore structure. This observation suggests that the proportion of fly ash
plays a crucial role in determining the pore size distribution.

Influence of gel characteristics on drying shrinkage

In addition to the pore structure, other factors such as the type and structure of the gels formed are
known to significantly impact the drying shrinkage of AAMs [14, 19, 53]. As shown in Figure 2.4, the
stability of N-A-S-H gel itself is mainly influenced by the calcium concentration and pH, of which the
former has the most impact [18, 36]. This section focuses on the dimensional stability of the reaction
products related to drying shrinkage.
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AAMs have lower elastic stiffness compared to traditional PC, according to past research this con-
tributes to the increased magnitude of drying shrinkage [14]. The formation of diverse binder systems,
influenced by the choice of precursor and/or activator type and concentration, leads to microstructural
changes, which become a significant factor influencing drying shrinkage, as discussed in [53].

High-calcium based binders

According to Ye et al., the drying shrinkage mechanism and corresponding viscous performance is
highly dependent on the RH. The driving force is the rearrangement and reorganisation of C-A-S-H gel
particles under the present capillary stress, therefore, the viscous characteristic is not due to the loss
of moisture but due to this micro-structural re-arrangement. For this reason, most shrinkage of AAS
dried at high RH is irreversible, because the organized structure is changed permanent [20].

Depending on the type and concentration of activator C-A-S-H gel is formed, affecting the magnitude of
drying shrinkage. For example, more drying shrinkage is observed when waterglass is used, as more
silica-rich gel is formed resulting in more contraction when it loses moisture [16, 31]. This contraction
does not take place when sodium hydroxide is used. The stiffness of the matrix is also affected by the
activator, research of Cartwright et al. observed 33% lower elastic modulus using sodium hydroxide
instead of waterglass [14].

The magnitude of drying shrinkage of AAS can be reduced through various adjustments, examples are
decreasing the modulus of activator (M,) and slag fineness, or by increasing the aggregate to slag ratio
[31].

Low-calcium based binders

As mentioned before, in low-calcium binders water molecules are not chemically bound and therefore
prone to evaporation [18]. Research of Ma et al. showed that most of the water is free water, which
can be found in the aluminosilicate gel pores and voids left by dissolved FA particles [17]. The results
regarding drying shrinkage and moisture loss demonstrate that the mechanism is affected by the mi-
crostructure of the binder, as the drying shrinkage increases while the quantity of water lost decreases
[17].

The drying shrinkage strain of AAFA is smaller compared to AAS, according to literature, this difference
can be explained by the higher porosity and difference in gel composition and its relation to drying shrink-
age [11, 18]. Moreover, the behaviour of interlayers on nanoscale upon drying are not investigated and
therefore unclear, in contrast to high-calcium binders.

N-A-S-H gel evolves into higher strength matrices as it gets silicon-richer by changes in reaction time
and curing temperature [7]. Curing at high RH (over 90%) results in a dense, compact material, in
contrast when it is cured at low RH, as this results in a porous and granular material [37]. The stiffness
of N-A-S-H matrices is weakened when increasing the curing temperature, as the connectivity and
chemical bond stability is lowered [59]. For the micro-structural development the curing conditions are
therefore of greatest importance.

Blended binders

Blended binders exhibit drying shrinkage levels that are higher than those of PC but generally smaller
than pure AAS or AAFA binders [53]. The addition of FA to slag can significantly mitigate the drying
shrinkage of samples [15]. The mechanism governing drying shrinkage in blended binders is more
complex, as it is influenced by the properties and proportions of the raw materials used, which in turn
affect the composition of the gel [40]. Both the stability of N-A-S-H gel and the drying shrinkage of
blended binders are greatly influenced by the calcium content [18]. Increasing the proportions of C-(N)-
A-S-H gel leads to an increase in both the rate and magnitude of drying shrinkage. On the other hand,
this increase in gel composition also enhances the mechanical properties of the binder, improving its
stiffness and strength. In other words, the shrinkage phenomenon in the mixed binder is influenced by
a competing mechanism between the particle size distribution and stiffness [40].
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2.2.5. Factors affecting drying shrinkage in alkali-activated materials

The drying shrinkage mechanism in AAMs is intricately influenced by pore size distribution and gel char-
acteristics, as described in the previous section. These fundamental parameters are, in turn, subject
to the impact of mix design choices and curing conditions. Therefore, those factor are examined in this
section. Initially, common influencing factors, also known from PC, are described. Following this, the
state-of-the-art influencing factors specific to AAMs are considered.

Common influencing factors of drying shrinkage
The common influencing factors considered are water-to-binder-ratio and general curing conditions.

Water-to-binder ratio

As drying shrinkage is caused by the evaporation of unbound water, the amount of water available in
the paste is of importance. Therefore, higher water-to-cement ratios in conventional concrete provides
more water available that can evaporate, contributing to higher drying shrinkage. In AAMs, the water-to-
binder ratio is considered instead of the water-to-cement ratio. Similar to conventional concrete, higher
water-to-binder ratios can result in higher drying shrinkage, as there is excessive water available in the
matrix available for evaporation. It is important to note that a smaller water-to-binder ratio corresponds
to minor drying shrinkage, but can result in more significant autogeneous shrinkage behaviour [60].

Curing time

Thomas et al. investigated the impact of an extended curing time (90 days) on the drying shrinkage
strain in AAMs, suggesting that the elevated dimensional instability causing drying shrinkage is primar-
ily attributed to delayed product formation and microstructural development [11]. Furthermore, autoge-
nous shrinkage decreases with extended curing times, indicating that the duration of exposure to the
environment directly has a direct impact to drying shrinkage [57].

Relative humidity

The external and internal relative humidity are factors influencing drying shrinkage in AAMs. The ex-
ternal RH refers to the moisture conditions in the surrounding environment where AAMs are placed,
impacting the overall drying process. Generally, higher external RH results in lower the moisture evap-
oration from the surface, maintaining saturation and preventing drying. On the other hand, internal
RH refers to the moisture content within the matrix, influenced by factors such as water-to-binder ratio
and external RH. As discussed in section 2.2.2, the internal RH affects the external RH by driving the
evaporation of free water.

The migration rate of water molecules in various pore sizes within AAMs is regulated by both internal
and external RH. A decrease in external RH intensifies water loss in mesopores, potentially leading to
higher pore pressure associated with drying shrinkage [40]. This finding aligns with the observations of
Ye et al., emphasizing that drying shrinkage is related to how water moves through the system rather
than the quantity of water that is lost to the external environment, stating that drying shrinkage is gov-
erned by RH Ye et al. Moreover, the study suggested that the RH influence the hydration products by
affecting the kinetics of shrinkage, as the pore size diameters are refined upon drying which process
is magnified for RH > 70% [50]. Additionally, research by Ye et al. and Criado et al. highlight the im-
pact of different shrinkage conditions across various RH ranges and pore sizes, with low RH potentially
contributing to the development of a loosely compacted structure with large pores [13, 37]. In addition,
it is reported that the critical RH at which the capillary meniscus becomes unstable under equilibrium
conditions is commonly considered to be 40% RH [50].

According to Marjanovi¢ et al., drying shrinkage of alkali-activated slag-fly ash mortars can be reduced
when curing at 95 °C for the first 24 hours, making it comparable with drying shrinkage of PC based
mortar cured at room temperature [8]. Moist curing resulted in a reduction of drying shrinkage compared
to curing to the air [48]. The effect of sealed curing to drying shrinkage is studied by Yong, it was shown
that curing specimens for an extended period before testing results in a more mature binder, enhancing
resistance to dimensional changes [12, 61]. The resultis shown in Figure 2.12. With sealed curing, only
autogenous shrinkage can occur as external water ingress or loss is prevented [11]. When samples
are unsealed, both drying and autogenous shrinkage occur at the same time.



2.2. Drying shrinkage in alkali-activated materials 15

8000

Sealed curing
(days)

6000

4000

Shrinkage (microstrain)

2000

0 20 40 60 80
Time (days)

Figure 2.12: Effect of sealed curing on drying shrinkage of blended alkali-activated paste with 60% FA, 40% slag, Ms = 1.5 [61]

Temperature

In addition to relative humidity, curing temperature significantly affects drying shrinkage. A study con-
ducted by Cai et al. observed an 80 % decrease in drying shrinkage caused by the effect of heat curing
(60 °C). The key contributing factor is the occurrence of most autogenous shrinkage in the initial days
due to the accelerated hydration process. As the measurements of drying shrinkage began, including
autogenous shrinkage, the recorded autogenous shrinkage was lower than for samples cured at nor-
mal temperatures. Moreover, elevated temperatures led to accelerated hydration, resulting in more
reaction products and a denser pore structure. Consequently, the smallest porosity was observed un-
der these conditions [48].

The research of Ma et al. observed increased drying shrinkage in AAFA pastes compared to other
studies, due to a lower curing temperature (40 °C instead of 80°C). It is suggested that the improved
resistance to drying shrinkage is linked to the heightened resistance of the paste matrix, resulting from
the formation of a denser structure at higher curing temperatures [17, 40].

The study of Marjanovi¢ et al. stated that the curing temperature mostly affects drying shrinkage be-
haviour of blended slag and fly ash AAMs. Curing at 95 °C for the first 24 hours significantly reduced
the drying shrinkage [8]. The results are shown in Figure 2.13, where n represents the molar ratio of
SiO2/NaO and % Na,O the percentage of Na,O relative to the weight of precursor [8]. Furthermore,
it was discovered that this drying shrinkage behaviour was nearly equivalent to that of the PC mortar
cured at room temperature Marjanovi¢ et al.
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Figure 2.13: Drying shrinkage strain of blended AAMs influenced by both curing time and alkali activation conditions. n: molar
ratio of SiO2/Na20 [8]



2.2. Drying shrinkage in alkali-activated materials 16

Distinctive factors shaping drying shrinkage in AAMs

Activator type

The choice of activator in alkali-activated materials plays an essential role in shaping both mechanical
properties and microstructure, thus influencing the overall shrinkage behavior [13]. In general, alkaline
activators such as sodium hydroxide (NaOH), waterglass (sodium silicate, Na;SiO3), and sodium car-
bonate (Na;CO3) are commonly used, with the combination of NaOH and waterglass being the most
common [18].

The microstructure formation is highly dependent on the activator type, and this dependency extends
to its impact on shrinkage behavior. Previous research indicates that comparable cement shrinkage
strains are observed when sodium hydroxide and sodium carbonate solutions are used, contrasting
with waterglass solutions, which result in larger drying shrinkage strains [31, 40, 62]. Moreover, a
higher sodium silicate content leads to the formation of more silica-rich gel, which is more susceptible
to drying due to its higher water content, contracting as water is lost [31].

Ma investigated the microstructure formation of alkali-activated fly ash paste, as depicted in Figures
2.14 and 2.15 [63]. In sodium hydroxide-activated fly ash paste, reaction products primarily develop on
the surface of fly ash grains, resulting in a relatively loose microstructure. Conversely, sodium silicate-
activated fly ash paste exhibits uniformly dispersed reaction products throughout the matrix, leading
to a denser microstructure. Additionally, sodium hydroxide raises the pH of the activating solution,
enhancing fly ash dissolution and contributing to the formation of a finer pore structure [17].

Figure 2.14: Microstructure of fly ash paste activated Figure 2.15: Microstructure of fly ash paste activated
with sodium hydroxide after 28 days cured at 40°C with sodium silicate after 28 days cured at 40°C (from
(from [63]) [63])

Similarly, Aydin et al. observed a comparable distinction in alkali-activated slag pastes, highlighting that
waterglass-activated slag displays a dense and compact structure compared to NaOH-activated slag
[64]. This results in higher compressive strength and more pronounced drying shrinkage for waterglass-
activated slag [64]. Moreover, Cartwright et al. found that alkali-activated slag mortars activated solely
with NaOH exhibited a 33% lower elastic modulus compared to PC mortar, whereas mortars activated
with water glass showed a similar elastic modulus to PC [14].

The above-mentioned points highlight the significant influence of activators on the mechanical proper-
ties and shrinkage characteristics of alkali-activated materials.

Activator modulus

The activator modulus (M,), representing the molar ratio of SiO, to Na,O, is influenced by the choice
and concentration of the activator. It is important to note that AAMs activated with waterglass exhibit
higher drying shrinkage, a tendency which is intensified when the activator modulus increases.

