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Mojoj porodici, uc̆iteljima i budućim generacijama

“Znanje, to su zlatne lestvice koje nas vode u nebesa;
znanje je svetlost koja osvetljava naš put kroz ovaj svet i vodi nas u život budućnosti,

pun neuvele slave.”
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life of everlasting glory.”
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1
INTRODUCTION

“Divide each difficulty into as many parts
as is feasible and necessary to resolve it.”

René Descartes

This chapter presents the background of the research. The carbonation assessment of
alkali-activated materials and barriers for their standardization are briefly summarised.
The aim and objectives, scope of the research, methodology and outline of the thesis are
given.

1
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2 1. INTRODUCTION

1.1. RESEARCH BACKGROUND

C EMENT-BASED CONCRETE is used as a main material for infrastructures and build-
ings. Concrete structures have shown to be safe and durable, and this was one of

the most important criteria for their design and use in the past. Nowadays, however,
the sustainability requirements present the main challenge for concrete construction
industry [1, 2]. More specifically, there are several aspects, which should be considered
and improved in the current cement concrete production. Most important are high CO2

emission and high energy consumption due to CaCO3 calcination and clinker produc-
tion [3–5]. Currently, the cement industry accounts for approximately 5-8.6 % of the
global CO2 emissions [1, 6, 7]. The regulations on the permissible level of emission of
CO2 make it necessary to innovate and improve the energy efficiency and provide envi-
ronmentally friendly alternatives for cement industry. To fulfil sustainability criteria of
reduced CO2 emissions, low CO2-emission cements are needed. Furthermore, produc-
tion of waste from various industrial processes is a concern, as most of the waste cannot
be landfilled and thus presents a burden for both its producer and the environment [8].
Replacement of ordinary Portland cement (OPC) by supplementary cementitious ma-
terials (SCMs) [9] is one of the possibilities to reduce the environmental impact of OPC
production as shown in Figure 1.1.

Figure 1.1: Cement types produced by Holcim 1995–2009 [5].

Commonly, SCMs are by-products from industrial processes, such as fly ash (FA)
from coal-fired electricity production and ground granulated blast-furnace slag (GGBFS)
from steel production [10]. The extent of replacement of OPC is limited by the composi-
tion and reactivity of the SCMs [9]. In fact, FA and GGBFS can completely replace OPC by
taking advantage of alkali activation [4]. In this case, alkali activated materials (AAMs)
or geopolymers are produced. AAMs is the broadest classification, encompassing any
binder system derived by the reaction of an alkaline salt (alkali hydroxides, silicates, car-
bonates, sulfates, aluminates) with a solid silicate powder (GGBFS, FA, natural pozzolan
or bottom ash) [11]. Geopolymers are a further subset of AAMs, an inorganic polymer
cement synthesized via alkaline activation of aluminosilicate precursors (FA, kaoline,



1.1. RESEARCH BACKGROUND

1

3

metakaoline) [11, 12]. The term geopolymers was introduced by Davidovits in the pe-
riod 1976-1979. Davidovits has defined geopolymers as a material that originates from
inorganic polycondensation, called geopolymerization. Geopolymers1 represent mate-
rials on the transition between glass and ceramics [13]. However, nowdays the usage of
geopolymers is not limited only to ceramics but is considered to have a great potential
to become a construction material in the building industry. In the Netherlands, the uti-
lization of geopolymer concrete has been recommended by the CUR committee as one
of the 7 high potential actions towards the Dutch initiatives on further lowering the CO2

footprint of concrete [14].
Today a lot of research has been devoted to the development and characterization of

AAMs [15–37] to promote their use because of their “green” nature. However, widespread
use of AAMs in engineering practice and structural applications is limited by lack of stan-
dards and understanding of their long-term behaviour [11, 38, 39]. The use of alkali-
activated concrete actually got its reputation from past applications (1980s and 1990s)
as recognized only in several reports [40–42]. So far AAMs are increasingly used for non-
structural applications. An effective strategy to increase the confidence in using AAMs
for structural applications is to study their long-term performance.

In general, the deterioration mechanisms of concrete and their rate are controlled
by the environment, the microstructure, the chemical stability and the fracture strength
of the concrete [43, 44]. Deterioration of reinforced OPC-based concrete structures is
often caused by the corrosion of reinforcing steel. Corrosion of reinforcing steel in con-
crete is mostly a result of chloride ingress and/or carbonation [45–47]. The assessment
of the durability of OPC-based concrete is defined in the European Standard EN 206-1
[48], which describes durability in terms of minimum cement content, maximum wa-
ter/cement ratio and minimum cover depth. This approach is inadequate for concrete
structures made with alternative cements such as SCMs cements (blended systems of
OPC, FA, GGBFS, silica fume, metakaolin, rice husk ash) or alkali-activated cements (FA,
GGBFS, metakaolin, waste glass) due to their different reaction kinetics and microstruc-
ture features [41]. Major discussions regarding long-term performance of AAMs are fo-
cussed on their behaviour under carbonation, the general validity of the carbonation
assessment methods and the prediction of their service-life in view of carbonation. For
this reason, the research background of this thesis consists of three topics as stated next.

1. Defining an adequate methodology for testing carbonation of AAMs. RILEM TC
224-AAMs [49] addressed durability of AAMs as a main obstacle for their standard-
ization. TC 224-AAMs puts an immense effort towards investigation and spec-
ification of reliable methods for durability testing with special attention to ac-
celerated testing. The method for testing durability of alternative cement-based
concretes is usually a standard approach valid for OPC-based concrete. For ex-
ample, the standard approach to test the carbonation resistance of OPC-based
concrete is determined by standard accelerated tests under relatively high CO2-
concentrations and fixed relative humidity (EN 13295:2004 [50]; Draft BS ISO/CD
1920-12 [51], EN 14630:2006 [52], RILEM CPC-18 [53], NORDTEST METHOD: NT
Build 357 [54], Portuguese Standard LNEC E391 [55], French test method AFPC-

1The term alkali activated materials (AAMs) will be used throughout all thesis, instead of geopolymers.
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AFREM [56]). These accelerated tests should be the basis for making a reliable
prediction of the progress of carbonation in natural conditions. However, these
standard accelerated tests do not contain recommendations on how the results
of accelerated tests can be extrapolated to the natural conditions of carbonation.
Furthermore, no recommendations are yet given to the researchers and engineers
as a general approach for testing of AAMs.