A study by Ma et al. investigated the impact of different activator moduli (ranging from 1 to 0.67) on
drying shrinkage behaviour and corresponding pore size distribution of AAFA. The reduction of the
activator modulus resulted in a decrease in drying shrinkage and a coarsening of the pore structure [17].
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This finding aligns with the observations of Gao et al., who suggested that decreasing the additional
silicate content from the activator could also lead to a certain extent of decrease in drying shrinkage [15].
Additionally, the influence on the porosity of different moduli and slag-to-fly-ash-ratios was considered,
where the mixtures with lower slag content exhibit higher porosity, and this porosity decreases with
increasing activator modulus, as shown in Figure 2.16 [15].
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Figure 2.16: 7 and 28 days porosity of alkali-activated slag-fly ash mortars with M, equal to 1, 1.4 and 1.8 by [15]

In the investigation of Aydin et al., the influence of the activator modulus was explored among other
factors. Figure 2.17 illustrates the differences observed in slag mortars with M, equal to 0, 0.4 and
1.2 [64]. A more refined pore size distribution is evident when silicate is present in the system, with
the amount of mesopores for M, of 1.2 approximately twice as large compared to M, equal to 0.4.
Mortars with no silicate present (Mg = 0) exhibit a coarser pore size distribution with more macropores
and mesopores, indicating a poorly packed and porous structure. Additionally, a distinct microstructure
was identified in the same study, suggesting a correlation with different drying shrinkage strains; lower
drying shrinkage strains were observed for mortars with no silicate present [64].
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Figure 2.17: Pore size distribution of mortars with M equal to 0, 0.4 and 1.2 [64]

Activator concentration

In this section, the influence of alkali content on the microstructure of AAMs is considered. A higher
concentration of alkali in the activators leads to an increased degree of chemical reactions during the
hydration process. This heightened reactivity results in the formation of more complete hydration prod-
ucts, which, in turn, limits the availability of free water for evaporation. Additionally, the increased
hydration and geopolymerization is associated with the creation of smaller pores in the microstructure
of the material [11, 40]. Consequently, the overall porosity is reduced, causing a notable shift in the
pore size distribution. Past research documented this densification is considered to be the reason why
drying shrinkage of high calcium AAMs (so also blended slag and FA) increases along with the alkali



2.2. Drying shrinkage in alkali-activated materials 18

content [31, 40]. Research of Jin et al. noted that the drying shrinkage increases with higher dosage
of activators, as well as slag fineness [10]. It is worth noting that in the literature, the interplay between
activator concentration and modulus is often considered simultaneously, acknowledging their collective
impact on the reactivity and microstructure of alkali-activated materials.

A study of Aydin et al. demonstrated that decreasing both alkaline content and activator modulus can
effectively mitigate autogeneous and drying shrinkage because of the reduced hydration reaction. It is
suggested that this reduction is caused by a densified pore structure and therefore reduced porosity.
An overview of this result is shown in Figure 2.18 [64].
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Figure 2.18: Effect of activator modulus and sodium oxide concentration on drying shrinkage at 6 months of AAS [64]

In the study of Thomas et al., it was reported that an increase of sodium oxide concentration from 4 to
6 % resulted in a reduction of the shrinkage [11], the results are shown in Chapter 1, Figures 1.1 and
1.2. For AAFA, it was suggested that an increase of Na,O concentration resulted in reduced shrinkage
due to reduced porosity and improved stiffness and strength. For AAS, both higher activator content
and a higher activator modulus resulted in increased shrinkage as well as strength, possibly due to an
increase in pore fineness and lower porosity. It is also noted that this affects the sensitivity to water
loss [11].

In the research of Melo Neto et al., the effect of the activator concentration on both drying and autoge-
neous shrinkage in alkali-activated slag was investigated, with activator modulus at 1.7, with 2.5 and
4.5% of Na,O (see Figures 2.19 and 2.20). This study also showed that the quantity of silicate within the
activator significantly impacts both autogeneous and drying shrinkage. Higher levels of sodium silicate
lead to a rise in overall shrinkage. Consequently, an increase in sodium silicate content is associated
with a reduction in total porosity and meso-pores volume, which directly elevating the activator modulus
quantity triggers greater hydration, thereby boosting C—S—H volume and reducing porosity. Moreover,
it was found that the mesopore volume decreased, which, in turn, has a direct impact on shrinkage
attributed to self-desiccation [16, 18].
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Available calcium content in the matrix

In addition to its notable impact on the stability of the NASH gel (discussed in Section 2.1.4), the avail-
able calcium content in the matrix plays a crucial role in influencing the drying shrinkage behavior of
alkali-activated materials. As discussed in Section 2.2.4, high-calcium based systems result in a finer
pore structure and low-calcium systems lead to coarser pore structures.

AAS pastes have a lower Ca/Si ratio in the hydration products of C-S-H gels (Ca/Si = 1.1) compared to
PC pastes (Ca/Si = 2.0) [38]. The drying shrinkage of the pastes is observed to occur more prominently
in C-S-H gels with a low Ca/Si ratio, as highlighted by Zhang et al. [38]. Mastali et al. also emphasizes
the significant influence of the molar ratio of Ca/Si on the rate of drying shrinkage in AAMs. It is sug-
gested that a higher Ca/Si ratio contributes to the formation of a fine pore structure, impacting tensile
stresses in capillary pores, as well as strength and elastic modulus [18].

Gao et al. suggests that the C-A-S-H gels with low Ca/Si ratio display a natural tendency for shrinkage,
and modifying this property can be achieved through methods such as incorporating fly ash into slag or
reducing the silicate content from the activator [15]. The review of Huang et al. discusses the compe-
tition mechanism between slag and class F fly ash, highlighting that the CaO content of raw materials
does not exhibit a monotonic relationship with the drying shrinkage of alkali-activated materials. The
pore size distribution of the blended AAMs are identified as determinants of drying shrinkage [40].

2.3. Knowledge gaps in drying shrinkage mechanism research
Existing research on drying shrinkage in alkali-activated materials reveals several critical knowledge
gaps that need attention for a more comprehensive understanding.

1. Unclear governing mechanism
Uncertainty persists about the primary governing factor initiating the drying shrinkage process.
While studies point to differences in gel composition and pore size distribution, a clear under-
standing of the triggering mechanism is still ambiguous.

2. Autogenous shrinkage and external drying shrinkage
Existing literature predominantly concentrates on drying shrinkage, including the autogenous dry-
ing shrinkage part. This discrepancy hinders an understanding of the external drying shrinkage
mechanism.

3. Insufficiency in comprehensive shrinkage data
Current studies lack comprehensive shrinkage data where multiple parameters are held constant.
A focused examination of specific influential factors under consistent conditions is needed to
uncover nuanced insights into their isolated effects.



Approach & Methodology

To advance the understanding of the drying shrinkage mechanism in AAMs, this study aims to identify
whether the pore structure or gel characteristics explain the mechanism. To achieve this, it is essential
to control one characteristic while varying the other. Therefore, the pore size distribution is controlled,
offering the opportunity to quantify the effect of gel composition on drying shrinkage. This chapter
presents the strategy and defined design parameters applied in this study. Subsequently, informa-
tion about materials, mix design and corresponding sample preparation is provided. In addition, the
experimental methods are described. Finally, the applied selection method for samples is outlined,
considering the same pore size distribution.

3.1. Strateqgy

This thesis is divided into two main parts, each focusing on distinct objectives of the research:

Part 1: Influence of mixture design parameters on properties and microstructure

In the first part, the focus is on understanding the impact of mixture design parameters on prop-
erties and microstructure characteristics of alkali-activated binders. The investigation delves into
how variations in slag-to-fly-ash ratios, curing time and activator content affect the drying shrink-
age, weight loss, mechanical properties and pore size distribution. This provides a comprehen-
sive perspective on how these mixture design parameters interact with and influence the proper-
ties and microstructure of alkali-activated materials.

Part 2: Correlation of pore and gel characteristics on drying shrinkage

The second part is dedicated to advancing the understanding of the drying shrinkage mechanism,
Here, the emphasis lies on controlling pore size distribution and investigating the most susceptible
main hydration product concerning drying shrinkage. Initially, pore size distributions of different
mixture designs are compared. When these distributions fall within a similar range, the study pro-
ceeds to compare the drying shrinkage behavior, weight loss, flexural, and compressive strength.
Additionally, variations between the volume of reaction products and the chemical composition
are considered. This approach offers an opportunity to quantify the effect of gel composition on
drying shrinkage in alkali-activated materials.
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3.2. Design parameters

To control the pore size distribution and ensure variety in the reaction products, various slag-to-fly-
ash ratios, curing times and Na;O contents were investigated. The aim in all cases was to develop a
microstructure as uniform as possible. Specific values for this study are provided below in Figure 3.1.

Variable parameters

X Y Y
Slag/ fly ashratio Curing time [d] Na; 0 content [wt. %)]
100/0 3 4
70/30 7 5
50/50 14
28

Figure 3.1: Variable mix design parameters

For the slag-to-fly-ash ratios, only ratios above 50% FA were considered. This decision was based
on findings in the literature, which indicated that fly ash ratios below 50% resulted in coarsened pore
size distributions that deviated too much from the range of pore size distributions of other ratios, as
discussed in Section 2.2.4. Additionally, the aim was to achieve higher compressive strength, which
are more likely to be used in the industry. This implied a preference for the presence of C-(N)-A-S-H
gels in the microstructure.

Curing times of 3, 7, 14, and 28 days were selected, with longer curing times expected to result in a
more refined pore size distribution, as discussed in Chapter 2. Longer curing times were also neces-
sary for samples with higher fly ash content, given the slower hydration process of fly ash.

In addition, a sodium oxide content of 4 and 5 percent of the weight of precursor was chosen, with
a higher content providing a more refined pore structure [11]. Combining longer curing times with
increasing amounts of fly ash aimed to achieve a pore structure within the same range as a sample with
lower fly ash content and shorter curing time. To increase the probability uniform pore size distribution
within the mix designs, the sodium oxide content was added as a parameter.

3.3. Materials and sample preparation
This section includes information about the GGBFS, FA and alkaline activator used in this study. More-
over, the mix designs, the mixing procedure and sample preparation are outlined.

3.3.1. Blast furnace slag and fly ash

The study incorporated Ground Granulated Blast Furnace Slag from Ecocem Benelux B.V. and Fly Ash
class F from Vliegasunie B.V.. The chemical composition determined by X-ray fluorescencse (XRF) is
given in Table 3.1 [65].

Table 3.1: Chemical composition of GGBFS and FA measured with XRF [wt.%] (data from [65]).

S|02 CaO A|203 F9203 NaQO K20 MgO 303 P205 T|02 Others
GGBFS 34.99 36.33 14.32 04 024 046 942 136 0.01 1.21 1.26
FA 5529 443 25.03 6.94 0.91 166 141 073 1.01 1.23 1.36

3.3.2. Alkaline activator

For the alkaline activator, a mixture of waterglass solution, sodium hydroxide solution and deionized
water was used to achieve the desired activator modulus M,. The activator modulus is defined by the
molar ratio of SiO, and Na;O. The 50% sodium hydroxide solution in this study is from Brenntag, and
the waterglass comes from PQ corporation, with SiO5/Na-O ratio of 2.0-2.1 and composition by weight
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percent of 15% Na2O, 30% SiO, and 55% H,O. The activator was synthesized by mixing all ingredients
approximately 5 to 6 hours. Subsequently, the activator was kept in the laboratory to cool down for at
least 24 hours before use.

3.3.3. Mix design

A water-to-precursor ratio (w/p) of 0.4 and M, of 1.0 were maintained for all specimens. Table 3.2
shows all mix designs with their corresponding labels. The labels used in this study were structured as
S[x]N[y]T[z], where S represents the percentage of GGBFS, N the sodium oxide content with respect
to the weight of precursor and T the curing time in days.

Table 3.2: Mix designs of all samples.

Label GGBFS [wt.%] FA[wt.%] Na,O[wt.%] Curing time [d]
S50N4T3 50 50 7] 3
S50N4T7 50 50 4 7
S50N4T14 50 50 4 14
S50N4T28 50 50 4 28

“S70N4T3 700 30 4 3
S70N4T7 70 30 4 7
S70N4T14 70 30 4 14
S70N4T28 70 30 4 28

"S100N4T3 100 0 4 3
S100N4T7 100 0 4 7
S100N4T14 100 0 4 14
S100N4T28 100 0 4 28

“S70N5T3 70 30 5 3
S7ON5T7 70 30 5 7
S70N5T14 70 30 5 14
S70N5T28 70 30 5 28

- S50N5T3 ! 50 50 5 3
S50N5T7 50 50 5 7
S50N5T14 50 50 5 14
S50N5T28 50 50 5 28

3. 3 4. Mixing procedure
. The accurate amount of precursor (GGBFS and/or FA) was weighed out and placed into the
mixing bowl of the Hobart mixing machine.
2. The precursors were dry-mixed for 2 minutes.

3. The activator was slowly added while the mixing machine was on the lowest speed, and then
mixed for 1 minute.

4. The mixer was stopped, and the paste was scraped to ensure everything could be mixed thor-
oughly.

5. The mixing machine ran for 1 more minute at high speed.

6. The paste was poured into relevant moulds and sealed to prevent moisture loss.

3.3.5. Sample preparation for drying shrinkage and mechanical properties

For measurements of drying shrinkage and mechanical properties, three prisms with dimensions of
40x40x160 mm were prepared for all mix designs in Table 3.2. The prisms were demoulded and re-
sealed with foil to prevent moisture loss 24 hours after casting (Figure 3.2), and placed in the standard
curing room at 20 °C and 95% RH. They remained in the curing room until the indicated curing time
per mix design was reached and the specified test could be performed.
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Figure 3.2: Storage of resealed prisms in standard curing room

3.3.6. Sample preparation for MIP and SEM-EDX

Cylinders with 25 mm diameter and height of 40 mm were used as molds for micro-analysis samples.
These containers were sealed using paraffin foil and the lid (see Figure 3.3). They were then immedi-
ately placed in the standard curing room to control the temperature. When the indicated curing time
for a mix design was reached, the samples were broken into pieces with a hammer and chisel (Figure
3.4). The crushed samples were placed in a new, clean container, discarding the pieces that had been
in contact with the small casting container. The hydration process was then stopped by immersing the
broken particles in isopropanol for 7 days, with the isopropanol being refreshed once after the first 24
hours. After 7 days, the crushed particles were placed in a vacuum freeze-dryer for a minimum of 21
days to ensure the complete removal of all liquid from the paste. For MIP, the samples were now ready
to use.