2. Multiscale assessment of the carbonation mechanism of AAMs. For service-life
predictions of AAMs in view of carbonation it is necessary, first, to understand
the mechanism and define the parameters of critical influence on the carbonation
rate. However, carbonation resistance of alkali-activated concretes is under debate
for almost 20 years [19, 57–70]. The carbonation complexity of AAMs extends from
atomistic scale to milimeter scale. The overal change is driven by multiple changes
in the paste microstructure and microstructure between the paste and aggregates.
The effect of carbonation on material properties (physical, chemical and mechan-
ical), from multiscale point of view, has not been studied sufficiently to be consid-
ered in development of carbonation model or design of alkali activated concrete
structures.

3. Limited number of case studies of long-term performance of alkali-activated con-
cretes in the past. Limitations concern the type of environment (only limited num-
ber of case studies is known from a few decades ago in China, Ukraine, Russia
[40]), the type of raw materials (Portland-blast furnace slag, slag and fly ash with
unknown exact origin), the mixture design (type of aggregate, raw materials and al-
kaline activators, liquid-to-binder ratio) and the curing conditions (temperature,
sealed/unsealed). The lack of data on long-term performance of alkali-activated
concretes makes it challenging to support the predictive models of the service life
of alkali activated concretes.

1.2. RESEARCH AIM AND OBJECTIVES

The above stated problems led to the definition of the research aim. The research aim
concentrates to understanding the carbonation mechanism of alkali-activated materials
and focuses on strategies to improve their performance in view of carbonation. To reach
this research aim, the following objectives are made:

• to develop paste and concrete mixtures for carbonation study;

• to propose a methodology for investigation of pore solution composition and mi-
crostructure formation of alkali activated pastes;

• to propose a methodology (carbonation conditions, monitoring parameters, char-
acterization techniques) to investigate the carbonation mechanism of alkali-activated
pastes;

• to investigate the effects of carbonation on chemical properties (CO2 binding ca-
pacity, pore solution composition, gel nanostructure, minerology of the reaction
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products), physical properties (pore volume, pore size distribution) and mechani-
cal properties (modulus of elasticity) of the pastes;

• to define the mechanism that drives the carbonation front in order to predict the
long-term properties of alkali activated concrete due to carbonation;

• to recommend the curing conditions and alkali activated concrete mixtures for
improved carbonation resistance in service.

1.3. RESEARCH SCOPE

In this research, two types of industrial by-products are used, GGBFS and low Ca- siliceous
FA. Both, GGBFS and FA, are defined in EN 206 [48] as a type II addition in the produc-
tion of concrete, as a pozzolanic or latent hydraulic additions. The NEN-EN 15167-1
specifies requirements for the chemical and physical properties as well as quality con-
trol procedures for GGBFS. NEN-EN 450-1 defines the same for FA. The GGBFS, FA and
their blends are alkali activated with a mixture of sodium hydroxide and sodium silicate
solutions. The experimental research considers the chemical and mineralogical char-
acterization of the raw materials (GGBFS and FA), alkali-activated GGBFS and FA and
carbonated alkali-activated GGBFS and FA pastes. The information with respect to the
carbonation at the gel level (Level I) and paste level (Level II) has been used for carbon-
ation study at the concrete level (Level III) (see Figure1.2).

Figure 1.2: Three level concept.

In contrast to current literature, where usually gel is studied for carbonation mech-
anism, an other approach at the paste level is proposed in this thesis. This choice is
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based on the chemical composition of raw materials and the tendency of alkali binding
by the gel in alkali activated pastes. Moreover, the study comprised the carbonation of
both: the pore solution carbonation and gel carbonation. Testing the pore solution at the
paste level is also more important for understanding carbonation as shown by Sawada
et al. [71] than at the concrete level. The pore solution analyses are specifically impor-
tant for prediction of the carbonation rate. In addition, the influence of carbonation on
the physical and mechanical properties at the paste level is the first step towards under-
standing the properties of carbonated concrete.

Finally, the understanding of the carbonation mechanism generated by this thesis
is limited to the composition of the studied mixtures. However, the methodology for
studying the carbonation mechanism, can be applied for any cementitious material.

1.4. RESEARCH METHODOLOGY

To understand the deterioration mechanism of alkali-activated materials due to carbon-
ation, focus of this study will be on experimental testing of carbonation. Carbonation
is studied in two systems: in the alkali-activated pastes and in the alkali-activated con-
cretes. The pastes are designed with FA to GGBFS ratios by weight of 100:0, 70:30; 50:50,
30:70, 0:100.

First, chemical compositions of phases in the raw materials, i.e. GGBFS and FA, were
assessed. Next, a PhAse Recognition and Characterization (PARC) software, extensively
used for microstructure characterization of metallurgical slag produced in steelmaking
[72, 73], was for the first time used to determine the spatial distribution (area/volume
percentage) of the dominant reaction phases and chemical composition of AAMs as a
function of different curing conditions. The phase characterization provided stoichiom-
etry of the phases and the rate of gel formation, which were necessary for assessment of
the carbonated alkali activated pastes.

To study the carbonation mechanism, pastes were ground to a powder to enable
faster carbonation, with a focus on reactivity of CO2 and maximum CO2 uptake of dif-
ferent mixtures. In parallel, carbonation was studied in bulk alkali-activated pastes in
terms of CO2 reactivity and diffusivity, while capturing the effect of carbonation on the
pore solution, pore structure and mechanical properties. Different exposure conditions
were investigated: accelerated conditions and natural carbonation (indoor laboratory
and outdoor sheltered) conditions. In this way, the thesis may shed light on the role of
exposure conditions, such as relative humidity (RH) and CO2 concentration on carbon-
ation mechanism at the paste level.

For characterization of carbonated powdered pastes several techniques were used:
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Thermogravi-
metric (TG) analysis and Mass spectroscopy (MS) method. The gel molecular structure
was investigated with FTIR. The products of carbonation were determined and quanti-
fied by XRD and Rietveld refinement method, respectively. The water content and CO2

binding capacity of alkali activated pastes were measured with TG-MS.
Chemical changes of the bulk pastes along the carbonation path in natural exposure

conditions were studied with PARC. The calculated results were validated with bulk an-
alytical techniques such as X-ray fluorescence (XRF) and XRD. Element profiles (C, O,
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Na, Mg, Si, Al, S, Ca) were derived for element spatial distributions along the carbona-
tion depth. In addition, the depth positions of carbonation, oxidation and dissolution
fronts were identified. This helped to investigate which mechanism drives the fronts.
The effects of carbonation on the pore structure and modulus of elasticity were tested by
nitrogen (N2) adsorption, mercury intrusion porosimetry (MIP) and Nanoindentation
method, respectively. The study on paste enabled comprehensive assessment of the lo-
cal and bulk carbonation.

The alkali-activated concretes were also exposed to different environmental condi-
tions, i.e. accelerated, natural laboratory indoor, natural outdoor sheltered conditions.
The carbonation rate in all exposure conditions was monitored by measuring the car-
bonation depth using phenolphthalein indicator combined with Polarized optical mi-
croscopy.

Beside carbonation depth, pH measurements, microstructure and ITZ characteriza-
tion, the compressive strength of alkali activated concretes was also monitored in natural
outdoor conditions. The results are compared with results in cement-based concretes
and discussed in view of their aim of predicting the service life of alkali-activated con-
crete.

1.5. THESIS OUTLINE

The thesis outline is given in the Figure 1.3. As discussed previously, the aim is to under-
stand the carbonation mechanism at the micro-scale (paste) and to pass information to
the meso-scale (concrete). The thesis is divided in four parts. The PART I presents the
research background and existing results with respect to the carbonation of AAMs. This
leads to the origin of the thesis frame. In PART II, development of the alkali-activated
paste mixtures and their characterization was given as a basis for carbonation study.
PART III explains carbonation mechanism and effects of carbonation on the micro prop-
erties of the alkali-activated pastes. PART IV is dedicated to the carbonation of alkali-
activated concrete. The content of each chapter is summarized as follows:

Chapter 2 reviews the carbonation mechanism in OPC and alkali-activated materials
in the context of available literature. The main differences regarding the pore solution
and microstructure properties between these two groups of materials are recognized and
addressed. The overview of the carbonation mechanisms, crucial factors, and carbona-
tion modelling in OPC-based materials in contrast to AAMs, is given.

Chapter 3 presents the development of mixture design for alkali-activated FA and
GGBFS pastes which are studied for carbonation mechanism. The effect of the mixture
compositions on their workability and mechanical properties is presented. In addition,
the reaction kinetics is studied for selected mixtures, which are further investigated in
Chapter 4.

Chapter 4 deals with microstructure and pore structure characterization of the alkali-
activated pastes prior their exposure to carbonation. The spatial distribution of the dom-
inant reaction phases, their chemical composition and area/volume percentage were
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determined. The microstructure characterization was done with PARC, N2 and MIP.

Chapter 5 investigates the CO2 binding capacity of alkali-activated pastes and pro-
vides basic understanding on the carbonation potential of studied mixtures. Cement-
based pastes were also studied to provide a baseline for comparisons.

Chapter 6 evaluates the effect of the curing, exposure conditions and binder com-
position on the pore solution chemistry. The pore solution composition and pH of the
carbonated pastes were studied with ICP-OES, in parallel with investigation of the chem-
ical changes by FT-IR.

Chapter 7 evaluates the microstructure changes due to carbonation. Areas between
the identified fronts (carbonation, oxidation, and dissolution fronts) were thoroughly
studied with relation to the chemical composition of the phases, their spatial distribu-
tion and area/volume percentage. Element zonation (C, O, Na, Mg, Si, Al, S, Ca) provided
the most distinct spatial distribution.

Chapter 8 evaluates the effect of carbonation on physical and micromechanical prop-
erties with MIP, N2 and Nanoindentation, respectively. The changes of the chemical
properties due to carbonation which are defined in Chapter 7, affected the physical and
micromechanical properties, i.e. pore size distribution, pore volume and modulus of
elasticity.

Chapter 9 presents a critical assessment of the carbonation mechanism in alkali-
activated pastes, based on results from the previous chapters. The relationship between
chemical, physical and mechanical changes due to carbonation is established. Carbon-
ation degree, changes of the gel nanostructure, carbonation products and CO2 binding
capacity are discussed for pastes which were exposed in accelerated and natural carbon-
ation conditions.

Chapter 10 presents the effects of the different carbonation conditions on the pH
and compressive strength of alkali-activated concrete in comparison to cement based
concretes (CEM I and CEM III/B). The influence of carbonation on ITZ is investigated
in alkali activated concrete The results were interpreted using knowledge that was gen-
erated in the PART III. Service life predictions of alkali activated concrete with regard to
carbonation are presented in Appendix B.

Chapter 11 concludes with the summary of the main findings and conclusions from
PART II, III, IV regarding microstructure formation of the developed mixtures and the
carbonation mechanism in the selected mixtures. Based on experimental evidences, the
recommendations for structural application of alkali-activated concretes are given with
respect to curing conditions and long-term performance due to carbonation. Further-
more, research perspectives for future studies are proposed.
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PART I

PART II

PART III

PART IV

Chapter 1
Introduction

Chapter 2
Literature survey on carbonation of AAMs

Chapter 3
Mixture design of alkali-activated pastes

Chapter 4
Microstructure characteriza-

tion of alkali-activated pastes

Chapter 5
CO2 binding capacity of pastes

Chapter 6
Carbonation of the pore solution

Chapter 7
Carbonation of the gel phases

Chapter 8
Effect of carbonation on the pore struc-
ture and modulus of elasticity of pastes

Chapter 9
Carbonation mechanism

Chapter 10
Carbonation rates of alkali-

activated and cement concretes

Chapter 11
Conclusions, contributions and further research

Figure 1.3: Thesis outline.





2
LITERATURE SURVEY ON

CARBONATION OF AAMS

“No one wants to learn by mistakes, but we cannot learn enough from successes to go
beyond the state of the art.”