Preparing samples for SEM-EDX analysis required some additional steps. First, the samples were
impregnated with epoxy and subsequently ground from grain size 220 to 800. To ensure that the epoxy
reached all the pores, a second layer of epoxy was applied, which was then ground and polished. The
grinding steps performed include grain sizes 320 - 800 - 1200 - 2000 - 4000, the polishing started at 9
um to respectively 3 - 1 - 0.25 um. Each polishing step was performed for 4 minutes. The result of this
grinding and polishing of one sample is shown in Figure 3.5.
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Figure 3.3: Samples for Figure 3.4: Crushed samples for Figure 3.5: Polished S7TON4T14
micro-structural analysis micro-analysis sample ready for analysis

3.4. Test methods

The description of tests methods are presented in the following section.

3.4.1. Mechanical tests

A three-point bending test was executed on three specimens selected from each mix. These tests were
conducted according to NEN-EN 196-1, utilizing a hydraulic testing machine with a consistent loading
rate of 0.1 kN/s, a start load of 0.1 kN and stop load of 20% [66]. The specimens were positioned
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and loaded at their mid-span. The specimens 50% slag with 4 wt.% Na,O after 28 days of curing after
performing the flexural tests are shown in Figure 3.6.

Subsequent to the flexural tests, the resulting halves of the prisms were subjected to a compressive
strength test, with a loading rate of 2.4 kN/sec, start load of 1 kN and stop load of 20%, following
standard NEN-EN 196-1 [66]. For all measurements collected during the experiments, the average of
the maximum strengths were used to calculate both the flexural and compressive strengths.

3.4.2. Drying shrinkage test

For the measurement of drying shrinkage, it is possible to examine two conditions: restrained and unre-
strained conditions. In this study, the unrestrained shrinkage was determined. Under these conditions,
samples are free to deform in length. The measurement of drying shrinkage started when the specified
curing time of the samples were reached and the seal was removed. The drying shrinkage behaviour
was measured for a time span of 28 days, throughout this time the samples were stored in a climate
chamber with 20 °C and 55% RH. Three specimens were measured in parallel for each mix design.

The change in length of the samples were measured using a digital length comparator, with measuring
accuracy of 0.001 mm (see Figure 3.7). The initial length is assumed to be the original length (160
mm) minus the first measurement with the comparator. The linear drying shrinkage is calculated using
formula 3.1.

Ly — Lo

€ 3.1
L= (3.1
With:
L, = the length at time t [mm]
Ly = initial length, 160 - first measurement [mm] .
Figure 3.6: Samples of S50N4T28 after performing Figure 3.7: Digital length comparator to measure the

the flexural test variation in length

3.4.3. Weight loss

In addition to the length, the weight is measured in order to calculate the moisture loss of the samples
with equation 3.2. The initial weight m is assumed to be the weight after the specified curing time was
reached. Each time a shrinkage measurement was performed, the weight was also measured by a
balance with an accuracy of 0.1 g.

mo

o =M 100% (3.2)
mo

A, =
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With:
m; = the mass at time t [g]
m, = initial weight [g].

3.4.4. Autogenous shrinkage test

To distinguish the autogenous shrinkage component in the conducted drying shrinkage measurements,
autogeneous shrinkage was measured by using the corrugated tube method per ASTM 1698-09 [52].
The N4 mixtures were measured over 28 days. For 100% slag, two tubes were measured, while only
one tube was used for 70% and 50% due to a limited quantity of LDTV’s available.

The final setting time for each mix design was needed for calculating the autogeneous shrinkage strain.
The Vicat needle test, conducted in accordance with NEN-EN 196-3, was employed to determine the
final setting time [67]. Three measurements were taken for all N4 mix designs to ensure consistency.

Figure 3.8: Autogenous shrinkage measurement set up

3.4.5. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) was used to measure and identify the pore size distribution and
the corresponding total porosity of AAMs. In this method, mercury was forced into the pores of the
sample by applying two cycles of pressure. The measurements consisted of two distinct phases: an
initial stage involving low pressure conditions (0 - 0.0036 MPa), followed by a subsequent high-pressure
phase (0.0036 - 210 MPa). The cumulative intrusion of mercury at the maximum pressure allowed the
determination of the total porosity. The contact angle and surface tension values used in this study
was 141° and 0.485 N/m. The pore diameter ranging from 0.007 um to 401.874 um was detected.

MIP utilizes Washburn’s equation to establish a connection between pressure required for mercury
intrusion and the pore radius. This equation enables the determination of pore size distribution and
other pore-related properties of porous materials.

—4~cos(0)
D= 5 (3.3)
With:

D = pore diameter [um]

~ = surface tension of mercury [N/m]

6 = contact angle of the mercury and the AAMs[°]
P = applied pressure [MPa]

The test method has limitations, with the ink-bottle effect and possible damage during sample prepara-
tion being the most frequently mentioned issues in the literature [17]. However, it remains a relatively
fast method for identifying the pore structure in the mesopore region.

3.4.6. SEM-EDX
The Scanning Electron Microscope (SEM) was employed to examine the hydration products, with a
specific focus on the gel phases. The chemical composition of the gel phase was investigated using
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the Energy Dispersive X-ray Spectroscopy (EDX) detector integrated with the SEM. An accelerating
voltage of 15 kV, a magnification of 1000 and a working distance of 10 mm were utilized in this analy-
sis. The volume of reaction products was determined through analysis of 35 SEM images per sample,
which were segmented using llastik, an interactive machine learning and segmentation toolkit.

For the assessment of the chemical composition, EDX point analysis was performed on selected sam-
ples, specifically targeting the gel phases. The point analysis was conducted at a magnification of 5000,
maintaining an equal accelerating voltage and working distance. The image resolution for this analysis
was set at 1024 by 682.

This comprehensive approach facilitated the determination of both the chemical composition of the gel
phases and the degree of reaction, providing a detailed characterization of the nature of the reacted
gel. This information is crucial for identifying the proportions of C-(N)-A-S-H and N-A-S-H gels within
the gel phases.

3.5. Sample selection based on pore size distribution

The strategy for this study is outlined in paragraph 3.1 to achieve the defined aim and objectives. To de-
termine whether pore structure or gel characteristics govern the drying shrinkage mechanism of AAMs,
it is necessary to achieve uniform pore structures across different mix designs. This approach allows
for investigating the influence of various gel characteristics on drying shrinkage, given the established
uniformity in pore structure at the time of exposure. Hence, controlling the pore size distribution be-
comes a crucial element in examining the drying shrinkage mechanism. As discussed in the literature
review in Section 2.2.4 (Table 2.1), medium capillaries (0.01 - 0.05 um) and small isolated capillaries
(0.0025 - 0.01 um) are predominantly present and therefore most important for AAMs. To address
this, an iterative method is devised for sample selection based on the pore size distribution using both
quantitative and qualitative approaches, involving the following steps:

1. Visual inspection:
Visual inspection served as an initial screening method, to quickly assess the samples before
continuing with the area under the curve analysis. This preliminary step not only facilitated a
quick evaluation of the samples but also allowed for a qualitative assessment, contributing to a
more comprehensive understanding of the detailed characteristics within the samples.

2. Area under the curve analysis:
The area under the curve calculation is used as a second step to determine if equal pore structure
is present between the mix designs. The trapezoidal rule is used to calculate the area under the
curve (AUC) to analyse the selected samples qualitatively. It is method for numerical integration,
where the trapezoidal rule is used to find the value of the definite integral, using equation 3.4

AUC = / ' f(z)dx (3.4)

The calculation is performed for medium and small isolated capillaries separately.
3. Selection of samples:
Based on step 1 and 2, samples were selected with an emphasis on achieving an uniform pore
size distribution among different mix designs.
4. Subtraction of the area under the curve for medium and small isolated capillaries:
This step was included to refine the selection process and focus on these important regions.

The criterion for selection was set such that the difference in the area under the curve for selected
samples should be below 3.5%.



Results

This chapter presents the outcomes of the conducted experiments. First, the flexural and compressive
strength results are shown. Subsequently, the autogenous shrinkage, drying shrinkage and corre-
sponding weight loss results are presented. Next, the porosity and pore size distribution results from
MIP experiments are shown. Finally, results from the sample selection based on the pore size distri-
bution are provided, followed by two comparative studies between the selected samples to investigate
the influence of different gel characteristics on the drying shrinkage mechanism.

4.1. Flexural and compressive strength results

Initially, the flexural and compressive strength results of the effect of different slag contents are given,
followed by the influence of two activator contents on the strength. The values of the original data set
are provided in Appendix A.1. For the compressive strength test, brittle failure of the samples was
observed, of which pictures are shown in Figure B.1 of Appendix B.

4.1.1. The effect of slag content on flexural and compressive strength

Figure 4.1 illustrates the flexural strength results of mixtures with 100%, 70% and 50% GGBFS after 3,
7, 14 and 28 days of sealed curing. At each curing age, the S100N4 mixture demonstrates the highest
flexural strength, followed by S70N4 and then S50N4. The results for S100N4 show a 26% increase in
flexural strength from 3 to 28 days. In the case of the S70N4 mixture, a notable increase of 78% was
observed, particularly between 3 and 7 days. Similarly, the S50N4 mixture showed a 57% increase in
flexural strength from 3 to 28 days.
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Figure 4.1: Flexural strength results of mixtures with 100%, 70% and 50% GGBFS and 4% Na»O content after 3, 7, 14 and 28
days of curing
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The compressive strength results for the aforementioned mixtures are presented in Figure 4.2. Over
time, all mixtures show a continues increase in compressive strength. Specifically, for S100N4, S70N4
and S50N4, the strength increases by 45%, 34% and 80%, respectively, from 3 to 28 days. With the ex-
ception of the 7-day compressive strength, the S70N4 mixture exhibits the highest strength. Moreover,
both S100N4 and S70N4 demonstrate an equivalent strength of 57.9 MPa after 28 curing days.
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Figure 4.2: Compressive strength results of mixtures with 100%, 70% and 50% GGBFS and 4% NaxO content after 3, 7, 14
and 28 days of curing

4.1.2. The effect of activator contents on flexural and compressive strength
Figure 4.3a shows the flexural strength results for S70 mixtures with 4 and 5 wt.% Na;O content. A
decrease in strength of 34%, 76% and 36% is observed for samples cured for 7, 14 and 28 days, re-
spectively, when the activator content is increased from 4 to 5 wt.%. Conversely, for the 3-day strength,
an increase in activator content resulted in a 12% rise in flexural strength. The compressive strength
results, shown in Figure 4.3b, demonstrate a contrast to the flexural strength results. An increase of
compressive strength is observed for mixtures with higher activator content for all curing ages. Specifi-
cally, for S70 mixtures, there are increases of 20% at 3 days, 30% at 7 days, 12% at 14 days and 15%
at 28 days.
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Figure 4.3: Flexural and compressive strength results of mixtures with 70% GGBFS, 4 and 5 wt.% NasO content after 3, 7, 14
and 28 days of curing

In Figure 4.4a, the flexural strength results are presented for S50 mixtures with 4 and 5 wt.% Na,O
content. The S50 mixtures exhibit a similar but less noticeable trend compared to S70 mixtures regard-



4.2. Drying shrinkage and weight loss 29

ing flexural strength, with reductions of only 14%, 16% and 2% after 7, 14 and 28 days, and a higher
flexural strength of 8% after 3 curing days. In Figure 4.4b the compressive strength results are dis-
played for S50 mixtures with 4 and 5 wt.% Na,O content. The results for S50 mixtures show increases
in compressive strength of 43%, 21%, 11% and 14% at the corresponding curing periods.
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Figure 4.4: Flexural and compressive strength results of mixtures with 50% GGBFS, 4 and 5 wt.% Na2O content after 3, 7, 14
and 28 days of curing

4.2. Drying shrinkage and weight loss

This section presents the results of drying shrinkage and weight loss. The influence of the slag-to-fly-
ash ratio on drying shrinkage and weight loss results are addressed first. Subsequently, the results
for the variations in curing time and activator content are shown. Next, the correlation between shrink-
age and weight loss is considered. Finally, the extent of autogenous and external shrinkage in drying
shrinkage of AAMs is explored.

4.2.1. Influence of the slag-to-fly-ash ratio on drying shrinkage and weight loss
To show the effect of the slag-to-fly-ash ratio on the results of shrinkage and weight loss clearly, the
results are shown separately for different curing times.

3 days of curing

Figure 4.5 illustrates the drying shrinkage and weight loss for mixtures after 3 days of sealed curing,
maintaining a consistent activator content but varying slag content at 100%, 70% and 50%. The results
indicate that S50 mixtures exhibit the highest drying shrinkage and weight loss compared to S70 and
S100 mixtures. After 56 days of exposure, S50 mixtures show a drying shrinkage magnitude 65%
larger than S100, alongside 2.86 times more weight loss. Comparing S70 and S50 mixtures after 56
days shows a drying shrinkage magnitude 32% larger in S50, along with 1.65 times more weight loss
relative to S70.

Time (days) Time (days)
0 5 10 15 2 25 330 33 40 45 0 5 0 5 10 15 20 b 30 3 40 4 50 55
0
- s100M4T3 —— S100N4T3
T —— S70N4T3 — STON4T3
= -2000
g —~ s50N4T3 - S50N4T3
2 5
c —_
% —4000 g
5 - 4
@ 7
v °
E‘ -6000 3
o
H 5
G -8000 2
o
£
1
g-moun
0
(a) Drying shrinkage strain (b) Weight loss

Figure 4.5: Drying shrinkage strain and weight loss of samples with 3 days of curing and 4 wt.% NazO content
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7 days of curing

In Figure 4.6, the results after 7 days are displayed, indicating a trend similar to that observed at 3
days, though with a smaller magnitude. The magnitude of drying shrinkage at 56 days of exposure
increases with 45% from S100 to S50, accompanied by a weight loss that is 2.78 times greater. Again,
the difference in magnitude and weight loss between S70 and S50 is smaller but still noticeable, with
16% more drying shrinkage and 1.5 times more weight loss.
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Figure 4.6: Drying shrinkage strain and weight loss of samples with 7 days of curing and 4 wt.% Na2O content

14 days of curing

Figure 4.7 presents the results of drying shrinkage and weight loss after 14 days of sealed curing. In
comparison to the observations at 3 and 7 days, the distinctions in drying shrinkage after 14 days
between the S100 and S50 mixtures are less significant, showing a 26% increase. The magnitude and
trend of shrinkage of S70 and S50 closely align. However, there is a notable contrast in weight loss,
with S100 to S50 exhibiting 3 times more weight loss, and for S70 to S50 1.21 times more.

Time (days) Time (days)

0 5 W 15 0 B 30 B[ 4 45 0 5 0 5 1 15 20 2 30 3% 4 45 50 55

0

. ~]- S100NAT14 —[ - S100N4T14
- - 40 -
£ AN —[- sT0N4TI4 —[ - STON4T14 e
£ -1000 W =+ S5ON4T14 359 =]~ S50N4T14 ="
2 o~ - j-- -1

- - - - -
c > 530 “ ]
£ \\\ x\_\ g ’x’.-x I____ |
5 =~ - P -
1 ~2000 ¥a - @25 S PPhe F
v NN T~ o r [ ,[ "I
o - -- o -
E Sl - S~ 20 ¢ qHI’
£ -3000 ~S . - _ £ f«
z S .
@ ~= -- o d-e=d-==F--
2 RN wi 1) }-*H'{*H- -~
£ —4000 e 13 H - HH
2 -~ 7 H
a ~a4 05 ,ﬂﬂf
5000 00

(a) Drying shrinkage strain (b) Weight loss

Figure 4.7: Drying shrinkage strain and weight loss of samples with 14 days of curing and 4 wt.% Na2O content

28 days of curing

Figure 4.8 shows the results for drying shrinkage and weight loss after 28 days of curing. The drying
shrinkage strain and magnitude show similarities across the three mixtures throughout the measured
time. In contrast, the weight loss is 2.67 and 1.86 times greater when comparing the S100 to S50 and
S70 to S50 mixtures, respectively.
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Figure 4.8: Drying shrinkage strain and weight loss of samples with 28 days of curing and 4 wt.% NaxO content

4.2.2. Influence of the curing time on drying shrinkage and weight loss

The results related to the influence of the curing time (3, 7, 14 and 28 days) on drying shrinkage and
weight loss are presented for mixtures with 100%, 70% and 50% GGBFS, with 4 wt.% Na,O content.
The results for mixtures with 5 wt.% Na,O content are provided in Appendix A.2.

100% GGBFS

Figure 4.9 shows the drying shrinkage and weight loss results for the mixture with 100% slag and 4
wt.% Na,O content after 3, 7, 14 and 28 curing days. After 56 days of exposure, a decrease in curing
time from 28 to 3 days corresponds to a 85% increase in drying shrinkage and a 36% increase in weight
loss. The results of the mixture with 7 days of curing fall within the margins of 3 and 28 days, with an
increase of 32% in drying shrinkage and 9% for weight loss relative to 28 days. Although the drying
shrinkage strain after 14 days of curing increased by 7% relative to 28 curing days, the weight loss is
the lowest in this study for mixtures with 100% slag.
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Figure 4.9: Drying shrinkage strain and weight loss of mixtures with 100% slag and 4 wt.% NazO content

70% GGBFS

Figure 4.10 illustrates the results of drying shrinkage and weight loss for mixtures with 70% GGBFS
and 4 wt.% Na,O content. The drying shrinkage magnitudes increases consistently over the entire
exposure time when decreasing the curing time from 28, 14, 7 and 3 days. In contrast, for weight loss,
an increase is observed from 28 to 7, 14 and 3 days. However, both drying shrinkage and weight loss
results indicate that the curing times of 3 and 28 days serve as minimum and maximum limits.

Both the magnitude of drying shrinkage and weight loss increase by 136% and 65%, when lowering
the curing time from 28 to 3 days. In the comparison between 14 and 3 days, this increase is 70% and
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7%, but the difference is more significant between 0 and 30 days of exposure. From 7 to 3 days, the
increase in drying shrinkage is 67%, and for weight loss it is 39%.

Time (days) Time (days)
0 5 W 15 2 B’ N B L 45 0 5 0 5 W 15 2 I 0 33 M 45 N 5
0
—+ S70N4T3 0 =+ S70N4T3
A ; . ~J STONSTT 354wl TN
£ o000 s Tl - sToMTL4 - S7oN4TI4
2 T T~ el -] sT0N4T28 3071 -] S70N4T28 -l —
c S, ~—. R - - R St e foree
H e, ~~_ TTrmeemaall & - -'f{
5Ny e, - _ P25 R R A e R 1
D0y N e, .-l 5 ]
o | N e, i 1 .{.---‘]"'
- 2 -
-2 T o - I
£ T 15
£ -6000 3
wn
o 10
£
o
G -8000 05
00
(a) Drying shrinkage strain (b) Weight loss
Figure 4.10: Drying shrinkage strain and weight loss of mixtures with 70% slag and 4 wt.% NazO content
50% GGBFS

Figure 4.11 presents the results of mixtures with 50% GGBFS. The drying shrinkage magnitude in-
creases by 222% after 56 days of exposure when decreasing the curing time from 28 to 3 days, along
with a 45% increase in weight loss. An increase in drying shrinkage and weight loss of approximately
100% and 12% is observed from 28 to 7 days. Comparing the results from 28 to 14 days reveals an
increase in drying shrinkage of 42%, while weight loss appears to be equal.
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Figure 4.11: Drying shrinkage strain and weight loss of mixtures with 50% slag and 4 wt.% Na2O content

4.2.3. Influence of the activator content on drying shrinkage and weight loss
The results in this section illustrate the influence of varying Na,O content from 4 wt.% to 5 wt.% on
drying shrinkage and weight loss in mixtures with 50% GGBFS after 3 and 28 days of curing. In Ap-
pendix A.2, the results after 7 and 14 days of the S50 mixture can be found, along with the results for
the mixture with 70% GGBFS due to a similar observed trend.

Overall, mixtures with higher Na,O content exhibit slightly higher drying shrinkage magnitudes. How-
ever, these differences converge for all curing times with minimal variation. In contrast, weight loss
results indicate higher and more widespread values for mixtures with 4 wt.% Na,O content. Over cur-
ing times from 3 and 28 days, the weight loss increases by 58% and 21% when the Na,O content is
increased.
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Figure 4.12: Drying shrinkage strains and weight loss of samples with 50% slag and 4 or 5 wt.% Na2O content after 3 and 28
days of curing

4.2.4. Correlation between drying shrinkage strain and weight loss

In this section, the correlation of drying shrinkage strain and weight loss for all mixtures over 56 days of
exposure is considered, along with a comparison to PC (data from [17]). Again, the results regarding
the influence of different slag-to-fly ash ratio are presented, followed by the influence of curing time and
Na,O content.

Figure 4.13 represents weight loss as function of drying shrinkage for mixtures S100, S70 and S50
after 7 days of curing, over 56 days of exposure to 50% RH. It is observed that with increasing GGBFS
content, both drying shrinkage magnitude and weight loss decrease. Additionally, the mixtures become
less sensitive to water loss as the trend becomes steeper. In comparison to PC, less weight loss but
more drying shrinkage is observed for AAMs.
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Figure 4.13: Weight loss as function of drying shrinkage for PC (data from [17]) and mixtures with 100%, 70% and 50%
GGBFS after 7 days of curing over 56 days of exposure in 50% RH

In Figure 4.14, the results of weight loss as a function of drying shrinkage strain are illustrated with
variations in curing time (Figure 4.14a = 3 days, Figure 4.14b = 28 days). It can be observed for the
three mixtures that drying shrinkage and weight loss decrease with longer curing times. Moreover, the
correlation of the S100 mixtures after 3 and 28 curing days show overlap, where the mixture with 3
days of curing shows an increase in both drying shrinkage and weight loss. This overlap decreases
with an increase in fly ash content.
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Figure 4.14: Weight loss as function of drying shrinkage for PC (data from [17]) and mixtures with 100%, 70% and 50%
GGBFS over 56 days of exposure in 50% RH

Figure 4.15 shows the relationship between weight loss and drying shrinkage for mixtures with 4 wt.%
and 5 wt.% Na,O content and 50% GGBFS. Observable is that, for equal drying shrinkage magnitudes,
mixtures with higher activator content are less prone to moisture loss, which is most evident for samples
with shorter curing times.
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Figure 4.15: Weight loss as function of drying shrinkage for mixtures with 4 wt.% and 5 wt.% NaxO content and 50% GGBFS
over 56 days of exposure in 50% RH. Curing times are indicated with symbols, T3:e and T28:(0.

4.2.5. Autogenous shrinkage and external drying shrinkage

As mentioned in Section 2.2.3, drying shrinkage is linked to both internal reactions during hydration,
leading to autogenous shrinkage, and external water loss influenced by environmental conditions, re-
ferred to as external drying shrinkage. To specifically examine the contribution of external drying shrink-
age, the autogenous shrinkage results are presented first for the mixtures with 4 wt.% Na,O content.
Subsequently, the extent of autogenous and external drying shrinkage in AAMs is investigated. The
results of the final setting time to calculate the autogenous shrinkage of the mixtures are shown in Table
4.1. It is observed that the setting time increases for lower slag content.

Table 4.1: Final setting time results according to EN 196-3

Mix design  Final setting time [min]
S100N4 117
S70N4 146
S50N4 207
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The results of the autogenous shrinkage, measured from final setting time, are shown in Figure 4.16.
It is notable that, across all mixtures, autogenous shrinkage is most prominent in the initial three days
after casting. Furthermore, the magnitude of autogenous shrinkage in S100 mixtures is nearly 4.5
times larger than in S50 mixtures after 3 days. This difference decreases to 2.70 times difference after
28 days.
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Figure 4.16: Autogenous shrinkage of N4 mix designs measured for 28 days

To make a distinction between autogenous shrinkage and external drying shrinkage, the autogenous
shrinkage results are adjusted by shifting the coordinate system to 3 and 14 sample days. Figure
4.17 illustrates this translation for the S1T00N4T3 mixture, with the origin of the translated coordinate
system set at (3, -4682). Following this, the autogenous shrinkage strain is subtracted from the drying
shrinkage strain to derive the external drying shrinkage strain.
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Figure 4.17: Translation of the coordinate system for S100N4T3 mixture after 3 days of curing, with (3, -4682) as new origin
©)

Figure 4.18 presents the results, including a extent of autogenous shrinkage and external drying shrink-
age in drying shrinkage for mixtures with different GGBFS percentages, measured over a total sample
age of 28 days. The drying shrinkage measurements started after 3 and 14 curing days. It is observed
that the proportion of external drying shrinkage relative to autogenous shrinkage increases with an ex-
tended curing time. Furthermore, the extent of external drying shrinkage is higher than autogenous
shrinkage in all cases, except for the mixture with 100% GGBFS and a sample age of 3 days (Figure
4.18a). However, for the latter case, the degree of external drying and autogenous shrinkage are equal
after 28 days. Regarding the slag content in the mixture, it is observed that the extent of external drying
shrinkage increases with decreasing GGBFS content in the mixture.
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Figure 4.18: Proportion of autogenous shrinkage and external drying shrinkage in mixtures with different GGBFS percentages
(100%, 70%, and 50%) and 4 wt.% Na>O content, observed after 3 days (left) and 14 days (right)
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4.3. Porosity and pore size distribution results

The results from the MIP experiments are outlined in this section. First, the porosity of the samples
is presented. Subsequently, the influence of slag-to-fly ash ratio, curing time and activator content is
considered, with the same structure as the results on drying shrinkage and weight loss. It should be
noted that the data set is not complete due to technical problems with the available equipment.