Henry Petroski

In this chapter, mixture designs for AAMs are first reviewed in relation to different prop-
erties of raw materials and alkaline activators. Then, carbonation mechanisms in OPC-
based materials and AAMs are presented with respect to the current literature findings.
This review focuses on the carbonation of the two main binder components, pore solution
and gel phases (C-S-H, C-(N-)A-S-H), and the driving forces controlling the carbonation
of these components. The effect of carbonation on the chemical, physical and mechan-
ical properties of different materials is also reviewed. The existing predictive models for
carbonation in OPC-based concrete are presented and questions regarding carbonation
modelling in AAMs are addressed. Based on the current literature state of the art, the rele-
vant issues regarding carbonation mechanism investigation are stated.
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2.1. ALKALI-ACTIVATED MATERIALS: MIXTURE DESIGN

T HE DURABILITY of reinforced Ordinary Portland cement (OPC)-based concrete is re-
lated to the resistance of concrete to various degradation mechanisms (i.e. carbona-

tion, chloride ingress, alkali-silica reaction, acid attack) that reduce its performance over
time. The durability of alkali-activated materials (AAMs), similar to OPC-based materi-
als, is mainly dependent on the microstructure features of the binder (e.g. phase as-
semblages and pore structure), which can be modified using different constituents and
materials mixture designs. In the mixture design of AAMs, the most used raw materi-
als are fly ash (FA), ground granulated blast furnace slag (GGBFS) and metakaolin. They
react with alkaline solutions, including mostly alkali metal silicates and hydroxides, to
form reaction products [74].
Parameters that are broadly studied for mixture design of alkali-activated systems are
the properties of:

• raw materials (chemical composition [40], reactivity, surface area [57], particle size
distribution [12] and loss on ignition) and

• alkaline activators (modulus and dosage of alkaline activator, pH of activator, vis-
cosity of activator, water-to-binder ratio).

The critical parameters which dominate mixture design of AAMs are presented in the
following sections.

2.1.1. RAW MATERIALS

2.1.1.1. FLY ASH

FA is one of the most available resources for geopolymerization [75]. The chemical com-
position of FA defines this material as aluminoslilicate material. It was used for the very
first time as starting material in mixture design of alkali activated binders by Glukhovsky
in 1950s [24].

FA requirements for mixture design are presented in Table 2.1. A relatively high por-
tion of silica (SiO2), or the sum of SiO2, alumina (Al2O3) and iron (III) oxide (Fe2O3),
is needed to ensure that sufficient potentially reactive glassy material is present in FA.
When FA with high CaO content is activated in an acidic or basic environment, the effect
of a high calcium concentration typically leads to the acceleration of the rate of reaction.
In a pozzolanic reaction between FA and Ca(OH)2 or calcium silicate phases in OPC-
based paste, the early reaction may be so rapid that it will be unsuitable for applications
that require longer workability or setting time. Therefore, FA Class F (Table 2.1) is pre-
ferred in OPC-based materials and alkali activated binders due to the high content of
amorphous aluminosilicate phases and low CaO content [76].

Loss on ignition (LOI) is a measure of unburnt carbon present in FA. It affects the
quality of FA by increasing the water demand, increasing the fineness and reducing the
pozzolanic activity. A maximum 5% of LOI is specified by EN 450-1 and 6% according
to ASTM C618. A high level of SO3 in cement-based concrete containing FA can lead to
volume instability and thus loss of durability, due to formation of ettringite. Therefore
EN 450-1 allows maximum 3% and ASTM C618 (2008) 5% of SO3 in FA.
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Fernandez-Jimenez et al. [77] observed that the fineness of FA has an important ef-
fect on the development of the strength of alkali activated systems. It was reported that,
when the mean particle size was lower than 45 µm, strength increased remarkably, reach-
ing 70 MPa after 1 day. Beside the mean particle size, Van Jaarsveld et al. [18] reported
that the surface charge on the FA particle affects the initial setting properties of an alkali
activated FA.

Table 2.1: Specifications for fly ash according to EN 450-1 and ASTM C618.

Low calcium fly ash High calcium fly ash
Source Bituminous coal and Sub-bituminous (black lignite)

anthracite and lignite
Type of binder Pozzolana Pozzolanic and hydraulic

binder
EN 450-1 requirements Class V Class W

Silica fly ash Calcareous fly ash
SiO2 + Al2O3 + Fe2O3 ≥70% ≥10% reactive CaO
≤10% reactive CaO ≥25% reactive SiO2 when
≥25% reactive SiO2 CaO is 10-15%
SO3, max: 3,0% If CaO >15% the compressive
<5% LOI strength ≥10 MPa at 28 days
<1% free lime (EN 197-1)

<5% LOI
ASTM C 618 requirements Class F Class C

SiO2 + Al2O3 + Fe2O3 ≥70% SiO2 + Al2O3 + Fe2O3 ≥50%
Free moisture, max 3,0% Free moisture, max 3,0%
LOI, max 6,0% LOI, max 6,0%
SO3, max 5,0% SO3, max 5,0%
CaO, max: No limit CaO, max: No limit
Amount retained when wet (Note: CaO ≥10%
sieve on 45µm: max 34% Amount retained when wet

sieve on 45µm: max 34%

2.1.1.2. GROUND GRANULATED BLAST FURNACE SLAG

Due to its high reactivity GGBFS is the most suitable raw material for alkali activated
cement. It has already been used in alkali-activated GGBFS-based concrete for structural
applications worldwide [40]. The hydraulic activity of GGBFS can be measured in various
ways. One of the method is by calculating the basicity coefficient which is calculated
using wt% of oxides, Eq. 2.1:

Kb = C aO +M gO

SiO2 + Al2O3
(2.1)

Based on the basicity coefficient, the GGBFS can be classified into three groups: acid
(Kb<1), neutral (Kb=1), and basic (Kb>1). Neutral and basic GGBFS are preferred as start-
ing materials for alkali activated binders. To ensure good hydration properties, the hy-
dration modulus (HM), which is defined for GGBFS according to Eq. 2.2 and calculated
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using wt% of oxides:

H M = C aO +M gO + Al2O3

SiO2
(2.2)

should exceed 1.4 reported by Chang [78].

2.1.2. ALKALINE ACTIVATORS

2.1.2.1. TYPE OF ACTIVATOR

Alkaline activation of raw materials (FA, GGBFS) is a chemical process of multiple steps.
Alkaline activation can be attained by alkaline components as carbonates, hydroxides
and silicates. Alkaline activator is mainly a compound from the element of the first and
the second group in the periodic system of elements (Na, K, Ca). Positive ions (Na+, K+,
Ca2+) compensate the negative charge of Al that is present in the coordination 4 [79] in
three-dimensional alumina-silicate network configurated of SiO4 and AlO4 tetrahedrons
linked by oxygen bridges. The mechanism of alkaline activation starts with breaking of
Si-O-Al bonds in a strong alkaline environment (pH value above 13) [74].

Glukhovsky [80] classified alkaline activators into six groups according to their chem-
ical composition:

1. caustic alkalis: MOH
2. non-silicate weak acid salts: M2CO3, M2SO4, M3PO4, MF, etc.
3. silicates: M2O·nSiO2

4. aluminates: M2O·nAl2O3

5. aluminosilicates M2O·Al2O3·(2-6)SiO2 and
6. non-silicate strong acid salts: M2SO4,

in which M stands for Na, K, 0.5 Ca.
For basic GGBFS alkaline activators from the first 3 groups can be used. For neutral

and acid GGBFS, activators from the first and the third group ensure hardening in am-
bient conditions. Activators from group 2, in combination with activators from groups 1
or 3, can be used for neutral and acid GGBFS [81].