In Table 4.2, the porosity measured by mercury intrusion of the mixtures is presented. It is observed
that, for all mixtures, the porosity decreases with longer curing times. The increase in curing time from
3 to 14 days corresponds to a porosity decrease of 30%, 30% and 15% for mixtures with 100%, 70%
and 50% GGBFS, respectively, and equal activator content. For mixtures with equal curing times but
decreasing slag content (100% to 50%), the porosity increases for all curing times. Regarding 3 days,
an increase of 39% is measured, for 7 and 14 days increases of 77% and 69% are noticed.

Table 4.2: Porosity by mercury intrusion of mixtures

Porosity (%)
T3 T7 T14 T28
S100N4 1585 12.07 11.14 8.63
S70N4 2048 17.24 14.33
S50N4 2210 21.39 18.84
S50N5 17.85

4.3.1. Influence of slag-to-fly-ash ratio on porosity and pore size distribution
The influence of varying slag-to-fly-ash ratios are shown for each curing time.

3 days of curing

Figure 4.19 illustrates the results of the cumulative pore volume (Fig. 4.19a) and the differential pore
size distribution (Fig. 4.19b), for mixtures with 100%, 70% and 50% GGBFS after 3 days of curing
and 4 wt.% Na,O content. From the differential pore size distribution it is observed that with increasing
slag content the pore structure refines, as almost no pores are measured larger than 0.02 um. The
aforementioned decrease in porosity of 39% between S100 and S50 is also reflected in Figure 4.19a.
For the S50 and S70 mixtures, a peak is visible around 0.002 um.
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Figure 4.19: Capillary pore volume and differential pore size distribution of mixtures with 3 days of curing and 4 wt.% NazO

7 days of curing

Figure 4.20 shows the results of cumulative pore volume and differential pore size distribution for mix-
tures after 7 days of curing. The pore sizes are mainly present within the medium and small isolated
capillaries region. The cumulative intrusion of the 7-day samples are more widely spaced, with 77%
increase between S100 and S50 and 43% increase between S100 and S70. Only a peak in pore sizes
is visible for the S50 mixture around 0.0015 um, for the S100 and S50 mixtures, a steep line can be
seen that contains no peak.
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Figure 4.20: Capillary pore volume and differential pore size distribution of mixtures with 7 days of curing and 4 wt.% NazO

14 days of curing

Figure 4.21 illustrates the results of cumulative pore volume and differential pore size distribution after
14 days of curing. Once again, a prominent peak around 0.01 um is evident for the S50 mixture. The
pore structure further refines, leading to a 29% increase in porosity from S100 to S70 and a 69%
increase from S100 to S50. Additionally, a bump is observed around 0.5 um for the S100 mixture.
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Figure 4.21: Capillary pore volume and differential pore size distribution of mixtures with 14 days of curing and 4 wt.% Na>O

4.3.2. Influence of the curing time on porosity and pore size distribution
The results related to the influence of the curing time (3, 7, 14 and 28 days) on porosity and pore size
distribution are presented for mixtures with 100%, 70% and 50% GGBFS, with 4 wt.% Na,O content.

100% GGBFS

In Figure 4.22, the results of the MIP experiments are presented for samples with 100% GGBFS, in-
cluding the 28-day measurement. Both results of cumulative pore volume and differential pore size
distribution show that with increasing curing time, the pore sizes become refined. From 3 to 28 days,
the porosity decreases with 46%. The observed bump around between 70-100 um is due to incomplete
filling of mercury between the patrticles in the penetrometer in the low pressure analysis, therefore, this
region is not of importance for this study.
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Figure 4.22: Capillary pore volume and differential pore size distribution of mixtures with 100% GGBFS and 4 wt.% Na2O
content

70% GGBFS

In Figure 4.23, the results of cumulative pore volume and differential pore size distribution of the mixture
containing 70% GGBFS are indicated. The differential pore size distribution shows refining of the pores
from 3 to 7 to 14 days. In addition, a peak for both 3 and 14 days mixtures is observed around 0.02
um. The cumulative intrusion and related porosity indicate a similar refining, with a decrease of 15%
from 3 to 7 and 50% from 3 to 14 days.
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Figure 4.23: Capillary pore volume and differential pore size distribution of mixtures with 70% GGBFS and 4 wt.% Na>O
content

50% GGBFS

Figure 4.24 presents the results of cumulative pore volume and differential pore size distribution for
mixtures with 50% GGBFS and 4 wt.% Na,O content. The refinement of pores is clearly visible from
3 to 14 curing days, since the pore sizes between 0.02 and 0.05 um disappears after 3 days of curing.
The porosity decreases only 3% from 3 to 7 days, in contrast to the porosity between 3 and 14 days
which decreases 15%.
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Figure 4.24: Capillary pore volume and differential pore size distribution of mixtures with 50% GGBFS and 4 wt.% NaxO
content

4.3.3. Influence of activator content on porosity and pore size distribution

The results presented in Figure 4.25 illustrate the influence of Na,O content on pore size distribution and
porosity for the mixture with 50% slag after 3 days of curing. There is a 19% decrease in porosity when
the activator content increases from 4 to 5 wt.% Na-O. In addition, the coarser pore structure observed
for mixtures with 4 wt.% Na,O is not evident in the mixture with 5 wt.% Na,O, which demonstrates a
more refined structure.
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Figure 4.25: Capillary pore volume and differential pore size distribution with 4 and 5 wt.% Na2O content
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4.4. Results of the pore structure analysis and selection

This section presents the results of the sample selection based on an uniform pore size distribution,
following the method outlined in Section 3.5. This approach enables the assessment of how differ-
ent reaction products affect the drying shrinkage mechanism, given the determined uniformity in pore
structure at the time of exposure. The method includes visual inspection, area under the curve anal-
ysis, sample selection, and subtraction of the area under the curve for medium (0.01-0.05 pum) and
small isolated capillaries (0.0025-0.01 um). Applying this method demonstrates two occurrences of
overlapping pore structures. The first match is between S100N4T3 and S70N4T14, and the second is
between S70N4T7 and S50NST3.

The result of the visual inspection of the first is presented in Figure 4.26a, along with the correspond-
ing area under the curve calculation in Figure 4.26b. For the small isolated capillaries the difference
between S100N4T3 and S7TON4T14 are 1.51%, the medium capillaries contain a difference of 0.12%.
In addition, the results of porosity shown in Table 4.2 are close together.
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Figure 4.26: Sample selection based on pore size distribution for ST00N4T3 and S70N4T14

In Figure 4.27, the results of the pore structure analysis and selection are presented for the samples
S70N4T7 and S50N5T3. The results of both visual inspection and area under the curve show that the
overlap is within the requirements. Concerning the small isolated capillaries, there is a difference of
3.42%, and for the medium capillaries, a difference of 3.08% is observed. The total porosity results of
the samples show a percentage difference of 3.36%.
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Figure 4.27: Sample selection based on pore size distribution for STON4T7 and S50N5T3

Based on the aforementioned selection in Figures 4.26 and 4.27, the results of the conducted experi-
ments are compared in Section 4.5 for S100N4T3 and S70N4T14 , and in Section 4.6 for the samples
S70N4T7 and S50N5T3.
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4.5. A comparative study: SIOON4T3 and S70N4T14 results

This section compares the results of samples ST00N4T3 and S70N4T14, as the pore size distribution
of these samples is equal, as shown in the previous section. The analysis begins with an examination
of drying shrinkage and weight results, followed by an evaluation of compressive and flexural strength.
Finally, observations regarding chemical composition and the volume of reaction products are shown.

4.5.1. Drying shrinkage and weight loss results

Figure 4.28 presents the results of drying shrinkage and weight loss of the selected samples. Based on
the pore structure analysis and selection, it is known that the pore structure at the moment of exposure
to the drying shrinkage test (=0 in Figure 4.28) is considered to be equal. It is observed that, compared
to STO00N4T3, the S7TON4T14 sample displays less drying shrinkage, while the weight loss is higher.
After 28 days, STON4T14 shows 29% less drying shrinkage and a 41% increase in weight loss. After
56 days, the difference in drying shrinkage decreased to 26%, in contrast to the weight loss results,
which show a 64% increase (relative to 28 days, an increase of 23%).
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Figure 4.28: Drying shrinkage strains and weight loss of ST00N4T3 and S7T0N4T14

Figure 4.29 illustrates the proportion of autogenous shrinkage and external drying shrinkage for both
samples, clearly indicating the moment when the specimens were exposed to 50% RH. A comparison of
the two mixtures show that the total drying shrinkage, after the same sample age of 28 days, increases
by approximately 100%. When examining the autogenous shrinkage and external drying shrinkage
separately, it can be observed that the proportion of external drying shrinkage only increases by 27%
from S70N4T14 to S100N4T3, while autogenous shrinkage increases substantially by 350%.
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4.5.2. Flexural and compressive strength results

In Table 4.3 the results of flexural and compressive strength of S100N4T3 and S70N4T 14 are presented.
The flexural strength of STON4T14 is 1.94% lower than S100N4T3, while the compressive strength is
observed to be 37% higher.

Table 4.3: Results of flexural and compressive strength of S100N4T3 and S70N4T14

Flexural strength (MPa) Compressive strength (MPa)
S100N4T3 10.3 39.9
S70N4T14 10.1 54.6

4.5.3. Volume of reaction products and chemical composition results

The results from SEM-EDX point analysis are demonstrated in Table 4.4. The Al/Si ratio is observed
to be approximately equal, while the Ca/Si and Na/Si ratios differ. Specifically, the Ca/Si ratio of
S100N4T3 is 21% higher compared to S7T0N4T14, and the Na/Si ratio is 44% higher.

Table 4.4: Mean atomic ratios and amount of reaction products of ST00N4T3 and S70N4T14

Ca/Si Na/Si Al/Si Amount of products (%)
S100N4T3 1.06 0.34 0.31 70.1
S70N4T14 0.88 0.23 0.32 59.5

Segmentation is performed for the samples based on SEM images shown in Figure 4.30. These images
are used to determine the amount of reaction products, and the results are presented in Table 4.4. The
quantity of reaction products in S100N4T3 is 18% higher relative to STON4T14. The SEM image of
S100N4T3 preliminary shows reaction products and unreacted slag particles, with some small pores
observed. In the S7TON4T14 image, unreacted spherical fly ash particles are distinguishable, exhibiting
a wide range of diameter sizes. The presence of pores is attributed not only to the matrix, but also to
the porous fly ash particles.

(a) SEM image of S100N4T3 (b) SEM image of STON4T14

Figure 4.30: SEM images of ST00N4T3 and S70N4T14 with accelerating voltage of 15 kV, magnitude of 1000 and 10 mm
working distance.

Figure 4.31 presents the results of the points analysis for the Ca/(Si+Al) and Na/(Si+Al) ratios. S100N4T3
is only observed for Ca/(Si+Al) above 0.6, while S7TON4T14 is scattered along the complete Ca/(Si+Al)
axis with values between 0.1 and 1.1. Therefore, it is stated that the phase distribution of S100N4T3
is more homogeneous.
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Figure 4.31: 2D scatter plots of EDX point analysis of Na/(Si+Al) and Ca/(Si+Al) ratios for S100N4T3 and S70N4T14

The homogeneous phase distribution of ST00N4T3 is also reflected in Figure 4.32a and 4.32b. Figure
4.32c presents the linear correlation between Al/Si and Mg/Si for ST00N4T3; for STON4T14, no linear
correlation is observed. In Figure 4.32d, it is visible that more calcium is present in the system than
silica, reflecting the presence of C-A-S-H type gels. For S7TON4T14, the points are distributed between
0.74 and 6.13, indicating a more heterogeneous distribution. This heterogeneity can be explained due
to the incorporation of fly ash, giving the formation of C-N-A-S-H gels or the intermixed binding of both
C-A-S-H and N-A-S-H gels. This observation is also mentioned by Garcia-Lodeiro et al., Ismail et al.
[42, 43].

In Figure 4.33, a ternary diagram presenting normalized values for atomic Ca/Si, Na/Si and Al/Si ratios
for S100N4T3 and S70N4T14 mixtures is shown. The ratios of Ca, Na and Al are normalized with
respect to the Si quantity, ensuring that the summation of the ratios equals 1. The ternary diagram can
be used as a tool to identify the gel composition of the paste matrix [18, 68]. Regarding the results,
the more homogeneous distribution of S100N4T3 is once again observed, while the S7TON4T14 results
indicate scattering of the Ca/Si atomic ratio.
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4.6. A comparative study: STON4T7 and S50N5T3 results

This section presents the results of samples S7TON4T7 and S50N5T3. In line with Section 4.5, drying
shrinkage, weight loss, compressive and flexural strength results are demonstrated. Followed by the
finding regarding chemical composition and the volume of reaction products.

4.6.1. Shrinkage and weight loss results

In Figure 4.34, the results of drying shrinkage and weight loss for samples S70N4T7 and SS0N5T3
are presented. This comparison shows that the drying shrinkage strain of S50N5T3 is 117% and 74%
higher than that of S7TON4T7 after 28 and 56 days, respectively. For S50N5T3, the most significant
rise in drying shrinkage is observed during the first 15 days after exposure to 50% RH. Moreover, the
weight loss of S50N5T3 is 31% higher for 28 days and 20% higher after 56 days. The results indicate
that after 28 days, the drying shrinkage and weight loss converge.
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Figure 4.34: Drying shrinkage strains and weight loss of STON4T7 and S50N5T3

4.6.2. Flexural and compressive strength results

Table 4.5 presents the compressive and flexural strength results of STON4T7 and S50N5T3. The flexu-
ral strength of S7TON4T7 is twice as high than the flexural strength of SS0N5T3. In contrast, the results
of the compressive strength align with each other.

Table 4.5: Results of flexural and compressive strength of STON4T7 and S50N5T3

Flexural strength (MPa) Compressive strength (MPa)
S70N4T7 9.7 45.2
S50N5T3 4.8 44.5

4.6.3. Volume of reaction products and chemical composition

The average atomic ratios extracted from the point analysis are presented in Table 4.6. The comparison
shows that the Ca/Si atomic ratio becomes higher for higher GGBFS content. The atomic Na/Si ratio of
S70N4T7 is 11% lower relative to S50N5T3, while the atomic Al/Si ratio remains approximately equal.

Table 4.6: Mean atomic ratios and amount of reaction products of STON4T7 and S50N5T3

Ca/Si Na/Si Al/Si Amount of products (%)
S70N4T7 0.86 0.26 0.33 52.4
S50N5T3  0.71 029 0.32 34.2

In comparison with the Section 4.5, less matrix is observed in Figure 4.35, this observation is in line with
the amount of reaction products measured through segmentation (resultin Table 4.6). In Figure 4.35a, a
selected SEM image of S7TON4T7 with 1000 magnitude and 15 kV accelerating voltage is shown. Next
to the pores, matrix and unreacted GGBFS and FA particles, micro-cracks are observed. In Figure
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4.35b, an SEM image of the S50N5T3 sample is presented, revealing significant more micro-cracks
compared to S7TON4T7.

. ¢ \‘ 2N
(a) SEM image of STON4T7 (b) SEM image of S50N5T3

Figure 4.35: SEM images of STON4T7 and S50N5T3 with accelerating voltage of 15 kV, magnitude of 1000 and 10 mm
working distance.

Figure 4.36 shows the results of the atomic Na/(Si+Al) and Ca/(Si+Al) ratios for STON4T7 and S50N5T3.
In this case, the S50N5T3 result is more scattered, moreover, the lower atomic Ca/Si ratio is also
reflected in this figure, as the S50N5T3 is relatively governing between 0.0 and 0.6 Ca/(Si+Al), having
less calcium present.
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Figure 4.36: 2D scatter plots of EDX point analysis of Na/(Si+Al) and Ca/(Si+Al) ratios for STON4T7 and S50N5T3

The fact that less calcium is present in the S50N5T3 sample relative to STON4T7 is also reflected in
Figures 4.37a, 4.37b and 4.37d. In addition, it is observed that there is more sodium and silica present
in the S50N5T3 system, which is also reflected in Figure 4.37d as a more scattered distribution can be
observed with variations between 0.14 and 2.02. For both samples, no linear correlation between Al/Si

and Mg/Si is observed, indicating no hydrotalcite-type gel phases are present in this system (Figure
4.37c).

Figure 4.38 illustrates the ternary diagram of S7TON4T7 and S50N5T3, following the same method as
described in previous section for Figure 4.33. The higher scattering of the normalized Ca/Si ratio for
S50N5T3 is again observed, accompanied by a higher presence of sodium in the paste matrix, as
reflected by the normalized Na/Si ratio.
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Discussion

This chapter contains the analysis of results and a discussion on the driving force of drying shrinkage
in AAMs. Additionally, it examines the challenges associated with AAMs, reflects on the conducted
experiments and analysis, and discusses the novelty of this study.

5.1. Result analysis

In this section, the findings from the performed experiments are combined and discussed. Initially,
an examination is conducted on the effects of slag-to-fly-ash ratio, curing time, and activator content.
Following this, the correlation between drying shrinkage and mass loss is investigated, along with a
discussion on the contribution of external drying shrinkage. Additionally, the comparative results from
Sections 4.5 and 4.6 are taken into account. Finally, the development of compressive and flexural
strength is discussed.

5.1.1. The effect of slag-to-fly-ash ratio

This section combines the role of the slag-to-fly-ash ratio to drying shrinkage, weight loss, compressive
strength, flexural strength, porosity and the pore size distribution. For this analysis, only the samples
with 4 wt.% Na,O content are considered to keep the comparison clear.

The trends in drying shrinkage and weight loss show an increase when the GGBFS content in the
mixtures is decreased, observed at 3, 7, and 14 days of curing. After 28 days of curing, the drying
shrinkage strain remains the same, while the weight loss for mixtures with lower GGBFS content is at
least 1.86 times larger. Although a similar trend is observed for different slag-to-fly-ash ratios, there is
no clear linear relationship between drying shrinkage and weight loss. Notably, despite exhibiting the
same drying shrinkage strain after 28 days, variations in weight loss suggest that decreasing GGBFS
content increases the free water content, leading to more weight loss. This observation aligns with
previous research [53]. As highlighted in the literature review, the drying shrinkage of blended AAMs
a characterized by a competing mechanism between pore size distribution and stiffness [40]. It is pro-
posed that after 28 curing days, the geopolymerization process in all mixtures is more advanced, and
the formed hydration products are more resistant to the drying shrinkage strain. In the S100 mixture,
the higher stiffness of calcium-rich reaction products provides an advantage. On the other hand, the
more porous structure of S50 mixtures after 28 days is beneficial for drying shrinkage, allowing water
to evaporate from larger pores and causing lower capillary tensile stresses.

With an increasing GGBFS content, a decrease in porosity and refinement of the pore size distribution
was found, this refinement is best visible after 3 days of curing (see Figure 4.19). The matrix becomes
denser because more reaction products are created, this is also found by Lee et al. and Nedeljkovi¢ et
al. [58, 60]. However, as mentioned, less drying shrinkage is observed for mixtures with higher amount
of slag. This finding is in line with research of Marjanovic¢ et al., but in contrast to the research of Wang
et al. [8, 53].

49
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In this study an significant increase of flexural strength was noted for an increase in GGBFS content
from 50% to 100%. The compressive strength results show no direct relationship to the GGBFS content,
as the outcomes show approximately equal strengths for different GGBFS contents (see Figure 4.2).
Additionally, a stagnation of compressive strength development was observed after 28 days comparing
the different mixtures. Similar results are documented in the study of Yazdi et al., where an increasing
development of flexural strength was observed, whereas the compressive strength does not increase
further [69]. An equivalent compressive strength development was also observed in the study of [15].
This result is in contrast with reported findings of Marjanovic et al., where samples with higher GGBFS
content showed higher compressive strengths [8].

In summary, increasing the GGBFS content in AAMs with 4 wt.% Na,O content leads despite reduction
of porosity and higher volume of medium capillaries to reduction in weight loss and drying shrinkage.
This suggests that factors beyond traditional parameters, such as the type of gels formed, may influence
the drying shrinkage behavior.

5.1.2. The influence of curing time
This section assembles the findings related to the influence of curing time for AAMs in terms of drying
shrinkage, weight loss, porosity, pore size distribution, compressive and flexural strength.

For all mixtures, longer curing times resulted in an increase of compressive and flexural strength. This
increase was not observed for the S70N5 mixture where a stagnation after 14 days was measured. In
general, longer curing times are related to increase in flexural and compressive strength, which is also
documented in literature, due to formation of more and better developed hydration products.

The relative decrease in porosity for the 100% and 70% GGBFS mixtures was similar to each other
with a changing curing time, while the decrease in porosity of the 50% GGBFS mixture was less. This
may be due to the observation that the pore size distribution of the S50 mixture had to further refine
before the total porosity decreased.

The drying shrinkage strains of the mixtures decreased between 69% and 47% when the curing time
increased from 3 to 28 days for 56 days of exposure to 50% RH. This while Figure 4.18 showed that the
proportion of external drying shrinkage increases substantially with longer curing times. This applies
the other way for autogenous shrinkage, which decreases significantly when longer curing times are
applied. In addition, to the external drying shrinkage, less weight loss was observed for longer curing
times.

To summarize, less drying shrinkage and susceptibility to loose water is noted for the mixtures when
longer curing times are considered, while the relative reduction of porosity of mixtures with 100% and
70% was constant. In addition, the flexural and compressive strength increased with a minimum of 26
and 34%.

5.1.3. The effect of activator content

In this section, the findings related to the effect of an increase in Na,O content are analysed. According
to the literature, a higher activator content leads to an intensified degree of chemical reactions during
the hydration process. This accelerates the formation of more complete hydration products and re-
stricts the availability of free water. This restricted availability of free water is reflected in the weight
loss results, showing a significant decrease while maintaining relatively consistent drying shrinkage be-
havior. However, the mixtures with a 5 wt.% Na,O content displayed slightly higher drying shrinkage.

Previous research shows that an increase in activator content results in higher drying shrinkage mag-
nitudes [16, 21, 53, 64]. These studies associate the increase in drying shrinkage with an intensi-
fied hydration process, resulting in a denser pore structure due to the formation of more space-filling
gel. This leads to a reduction in porosity and a lower quantity of mesopores in the matrix. In addition,
Thomas et al. noticed an increase in drying shrinkage while increasing the activator content for mixtures
with 100% GGBFS, resulting from to the increase of pore refinement and reduction in total porosity [11].
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The flexural strength generally decreased for higher activator contents, except for the measurement
after 3 days of curing, which showed an increase in strength. In contrast, the compressive strength
increased for all mixtures and curing times for higher activator contents. A similar observation was doc-
umented by the study of Sun et al. [70]. The results are in contrast to Aydin et al., where an increase
in both compressive as flexural strength was noted for increase in alkali content [64].

The only measurement of porosity and pore size distribution with a higher activator content (S50N5T3)
showed significantly lower porosity compared to the S50N4T3 mixture. This reduction in porosity is
also reflected in the differential pore size distribution (Figure 4.25), because the volume of medium
capillaries drastically decreased. The refinement of the pore structure using higher activator content is
also observed in other studies [16, 53].

In conclusion, differences in activator content provided approximately the same drying shrinkage strains.
However, lower activator contents resulted in higher weight losses, increased porosity, and a higher
volume of medium capillaries. This indicates that the drying shrinkage strain is not only dependent on
the amount of water that can evaporate.

5.1.4. Correlation between drying shrinkage and mass loss

The findings on the correlation between drying shrinkage and weight loss revealed that, in all instances,
the mixtures exhibited greater shrinkage and increased weight loss compared to PC. This aligns with
the conclusions drawn in previous studies [17, 60]. In line with this, the pore size distribution is signif-
icantly more refined and corresponding total porosity is reduced, which is more refined when silicates
are present in the activator [71]. When silicates are present in the matrix, more silica-rich gels can be
created that show pore filling characteristics. The higher drying shrinkage of AAMs may be attributed
due to higher internal capillary stresses built up in the matrix due to this pore refinement, which is also
emphasized by Lee et al.[60]. However, the results show that the samples with lowest porosity also
presented the lowest drying shrinkage and weight loss, proving that the drying shrinkage of AAMs is
not directly related to the water loss. This is emphasized by Figure 4.15, where mixtures with higher ac-
tivator content were less prone to loose water under equal magnitude of drying shrinkage. Additionally,
increasing after 28 days of curing time, the drying shrinkage was observed as consistent for mixtures
with different GGBFS contents, while the weight loss was significant different.

The results presented in Section 4.2 are in line with all literature, as the drying shrinkage magnitude
and weight loss are not directly related in AAMs. Comparison between the different mixtures show that
the weight loss also may be related to the amount of reaction products available in the gel matrix. As
Figures 4.13 and 4.14 demonstrated that the samples with more GGBFS contain higher amounts of
reaction products, which are less sensitive to loose water. Therefore, this gives an indication that the
weight loss is related to the amount of reaction products present in the AAMs.

From the results in this study, it can be concluded that the drying shrinkage of AAMs is related to other
variables besides water loss and pore structure.

5.1.5. Contribution of external drying shrinkage

The results revealed that in all cases, the extent of external drying shrinkage relative to autogenous
shrinkage increases when longer curing times are considered. Moreover, the external drying shrinkage
and autogenous shrinkage results showed that an increase in curing time, decreased the proportion of
measured autogenous shrinkage in AAMs. Moreover, an increase in GGBFS content leads to a higher
proportion of autogenous shrinkage, which finding is in line with reported results of Li et al. [72].

5.1.6. Correlation of pore and gel characteristics on the drying shrinkage mech-

anism
This section discusses the results of both comparative studies of Sections 4.5 and 4.6. The starting
point of both analysis is that the pore size distribution and corresponding total porosity measured by
MIP of the samples is the same. The samples used to determine the chemical composition and vol-
ume of the reaction products were made in the same badge in which specimens were made for MIP,
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implying that the pore size distribution and porosity are the same for this experiment. In addition, these
properties are also considered as equal during the flexural and compressive strength tests. Regarding
the drying shrinkage and weight loss results presented in Figures 4.28 and 4.34, the porosity and pore
size distribution are the same at the time of exposure, which is shown in the graphs at the time equal
to zero.