Despite the fact that NaOH, Na2SO4 and Na2CO3 are often used as activators [82, 83],
the majority of studies have found that activation with sodium silicate or sodium silicate
blended with NaOH gave the highest mechanical properties for both alkali-activated GG-
BFS and alkali activated FA systems. Different activators have different effects on proper-
ties of AAMs [17, 77]. Similarly, the type and concentration of activator may substantially
influence the carbonation mechanism.

2.1.2.2. MODULUS AND DOSAGE OF ALKALINE ACTIVATOR

The activator modulus is the mass ratio of the SiO2 to the Na2O in the alkaline silicate
activator. The dosage of activator in terms of % Na2O is defined as the ratio of the
Na2O content of the alkaline activator to the mass of the binder. Wang et al. [57] found
that both activator modulus and dosage of activator have a significant influence on the
strength of alkali activated GGBFS-based mortars. In an activator containing sodium
silicate or blended sodium silicate and sodium hydroxide, there is a competing effect
between activator modulus and sodium dosage. Furthemore, the optimum activator
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modulus of waterglass solution varies with the type of GGBFS, i.e. 0.75-1.25 for acid GG-
BFS, 0.9-1.3 for neutral GGBFS and 1.0-1.5 for basic GGBFS (see Figure 2.1).

Figure 2.1: 28-days compressive strengths of alkali silicate-activated GGBFS mortars, cured at 20◦C, as a func-
tion of the modulus of the activating solution. The GGBFS had a fineness of 4500±300 cm2/g, with an alkaline
solution/GGBFS ratio of 0.41 and a sand/GGBFS ratio of 2.0, adopted from [57].

According to literature the Na2O dosage needed for alkali activated FA systems (5.3-
15% by weight of binder) [77, 84, 85] is higher than that for the alkali activated GGBFS
systems (3-6% by weight of binder) [31, 86]. According to Davidovits [15] geopolymer-
ization requires highly alkaline solutions to dissolve the silicon and aluminium from the
FA. Xu et al. [28] reported that the proportion of alkaline solution-to-alumino-silicate
powder by mass should be approximately 0.33 to allow geopolymerization.

2.2. CARBONATION

Carbonation is one of the main causes of corrosion of the reinforcement in traditional
OPC-based concrete. The carbonation reduces the pH of the concrete pore solution to
values where passivation of reinforcing steel disappears [87]. The presence of oxygen
and water promotes corrosion of the reinforcing steel. The corrosion products are more
voluminous than the parent steel, causing tensile stresses in the concrete cover and sub-
sequently, its cracking and spalling on a relatively short period (< 10 years after corro-
sion initiation). In period of 10 to 20 years, steel cross section loss may cause insuffi-
cient tensile capacity and thus may threat structural integrity and safety [88]. Therefore,
carbonation is one of the most important deterioration mechanisms in predicting the
long-term behaviour of OPC-based concrete [89–99]. It has also gained increasing atten-
tion in recent years in alkali-activated materials (AAMs) [39]. In order to use reinforced
alkali-activated concrete for structural applications, the potential deterioration mech-
anisms must be understood. There is no method yet to evaluate adequate criteria for
alkali-activated concrete service life prediction when carbonation is the dominant de-
terioration mechanism. Many standards with respect to durability testing have been
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well established and widely applied to OPC concretes, but their applicability for AAMs
remains to be addressed [100].

Carbonation of concrete is a continuous chemical reaction between CO2 and the
concrete components (see Figure 2.2). Its rate depends on the binder type and envi-
ronmental conditions (RH, CO2). Carbonation occurs in the paste and paste-aggregate
interface, i.e. interfacial transition zone (ITZ) (Figure 2.2). More specifically, carbona-
tion is affecting the pore solution (CASE I) and reaction products (CASE II), resulting in
chemical, physical and mechanical changes of the microstructure (Figure 2.3).

Figure 2.2: Illustration of concrete microstructure carbonation. Concrete consists of aggregates, paste and ITZ
(middle). Paste consists of unreacted materials (FA and GGBFS), reaction products (gels) and pore solution
(right). Carbonate ions are present in the pore solution, carbonation products are not shown. The gel will
eventually dissolve when the pH drops due to carbonation of the pore solution as shown with white arrows
(right).

Figure 2.3: Concrete components involved in carbonation reactions.
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In the following sections, the currently used prediction models for carbonation-induced
corrosion and current state of understanding with existing knowledge gaps with respect
to the carbonation mechanism in AAMs are reviewed. Furthermore, the carbonation
mechanism in OPC-based materials and AAMs are compared. Experimental observa-
tions of various systems (alkali-activated GGBFS, FA and their blends) under different
exposure conditions (RH, CO2) are summarized. The carbonation resistance of each of
the systems is discussed with respect to the pore solution and reaction products.

2.3. PREDICTIVE MODELS FOR CARBONATION RATE IN CON-
CRETE

2.3.1. OPC-BASED CONCRETES
The rate of carbonation is an important input for design of the concrete cover depth
and the service life prediction of reinforced concrete structures because the initiation
of reinforcement corrosion is usually considered as the end of service life of concrete
infrastructure [101]. Comparing the cover depth with the carbonation depth will allow
prediction of the time to corrosion of reinforcing steel in OPC-based concretes (see Fig-
ure 2.4). Currently used prediction models for carbonation-induced corrosion include
a very basic square-root-time law derived from Fick’s first law of diffusion and more ac-
curate physical models considering the microstructural features and the carbonation of
the different hydrated phases [102–106]. Furthermore, probabilistic engineering models
take into account both concrete properties and environmental conditions. In practice a
simple empirical model with a square root of time function is used to predict the carbon-
ation depth (Eq. 2.3) for OPC-based concrete [90, 107, 108]. It assumes that carbonation
occurs only at the carbonation front (Figure 2.4), which provides practical analytical so-
lutions proportional to square root of time. Eq. 2.3 [109] includes a “penetrability and
transport property”:

Xc =
√

2DCO2

a
CCO2 t (2.3)

where Xc is the depth of carbonation (cm) of concrete at time t (s), DCO2 is CO2 dif-
fusion coefficient (cm2s−1), CCO2 is atmospheric CO2 concentration (g cm−3), a is the
amount of CO2 required to carbonate a unit volume of concrete, and t is the time.

The amount (a) of CO2 absorbed per volume of carbonated concrete can be calcu-
lated according to Eq. 2.4 [94]. Pade and Guimaraes [94] assumed that 75% of the origi-
nal CaO in the Portland cement (with 95% clinker content and an average CaO content
of 65%) converts into calcium carbonates in carbonated concrete. For different cement
types, the CO2 binding capacity will be highly dependent on cement composition. For
that reason, V.-L. Ta et al. had introduced the cement clinker content into Eq. 2.4 for
different cements (for modified Eq. 2.4 see [99]).

a = 0.75×C ×C aO × MCO2

MC aO
[kg m−3] (2.4)

where 0.75 is the fraction of CaO available for carbonation; C is the cement content
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(kgm−3); CaO is the CaO content in cement; M the respective molar masses; (CO2= 44
gmol−1, CaO= 56 gmol−1).

Figure 2.4: Schematic representation of the CO2 diffusion, pH profile, mechanism and driving forces for car-
bonation in cement-based concrete.

Houst and Wittmann [110], Houst et al. [111], Saetta et al. [112], Steffens et al. [113]
tuned their models in order to fit measured penetration curves for various boundary
conditions and types of cements. On the other hand, the understanding of the over-
all process is done by Papadakis et al. [108]. They proposed the analytical solution
for the propagation rate of the carbonation front considering the effective diffusivity of
CO2 in carbonated concrete and available CaO molar concentration of concrete. Tutti
[114] used the moving-boundary methodology to model the carbonation of concrete.
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He showed analytically that the interface between completely carbonated part and non-
carbonated part behaves like

p
t for sufficiently long time t. Existing carbonation mod-

els for OPC-based concrete are mainly based on the assumption that the reactants and
products are present everywhere in a volume unit at all times. The models are based
on linear or semi-linear systems of parabolic partial differential equations. Some of the
models also consider the moisture state in unsaturated OPC-based concrete.

2.3.2. AAMS-CONCRETE

Bernal et al. [115] described the degree of accelerated carbonation (1.0± 0.2% v/v CO2,
temperature of 25± 2◦C, and RH=65± 5%) in the alkali-activated GGBFS concretes and
OPC-based concrete samples (see Figure 2.5).

Figure 2.5: Transverse sections of carbonated concretes (OPC-concretes vs AAS-concretes) after 1000 h of ex-
posure to a 1% v/v CO2, with the carbonation depth determined with a phenolphthalein indicator. Samples
are 76.2 mm in diameter [115]. The Na2O concentration of alkaline activator was 5 wt.%.

Authors [115] found lower carbonation depths for OPC-based concretes compared to
alkali-activated GGBFS concretes. In addition, lower carbonation depths were measured
in concretes with higher binder contents, regardless the type of binder. The known sus-
ceptibility of alkali-activated GGBFS binders to carbonation, which is generally ascribed
to their higher alkali content, agrees with the fact that these samples show a higher extent
of carbonation than OPC-based concrete samples irrespective of the water-to-cement
ratio. The rate of carbonation correlates well with what would be expected from the ten-
dencies in compressive strength, but less closely with the observed microstructure phys-
ical properties. This indicates that the binder chemistry is more critical to carbonation
resistance than details of the pore structure. This observation suggests that the common
assumption that carbonation is diffusion-controlled in OPC-based materials [102] may
not apply in case of alkali-activated GGBFS. Figure 2.6, therefore, shows the results of fit-
ting both diffusion-based and chemical reaction-based models to the carbonation data.
The models were applied to the data using the assumption of cylindrical geometry of the
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samples with no end effects (pseudo-infinite cylinders), which is appropriate given that
the sample ends were sealed to prevent carbonate ingress from these surfaces. Figure
2.6 shows that the diffusion based model fits the 300 kg/m3 data for the alkali-activated
GGBFS concretes very well, but provides a poor description of the samples with higher
binder content. On the contrary, the chemical reaction control model fits the 400 and
500 kg/m3 data for both sample sets, but is unable to provide an adequate description of
the 300 kg/m3 data.

(a) alkali-activated GGBFS (b) Portland cement

Figure 2.6: Carbonation depth as function of the amount of binder of concretes for alkali-activated GGBFS and
Portland cement. Dashed lines represent the best fit for the diffusion model to each data set, and solid lines are
the best fit for the chemical reaction model. Error bars represent the standard deviation [115].

Beside literature, the RILEM Technical Committee for concrete with SCMs (TC 238-
SCM) and AAMs (TC 224-AAM) have contributed to understanding carbonation of SCMs
and AAMs. However, no recommendation for testing and modeling of carbonation of
SCMs or AAMs-based systems is given, except for OPC-based concrete. Therefore, a spe-
cial Technical Committee (TC 281-CCC) has been formed to address main questions
with regard to the carbonation mechanism and prediction of concrete service life of
SCMs and AAMs. Current understanding of carbonation mechanism in OPC and AAMs
is presented next.

2.4. CURRENT UNDERSTANDING OF CARBONATION MECHA-
NISMS IN OPC AND AAMS

2.4.1. CARBONATION RESISTANCE OF OPC
2.4.1.1. CARBONATION OF THE PORE SOLUTION OF OPC
The first step in the carbonation process of OPC-based materials is pore solution car-
bonation. CO2 molecules diffuse into concrete and dissolve in the pore water, forming
carbonic acid (H2CO3) (reactions 2.5 and 2.6 ). Carbonic acid forms two salts: bicarbon-
ates (HCO−

3 ) and carbonates (CO2−
3 ) (reactions 2.7 and 2.8 ). The bicarbonate ion (HCO−

3 )
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is unstable in pore solution of high alkalinity (>13). Thus, it dissociates and forms addi-
tional carbonate ions (CO2−

3 ). The carbonate ions then react with available alkali (Na+,
K+, Ca2+) in the pore solution, resulting in precipitation of alkaline carbonates (Na2CO3,
K2CO3, CaCO3).