Analysis of SI00N4T3 and S70N4T14 results

In Figure 4.28, it was demonstrated that the drying shrinkage strain of ST00N4T3 is considerably larger
than S70N4T14 after 56 days of exposure time, while the weight loss is 39% lower. Despite the fact
that the S7TON4T14 sample lost significantly more water, the drying shrinkage was always lower than
the S100N4T3 sample. The large weight loss relative to the external shrinkage is even better proven
with Figure 4.29, because after 28 days the difference between the external drying shrinkage is not so
large. The external drying shrinkage of the cementitious and alkali-activated materials is due to water
loss to the environment. In other words, the measured weight loss directly correlates with the external
drying shrinkage. This explains the higher drying shrinkage strain in S100, despite its lower weight
loss. The S100 mixtures exhibit significant early-age autogenous shrinkage, which does not contribute
to the measured weight loss.

The analysis of the chemical composition of reaction products is based on the main elements of the
blended AAMs, including the atomic Ca/Si, Al/Si, Na/Si and Mg/Si ratios, respectively, this approach
is in line with previous studies [8, 18]. In terms of the results of the chemical composition, both atomic
Ca/Si and Na/Si ratios were higher for S100N4T3 samples, including a higher amount of reaction prod-
ucts (70.1% versus 59.5%). Figures 4.31, 4.32 and 4.33 revealed that the distribution of S100N4T3
was more homogeneous, which can be dedicated to the higher amount of GGBFS present resulting in
production of more 2D layered C-A-S-H gel and higher atomic Ca/Si ratio, this is also observed in the
studies performed by [8, 73].

In addition, the linear dependence between Mg/Si and Al/Si was shown, indicating the presence of
hydrotalcite-type of reaction products, this dependency is described and supported by previous re-
search [74]. Moreover, the positive intersection with the x-axis for the trendline of S100N4T3 reflects
the level of Al incorporation in the C-S-H gel [73, 74]. Furthermore, the slope of the trendline was equal
to 1.95, representing the atomic ratio of Mg/Al in the secondary gel, which is in line with previous docu-
mented values [8, 73, 74]. The hydrotalcite-type of gel is likely intimately intermixed with C-A-S-H gel
on a nano- or micrometer level, when the MgO content of unreacted GGBFS is larger than 5% [8, 75].

While the pore size distribution and porosity at moment of exposure was equal, is the drying shrinkage
of S100N4T3 significant higher. Based on the findings, it is indicated that the combination of the higher
amount of reaction products, more homogeneous distribution of reaction products, and more C-A-S-H
gel represented by the higher Ca/Si ratio is causing more contraction of the paste resulting in more
drying shrinkage. This is indicating that drying shrinkage is not about the amount of gel present in the
system, but about the type of gel.

Analysis of STONAT7 and S50N5T3 results

In this section, the analysis focuses on the results obtained from samples S7ON4T7 and S50NS5T3.
The results of both drying shrinkage and weight loss, indicate a consistent increase for the SS50N5T3
sample in both scenarios (Figure 4.34). Examining these outcomes from the perspective of sample
age reveals a consistent correlation, with the weight loss and drying shrinkage consistently higher for
the S50N5T3 sample. Therefore, in this analysis, the sample exhibiting the highest weight loss also
demonstrates the highest drying shrinkage strain.

Regarding the chemical composition, the lower GGBFS content of SSON5T3 is reflected in the lower
atomic Ca/Si ratio, therefore, less C-A-S-H gels can be formed than in S7TON4T7. Moreover, the in-
creased Na,O-content from 4 to 5 wt.% combined with the same activator modulus, implies that there
is also more silicate present in the matrix coming from the used waterglass solution in the activator. The
increased presence of sodium is reflected in the atomic Na/Si ratio increasing from 0.26 to 0.29, but
also in Figures 4.37b and 4.37d. In the first figure, the distribution of SS50N5T3 points is wider spread
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than S70N4T14 along the vertical axis, additionally, the lower atomic Ca/Si ratio is also reflected. In
the latter, the increased availability of silicate and sodium is clearly visible, as the points are both more
distributed and containing of higher values.

Combination of these results show that mixtures with higher availability of both silicate and sodium
increase the rate of drying shrinkage. The study of Melo Neto et al., also emphasized the influence of
increased drying shrinkage for mixtures where higher contents of silicate were available [16].

5.1.7. Compressive and flexural strength development

In the previous sections, no clear relationship between curing times, slag-to-fly-ash ratios, and com-
pressive strength development was found. Furthermore, the compressive strengths observed in this
study did not reach high levels, unlike the results reported in previous studies [57, 76], however, they
were higher compared to PC.

During the experiments, brittle behaviour of the mixtures was observed in compressive strength testing,
as indicated in Figures B.1 of Appendix B. This brittle behaviour aligns with findings in studies by Du-
ran Atis et al., Nedeljkovi¢ et al. [71, 76]. While the first study observed different behaviour for different
types of activator, this variability was not observed in this study, where the combination of waterglass
and sodium hydroxide was consistently used. Besides the brittle behaviour, AAMs showed variations
in both flexural and compressive strengths when different types of activators were used [71]. The latter
study suggested that this behaviour resulted from the combined influence of low porosity and densely
packed grains, especially in high-calcium based binder systems.

Figure 5.1 illustrates the relationship between compressive and flexural strength for different types of
alkali-activated concretes, including the relationship of PC concretes indicated with ACI 318-02 [12].
The legend provides clarity on the representation of results from this research. The results in Figure
5.1 cannot be directly compared, because the data of this study is paste, and the data points in the
graph represent concrete. However, considering that the strength of cement paste is considered the
weakest link in concrete due to much stronger aggregates, the graph provides an idea of the results
relative to the lower limit of concrete, as also done in the research by Marjanovi¢ et al. [8]. From
the figure, it is evident that the ratio between flexural and compressive strength for this study are not
comparable with PC, especially the mixtures with 100% and 70% GGBFS content. This is in line with
findings of previous researchers, however, it is possible to create a mixture with an equal ratio between
these strengths.
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Figure 5.1: Relationship between compressive and flexural strength for different types of alkali-activated concretes, including
the relationship of PC concretes indicated with ACI 318-02 [12], including results from this research.
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5.2. Drying shrinkage in AAMs: the driving force

This section focuses on the driving force of drying shrinkage in AAMs, combining insights from both the
literature and the experimental results presented in this study. Understanding the driving force is crucial
for accurately predicting drying shrinkage. As thoroughly examined in the literature review (section 2.2),
drying shrinkage is associated with the loss of free water to the environment when exposed to lower
RH and water loss due to the internal hydration process. Drying shrinkage is affected by the pore size
distribution and gel characteristics present in the microstructure, with various mix design parameters
(precursor type and amount, activator type, content and modulus, curing conditions) applying a signifi-
cant influence on both pore size distribution and gel characteristics, thereby impacting drying shrinkage.

As mentioned in the literature review, the capillary pressure theory is considered the most common
driving force for drying shrinkage in cementitious materials around 50% RH. Capillary stresses develop
due to the loss of free water through evaporation, forming a meniscus. The evaporation of water starts
in the largest pore sizes and continues until a new meniscus is formed in pore sizes equal to the Kelvin
radius (equation 2.4). In this equilibrium condition, all pores smaller than the Kelvin radius are com-
pletely filled with water [13]. According to the Kelvin-Laplace equation, the magnitude of shrinkage
strain that develops is dependent on the pore size distribution, as also noted by Kovler et al. [49]. More
refined pore size distributions are observed in this study, resulting in higher drying shrinkage magni-
tudes for AAMs relative to PC. These results are consistent with previous studies [11, 13, 17-19, 49].
Moreover, mixtures with more slag contained higher amounts of small isolated and medium capillaries
compared to mixtures with incorporated fly ash.

The first part of the study focuses on the influence of mix design parameters -slag-to-fly-ash ratio, curing
time and activator content- on the drying shrinkage, weight loss, total porosity and pore size distribu-
tion of AAMs. The influence of these mix design parameters is examined separately in Sections 5.1.1,
5.1.2 and 5.1.3. In summary, mixtures with higher slag-to-fly-ash ratios, longer curing times and higher
activator content exhibit more refined pore size distributions, resulting in less weight loss and lower or
equal drying shrinkage magnitudes. The increased slag content, prolonged curing times and higher
activator content promote the hydration process and geopolymerization, leading to a higher degree of
chemical reactions and reactivity, resulting in more complete hydration products. Consequently, more
refined pore size distributions are associated with a higher amount and more complete hydration prod-
ucts when these mix design parameters have higher values. Moreover, more water is chemically bound
to the formed hydration products, reducing the amount of free water available for evaporation. The re-
sults align with previous research, as finer pores contain less water that can evaporate, and the water
is more resistant to evaporation [13, 16, 17, 19]. Relating the observed results to the Kelvin-Laplace
equation, it is expected that capillary tensile stresses that develop in the paste matrix should be higher
for more refined pore structures. Assuming this correlation is valid in AAMs, it is suggested that other
driving forces exist to explain the lower drying shrinkage strain, specifically in this study, the influence
of gel characteristics.

The second part of this study focuses on correlating pore and gel characteristics with the drying shrink-
age mechanism. By controlling the pore size distribution, the contribution of gel characteristics in differ-
ent mixtures is investigated. The detailed comparisons are discussed in Sections 4.5 and 4.6. Despite
equal pore size distributions at the beginning of the drying process, distinct drying shrinkage magni-
tudes are observed, providing an alternative perspective that emphasizes that pore size distribution is
not the primary driving force behind the drying shrinkage.

The combined insights from both parts of this study suggest that pore characteristics are not the primary
driving force behind drying shrinkage in AAMs. Instead, gel characteristics play a crucial role as a
driving force in the drying shrinkage mechanism. These gel characteristics include the type of hydration
products and the degree of hydration, which depend on mix design parameters. Consequently, the
magnitude of the driving force is not predetermined but variable. For example, an increased quantity
of slag raises the amorphous content of the mixture, providing more amorphous calcium and silicon
to react. These chemical substitutes fill up pores and produce higher amounts of reaction products,
resulting in a lower drying shrinkage strain. Therefore, the drying shrinkage mechanism is chemically
influenced rather than physically.
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5.3. Challenges of AAMs

Due to their potential to reduce environmental impact by utilizing industrial by-products, offering suf-
ficient strength development, and demonstrating good resistance in aggressive environments, AAMs
are viewed as a promising alternative to PC. While this study specifically highlighted the challenge of
drying shrinkage behavior in AAMs, it is important to address additional issues before AAMs can be
considered a marketable product.

The availability of GGBFS and FA from the industry presents another potential limitation. In the Nether-
lands, GGBFS accessibility is relatively high due to the presence of large steel plants, though this may
change due to sustainability regulations. Yet, this situation may not apply universally across the globe,
and AAMs could remain a valuable material. Utilizing by-products from existing industries is environ-
mentally beneficial, preventing these materials from ending up in landfills. While challenges persist,
these issues also present opportunities for research and innovation in the field of AAMs, aiming to de-
velop solutions that enhance their feasibility and sustainability on a global scale.

In terms of the binder manufacturing process, several additional steps are required, particularly con-
cerning safety and activation. Unlike PC, which easily binds with water, AAMs demand high alkali
solutions for precursor activation. The choice of activator requires advanced preparation, often 24
hours in advance. Given the high pH and release of harmful fumes during activator preparation, safety
precautions, including wearing protective clothing during mixing, must be carefully considered. While
these precautions can be effectively implemented in a research lab, the scale-up for large-scale AAM
production poses significant challenges, requiring entire concrete plants to be converted for safe oper-
ation.

Another notable challenge is the low setting time affecting the workability, especially for high-calcium
based binder systems. While casting the samples for this study, it was observed that higher slag con-
tent reduces the available working time. This limitation is further evident in the determination of the final
setting time (Table 4.1), which is also documented in previous research [76]. Despite the seemingly
long setting time, the ability to work with 100% GGBFS paste reduces within 15 minutes, demanding a
rapid operating speed. However, the addition of fly ash can extend the setting time sufficiently to allow
proper casting and compaction of the alkali-activated specimens. The short setting time of AAMs could
be advantageous for the precast industry, allowing for more frequent mold utilization. However, it may
pose challenges for in-situ concrete applications.

The short setting time of AAMs could be advantageous for the precast industry, allowing for more
frequent mold utilization. However, it may pose challenges for in-situ concrete applications.

While PC and alkali-activated concrete may appear similar, significant differences make direct compar-
isons challenging. Unlike PC concrete, which requires a mixture of water and cement for binder forma-
tion, AAMs involve additional factors such as the choice of raw materials, type of activator, activator
content, and curing conditions, making their production more complex. Applying principles established
for PC to AAMs, as demonstrated in this study with drying shrinkage, presents challenges. Determin-
ing factors influencing drying shrinkage in PC, such as water availability, have less guidance in AAMs.
Additionally, directly employing formulas like the Kelvin-Laplace equation is challenging, as it has been
observed that the amount of water loss does not correspond directly to the stresses measurable in
experiments. Nevertheless, using such formulas provides a solid starting point, allowing researchers
to adjust the research direction. It is crucial to always bear in mind the distinctions between PC and
AAMs and use each material where its properties are most applicable.