CO2(g ) →CO2(aq) (2.5)

CO2(aq)+H2O → H2CO3 (2.6)

H2CO3 → HCO−
3 +H+ (2.7)

HCO−
3 →CO2−

3 +H+ (2.8)

The main reaction occurring in pore solution of OPC-based paste after the forma-
tion of carbonic acid is the reaction of carbonic acid with Ca(OH)2, resulting in precipi-
tation of calcite (CaCO3). Calcite has a higher specific volume than Ca(OH)2 and hence
fills up the pores. However, although the reaction with Ca(OH)2 is the main reaction,
there are reactions that occur earlier, such as carbonation of NaOH and KOH (reactions
2.9,2.10,2.11):

H2CO3 +2N aOH → N a2CO3 +2H2O (2.9)

H2CO3 +2KOH → K2CO3 +2H2O (2.10)

H2CO3 +C a(OH)2 →C aCO3 +2H2O associated with volume expansion (2.11)

The presence of alkaline carbonates in the pore solution is known to increase the
solubility of Ca(OH)2, as presented in reactions 2.12 and 2.13, which may then be car-
bonated in larger quantities.

N a2CO3 +C a(OH)2 →C aCO3 +N aOH (2.12)

K2CO3 +C a(OH)2 →C aCO3 +2KOH (2.13)

The amount of soluble Ca(OH)2 in the OPC paste is far greater than those of NaOH
and KOH. For that reason, it is the governing factor for the alkalinity of the pore solution.
As long as calcium ions are available, the formed sodium and potassium carbonates are
unstable and reorganize with the dissolved Ca(OH)2 to calcium carbonates, which crys-
tallize into stable calcite and metastable aragonite [113].

The main consequences of carbonation of the pore solution in OPC is reduction of
alkalinity and volume expansion (by precipitation of CaCO3 in the pores), resulting in
denser pore structure after carbonation.

2.4.1.2. CARBONATION OF THE REACTION PRODUCTS OF OPC
Carbonation of C-S-H gel in hydrated OPC-based paste is a complex decalcification-
polymerization process of the C-S-H and the formation of amorphous silica gel, see Eq.
2.14 [116]. This reaction does not affect the alkalinity of the pore solution [113], however,
it induces the gel volume reduction:

Cx SHy + C̄ → xCC̄ +SHt + (y − t )H associated with volume reduction (2.14)
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where C, H, S, C̄ are according to cement notations: C=CaO, H=H2O, S=SiO2, C̄ =CO2.
The x, y, and t are the stoichiometric coefficients of Eq. 2.5 and they are not exactly de-
fined. In particular, the amount of water inside the silica gel, SHt , is unknown, as well as
the exact type of calcium carbonate (xCC̄ ) which is formed (calcite, vaterite or aragonite).
Consequently, the change in the volume of solid phases is unknown and it explains the
difficulty to quantify the evolution of porosity induced by C-S-H carbonation sufficiently
accurate [116].

In OPC-based materials carbonation of several reaction products, such as C-S-H,
Ca(OH)2, ettringite, Afm and Aft determines the ultimate carbonation degree. Based on
Eq. (2.14) the carbonation rate of C-S-H depends on the molecular structure of C-S-H,
Ca/Si and H2O/Si ratios. The molecular structure of C-S-H is shown in Figure 2.7. C-S-H
has a layer structure. Ca has two positions in the C-S-H structure: Ca in the CaO sheet
layer and Ca in the interlayer. Consequently, different energy is needed to remove Ca
from these positions. The removal of Ca from the interlayer causes less changes of the
structure than that from the CaO sheet layer (Figure 2.7). The C-S-H with higher Ca/Si
ratio has better resistance to the carbonation [117].

Figure 2.7: Two projections (right: along the~a-axis; left: along the~c-axis) of the tobermorite M structural model
given by Hamid [118]; using the conventional~b unique monoclinic axis. Label CaL referes to layer calcium sites
(light blue spheres), CaI refers to interlayer calcium sites (blue spheres), SiP refers to paired silicon tetrahedra
(red tetrahedra) and SiB refers to the bridging silicon tetrahedra (pink tetrahedra), adopted from [119].

2.4.2. CARBONATION RESISTANCE OF ALKALI-ACTIVATED SLAG (AAS)
2.4.2.1. CARBONATION OF THE PORE SOLUTION OF AAS
The pore solution in AAS is highly alkaline (pH>13) due to the presence of sodium, hy-
droxyl and potassium ions [57]. Ca(OH)2 is usually not formed in sodium silicate-based
activated GGBFS pastes. On the other hand, it can be found in NaOH-activated GGBFS
paste [120]. The addition of alkalis stimulates the dissolution of the GGBFS and hence
the formation of reaction products, mainly alkaline calcium aluminate silicate hydrates.
Sodium and hydroxyl ions are supplied by the alkaline activator, while potassium and
part of sodium originate from the GGBFS. These ions are partially incorporated in re-
action products. Other ions accumulate in the pore solution and thus make calcium
insoluble. Alkalis react instantly with CO2 molecules that dissolve in the pore solution.
Dissolution of both alkali and CO2 requires water in the pores.

Thermodynamic simulations of Bernal et al. [62] show significant effect of CO2 con-
centration on the pore solution composition. Figure 2.8 shows effect of 0.04 % v/v CO2
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on the pore solution composition, representative for natural carbonation conditions.
The starting values for Ca and Mg concentrations in the initial system were fixed on
10 mmol/kg. Figure 2.9 shows effect of 4 % v/v CO2 on the pore solution composition,
where these conditions correspond to accelerated carbonation conditions. Depending
on the NaOH concentration in solution, different products and their proportions can be
observed in these two conditions. This suggests that correlation between natural and
accelerated carbonation cannot be made for AAMs from the aspect of the pore solution
carbonation.

Figure 2.8: Calculated concentrations of key species present in or precipitated from simulated alkali-activated
GGBFS pore solutions (10 mmol/kg Ca, 10 mmol/kg Mg) as a function of NaOH concentration, under natural
carbonation (0.04% v/v CO2). Dashed lines are dissolved species, solid grey lines are alkaline earth carbonates,
and solid black lines are alkali metal carbonates. Adopted from [62].