5.4. Reflections on experiments and analysis

The process of making choices and navigating the course of research can take various routes, leading
to the same endpoint. In this thesis, decisions were grounded in accumulated knowledge from the
literature, weighing specific relevance and feasibility. Prior to starting the experiments, it was essential
to clarify the research objectives. This thesis set out to control one of the fundamental parameters -
gel characteristics or pore structure. To enhance the likelihood of success, variations were introduced
not only in the quantities of raw materials and curing times but also in the activation content. How-
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ever, insufficient attention was given to the time required for the measurements across all experiments.
Nonetheless, this approach yielded a comprehensive dataset encompassing drying shrinkage, weight
loss, compressive, and flexural strength by the end of this study.

Being adaptive and contemplating the next steps is essential before undertaking certain experiments.
While charting the course, you consider certain limitations an experiment might have, but you only
truly discover them when conducting the experiments. For example, the requirement that specimens
must be 100% free of water before conducting MIP or SEM-EDX, necessitating a waiting period of
more than 3 weeks in the vacuum freeze dryer to ensure this due to the extremely small pores in the
alkali-activated materials. Additionally, the results obtained from experiments are often open to inter-
pretation from various perspectives or come with certain limitations. However, an effort has been made
to display as consistently as possible all results. Limitations regarding the performed experiments are
specifically apparent for MIP and SEM-EDX. The range of mercury in MIP experiments has a limitation
because it cannot detect pore sizes smaller than 0.006 um, additionally to the ink bottle effect, however,
this experiment did provide an accurate insight into the small isolated and medium capillaries. In this
study, overlap was found in the pore structure in the designed manner, however, if this difference had
been too small it would be an option to also look at N, adsorption, as smaller pores can be detected
using that experiment. As for the SEM pictures taken and EDX analysis performed, there should be an
understanding that anything larger and smaller than this magnification cannot be seen. It gives one an
impression of the AAMs at that level in a specific spot, while at larger or smaller magnifications or in
other places there is a chance to see other things as well. Therefore, wide range of images and point
analysis are made of different small fragments of the paste, to get as good and average a result as
possible.

The results of the pore structure analysis and selection form the basis of the analysis of the final con-
clusion. It should be noted that these results represent the porosity and pore size distribution of the
moment that the mixtures were exposed to drying shrinkage and weight loss. However, what is also
illustrated in this study is that the pore structure is refining and therefore changing over time. On the
other hand, the same applies for the results about the chemical composition and amount of reaction
products, because the same samples were used for MIP and SEM-EDX. Therefore, it gives an indica-
tion on what is governing.

As previously mentioned, the complexity of AAMs arises from numerous input parameters in the binder
system, making direct connections challenging. It necessitates a comprehensive approach, thoroughly
examining each aspect within the broader context. In this study, a thorough examination was under-
taken, aligning and comparing all results before drawing conclusions. The interpretation of findings
is intricate, given the interconnected nature of variables, especially when consolidating results from
comparative studies. It is important to highlight that the analysis of S7TON4T7 and S50N5T3 involved
variations in all considered parameters, introducing complexity to result interpretation. Therefore, it is
necessary to revert to the initial goal of this approach, which focused on controlling pore size distribution
and porosity.

5.5. Novelty of research

This study stands out for its approach to unravel the drying shrinkage mechanism in AAMs. In ad-
dressing the challenges associated with AAMs, this study introduces a fresh approach that prioritizes
a thorough understanding of the root causes over symptom mitigation.

A distinguishing feature of this research is the careful decomposition of parameters. Rather than consid-
ering the system as a whole, the research systematically isolates and examines individual parameters.
This nuanced approach allows for close examination and sheds light on complex interactions that may
remain hidden when considering the system as a whole. Breaking down complex relationships into
their constituent elements leads to a deeper understanding of the mechanism of drying shrinkage in
AAMs.

A major contribution of this research lies in the creation of a comprehensive data set. By strictly ad-
hering to consistent methodologies and carefully considering critical input parameters, the study has
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collected a comprehensive set of data on drying shrinkage and weight loss. This dataset not only
serves as a valuable resource for future research, but also ensures the reliability and comparability of
results under different experimental conditions.

In essence, this research deviates from conventional problem-solving approaches and provides a nu-
anced understanding of the drying shrinkage behavior of AAMs, adpoting a component-focused analy-
sis. By prioritizing the investigation of origins, decomposing parameters and assembling a comprehen-
sive data set, this research represents an important step forward in the investigation of alkali-activated
materials.



Conclusion and recommendations

The aim of this thesis is to advance the understanding of the drying shrinkage mechanism in AAMs, by
considering the pore and gel characteristics. The influence of differences in the gel composition are
identified while controlling the pore size distribution and total porosity at the moment of exposure to
lower RH. The study has been divided into three objectives to achieve the main goal:

1. To investigate the impact of mix design parameters, such as slag-to-fly-ash ratio, curing time, and
Na,O wt.% content, on drying shrinkage behavior and mechanical properties of alkali-activated
materials, aiming to comprehend their influence on pore structure and gel characteristics.

2. To study how mix design parameters affect the microstructure development of alkali-activated
materials, aiming to reveal microstructural changes contributing to drying shrinkage.

3. To attain a fundamental understanding of the drying shrinkage mechanism by conducting a de-
tailed analysis of pore structure and gel characteristics in alkali-activated materials, to identify the
primary parameter influencing the mechanism.

In this chapter, an overview and summary of the results is presented. Based on this, the conclusion is
drawn based on the objectives. Finally, recommendations for future research are suggested.

6.1. Conclusion

From the results of this study, it can be concluded that the drying shrinkage of blended alkali-activated
slag and fly ash pastes is related to other factors beyond water loss and pore structure, unlike the ob-
served correlation in PC.

In the examination of the influence of the slag-to-fly-ash ratio on both microstructure development and
drying shrinkage it was found that with increasing GGBFS content, the drying shrinkage magnitude and
weight loss decreased, as well as the total porosity reduced. Additionally, an increase in small isolated
and medium capillaries was observed. The refinement of the pore sizes would suggest that the capil-
lary stresses in the matrix increase resulting in a higher magnitude of drying shrinkage. However, this
cannot be concluded from this study. Moreover, it can be inferred that the proportion of external drying
shrinkage increases for mixtures with lower GGBFS content.

Longer curing times help to form a more complete and larger amount of hydration products, which
makes the pore structure more refined, so both less drying shrinkage and weight loss have been docu-
mented. Comparison between mixtures with 100% and 50% GGBFS content showed after 28 days of
curing equal drying shrinkage magnitudes, while more weight loss was documented for mixtures with
lower amounts of GGBFS. Moreover, better flexural and compressive strength is been noticed, espe-
cially monitored for mixtures with 50% GGBFS content. Furthermore, the proportion of external drying
shrinkage increases with longer curing times. This is evident as the degree of autogenous shrinkage
decreases over time due to the formation of more reaction products, resulting in a decreasing propor-
tion of autogenous shrinkage.

58
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An increase in activator content results in a more refined pore structure due to enhanced geopolymer-
ization. This leads to a decrease in total porosity, less weight loss, and higher compressive strengths.
Despite the drying shrinkage magnitude remaining relatively constant over the 56 days of exposure,
a decrease in flexural strength was observed. It can be concluded that the considered difference in
Na,O content has no significant effect on the drying shrinkage behavior.

Regarding the most significant fundamental parameter, based on the mixtures chosen in this study,
an overlap of pore structure at the moment of exposure to drying was observed twice. Both compar-
isons revealed that gel characteristics govern drying shrinkage rather than pore size distribution. The
first comparative study between S100N4T3 and S70N4T14 showed that the mixture with more homo-
geneous reaction products, a higher atomic Ca/Si ratio, and more C-A-S-H gel exhibited more drying
shrinkage, indicating that the contraction of this type of reaction product caused an increase in drying
shrinkage while less water was lost. Additionally, at the moment of exposure, the type of gel is of
greater importance than the amount of gels present in the paste matrix because the mixture with more
reaction products exhibited more drying shrinkage. The second comparative study between S7TON4T7
and S50N5T3 indicated that the amount of sodium and silicate available from the activator to form re-
action products greatly influences drying shrinkage, leading to a significant increase.

In conclusion, the comprehensive findings of this study indicate that gel characteristics have an es-
sential role as a driving force in the drying shrinkage mechanism. This study confirms that the drying
shrinkage performance of AAMs is strongly related to the microstructure, especially the activator con-
tent used and the type of reaction product created by the combination of precursors and activators. Gel
characteristics are closely linked to mix design parameters, significantly influencing the mechanism and,
consequently, the drying shrinkage magnitude of moderate- and high-calcium based binder systems.
Notably, the drying shrinkage mechanism is primarily influenced by chemical influences rather than
physical ones. However, more research is needed, specifically on the reaction products, to facilitate
the practical implementation of AAMs in the construction industry.

6.2. Recommendations
Some recommendations are stated for future research on the drying shrinkage mechanism of AAMs:

» To extent the range of mix design parameters, by studying the effect of different types and/or com-
binations of activators, or using other types and blends of precursors, to evaluate the findings of
this study.

To take the dynamic process of pore size development into account, by determining the pore size
distribution after specified amount or time of drying.

To evaluate the influence of drying on the exposed pore structure of AAMs.

» To determine the reaction speed of raw materials and various mixtures to evaluate its impact to
drying shrinkage.

+ To determine the pore size distribution of the considered mixtures using N, adsorption, because
smaller range of pores can be measured using this technique.

To consider longer curing times to create more complete hydration products, as AAMs need more
time to develop a stable microstructure. Moreover, evaluate the extent on pore refinement, reduc-
tion in porosity, compressive and flexural strength development on drying shrinkage behaviour.
Additionally, this helps to determine when the drying shrinkage of AAMs will stop increasing fur-
ther, as this was not observed yet in this study.

» To determine if variations in external and internal RH affect the mechanism of drying shrinkage,
as the external RH in this study was kept constant, while its influence is extensively documented
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in literature. Moreover, the internal RH can change when different mixtures are considered, re-
sulting in differences in internal stresses. This needs further research, as this study found that
a finer pore structure can also lead to less shrinkage. Considering the internal RH can show
whether the capillary pressure theory is the correct assumption.

To investigate the cracking potential related to drying shrinkage, as drying shrinkage does not
always have to be a problem, as long as the phenomena is counteracted by creep/relaxation, as
no cracking will occur that can structurally deteriorate the material. This includes determining the
material’s modulus of elasticity.
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Remaining results

A.l. Original data set of flexural and compressive strength results

Table A.1: Flexural strength of all samples in MPa

T3 T7 T14 T28
S100N4 103 11.9 124 129
S70N4 59 97 101 106
S50N4 44 55 66 7.0
S70N5 66 72 57 7.7
S50N5 48 48 57 6.8

Table A.2: Compressive strength of all samples in MPa

T3 T7 T14 T28
S100N4 399 471 493 579
S70N4 431 452 546 579
S50N4 311 43.8 523 56.1
S70N5 517 589 611 66.5
S50N5 445 528 582 64.0

A.2. Drying shrinkage and weight loss results of N5 samples
A.2.1. 70% BFS, 5 wt.% Na,O content
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Figure A.1: Drying shrinkage strain and weight loss of samples with 70% slag and 5 wt. % Na2O content
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A.2.2. 50% BFS, 5 wt.% Na,O content
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Figure A.2: Drying shrinkage strain and weight loss of samples with 50% slag and 5 wt.% NazO content

A.2.3. 50% BFS, 4 and 5 wt.% Na,O content, 7 and 14 curing days
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Figure A.3: Drying shrinkage strains and weight loss of samples with 70% slag and 4 or 5 wt.% NaxO content after 7 and 14
days of curing
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A.2.4. 70% BFS, 4 and 5 wt.% Na,O content
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Figure A.4: Drying shrinkage strains and weight loss of samples with 70% slag and 4 or 5 wt.% NaxO content after 3 and 28
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Figure A.5: Drying shrinkage strains and weight loss of samples with 70% slag and 4 or 5 wt.% NaxO content after 7 and 14

curing days



Pictures of samples after compressive
strength test

(b) STON4T14

(c) S50N4T14

Figure B.1: Pictures of samples after compressive strength test, showing brittle failure
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Pictures of samples during drying
shrinkage measurements
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(b) S50N5T3 after 3 days of exposure

(a) S50N4T3 after 3 days of exposure

(c) S50N4T3 after 28 days of exposure (d) S50NS5T3 after 33 days of exposure

Figure C.1: Pictures of samples with 50% GGBFS during drying shrinkage measurements
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(a) S100N4T3 after 3 days of exposure (b) S100N4T3 after 28 days of exposure

Figure C.2: Pictures of samples with 100% GGBFS during drying shrinkage measurements
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