According to Bernal [62] the accelerated carbonation of the pore solution leads to sig-
nificantly larger pH reduction (two pH log units lower) compared to natural carbonation
(Figure 2.10). The pH in case of natural carbonation remains above 10. The reason why
the pH is so high, is that the Na+ content remains constant regardless the partial pressure
of CO2 [61]. The significant reduction of the pH in accelerated conditions is attributed
to a higher fraction of bicarbonate ions (HCO−

3 ), which conditions are more acidic com-
pared to carbonate ions (CO2−

3 ) (Figure 2.10). This indicates that carbonation of the pore
solution of AAS would not be a problem in service conditions. However, there are no ex-
perimental measurements to validate numerical predictions. Furthermore, in thermo-
dynamic simulation of the pore solution the precipitation of metastable phases of cal-
cium carbonates (vaterite and aragonite) was not taken into account. Similarly, the for-
mation of gaylussite (Na2Ca(CO3)2·5H2O and pirssonite Na2Ca(CO3)2·2(H2O)) was not
observed in calculations. Thermodynamic simulations predicted only calcite (CaCO3),
huntite (Mg3Ca(CO3)4) and magnesite (MgCO3) to precipitate. In addition, due to lack of
knowledge about the exact stochiometry of the gel phases that can precipitate in AAMs,
an alternative method is needed to simulate the carbonation process that occurs at the
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Figure 2.9: Calculated concentrations of key species present in or precipitated from simulated alkali-activated
GGBFS pore solutions (10 mmol/kg Ca, 10 mmol/kg Mg) as a function of NaOH concentration, under accel-
erated carbonation (4% v/v CO2) conditions. Dashed lines are dissolved species, solid grey lines are alkaline
earth carbonates, and solid black lines are alkali metal carbonates, adopted from [62].

pore solution-gel interface. A thermodynamic equilibrium model may include the gel
phases and not only describe in isolation the pore solution for an assumed Ca and Mg
concentrations with variable NaOH contents.

Figure 2.10: Plot of pH (solid lines) and carbonate/bicarbonate ratio (dashed lines) as a function of NaOH
addition and CO2 concentration, for simulated AAS pore solutions (10 mmol/kg Ca, 10 mmol/kg Mg). Black
lines are at 0.04% v/v CO2, and grey lines at 4% v/v CO2, adopted from [62].
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2.4.2.2. CARBONATION OF THE REACTION PRODUCTS OF AAS
The molecular structure of reaction products of AAS mainly depends on the type of ac-
tivator. Examples of this effect are shown in Figure 2.11. The use of waterglass leads to
linear chains with occasional cross-linking in the gel molecular structure (see red dash
circles, Figure 2.11) [121]. Bernal et al. [63] showed that carbonation of the reaction
products of AAS mainly consists of decalcification of C-S-H type products.

Figure 2.11: Structural model for an Al-containing C-S-H gel depending on the type of alkaline activator,
adopted from [121]; (a) linear chains; (b) linear chains with occasional cross-linking, forming planes.

Bernal et al. [68] found that the MgO content in the raw GGBFS significantly influ-
ences the carbonation rate. Hydrotalcite-like phases (Mg-Al layered double hydroxides)
have been found to increase the resistance of alkali-silicate activated GGBFS to carbon-
ation by absorbing CO2 in their structure. However, when GGBFS is blended with other
precursors, such as systems based on alkali-activated GGBFS/FA or GGBFS/metakaolin
[61, 63, 65], they exhibited lower resistance to accelerated carbonation compared to
OPC-based materials or pure AAS.

When comparing the carbonation resistance of AAS concretes under natural and
accelerated carbonation, Bernal et al. [65] showed that accelerated conditions did not
replicate the carbonation rate under natural conditions. Lower carbonation depth was
found for AAS concrete in natural carbonation performed for 7 years with RH varying
between 70 and 76 % and temperature between 19◦C and 38◦C, than in accelerated con-
ditions (1 % v/v CO2). The authors found that the main products of natural carbonation
of alkali activated GGBFS concrete are calcite and vaterite, derived from decalcification
of the gel, along with sodium carbonates natron and trona associated with the carbona-
tion of the pore solution [65]. The bicarbonate phase nahcolite, which is formed during
accelerated carbonation, is not observed under natural conditions. A distinct carbon-
ation front could not be observed in these specimens. Instead, it appeared that pref-
erentially formed carbonated regions were identified in areas where microcracks were
present. According to the literature [122], autogenous shrinkage or decalcification of the
gel could be the cause of microcracking. It is not possible to conclude which mechanism
is governing the microcracking, or if both are occurring simultaneously. Moreover, the
influence of the pore structure of AAS bulk paste on the carbonation progress was barely
discussed in the literature.
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2.4.3. CARBONATION RESISTANCE OF ALKALI-ACTIVATED FLY ASH (AAFA)

2.4.3.1. CARBONATION OF THE PORE SOLUTION OF AAFA

The alkali concentration in the pore solution of AAFA has been reported first by Lloyd
et al. [123]. Regardless the calcium content in different AAFA pastes, i.e. low (5.6 wt.%)
or high (19.11 wt.%), the pH of extracted pore solutions was higher than 13. However,
authors did not provide the change of the pore solution composition due to carbonation.

Badar et al. [64] investigated corrosion of steel bars in low-Ca fly ash and high-Ca fly
ash-based geopolymer concretes after 450 days of CO2 exposure (5% v/v CO2, 24±5◦C
and relative humidity 65±5%). After casting and 72 h curing at 80 ◦C, the concretes were
subjected to accelerated carbonation. More aggressive corrosion took place in high-
Ca fly ash-based geopolymer concrete under accelerated carbonation, compared to the
low-Ca fly ash-based geopolymer concretes. Authors also reported that the use of phe-
nolphthalein indicator for identification of carbonation front is not conclusive about the
alkalinity of the concretes. Similar observations for some of the blended GGBFS-FA con-
cretes were reported by Pasupathy et al. [69].

2.4.3.2. CARBONATION OF THE REACTION PRODUCTS OF AAFA

The main reaction product in AAFA is an alkaline aluminosilicate gel (NASH) with a
three-dimensional structure (considered to be a zeolite precursor) [124] (Figure 2.12).
While the pore solution of AAFA is susceptible to carbonation, the NASH gel is found to
be resistant to carbonation [63]. Bernal et al. [63] observed the formation of different
sodium (bi)carbonates upon accelerated carbonation of low calcium fly ash geopolymer
samples, depending on the CO2 concentration. In these fly ash geopolymers, nanos-
tructural changes of the N-A-S-H gel were not detected after CO2 exposure. However,
fully carbonated samples lost their load bearing capacity and could easily be destroyed
by hand. Carbonation data for high calcium fly ash geopolymers have not been reported
in open literature. Hence, the carbonation phenomenon in fly ash-based geopolymers
needs to be clarified.

Figure 2.12: Plan view projection of the three-dimensional structure of a N-A-S-H gel, adopted from [41].



2.4. CURRENT UNDERSTANDING OF CARBONATION MECHANISMS IN OPC AND AAMS

2

27

2.4.4. CARBONATION RESISTANCE OF BLENDED SLAG/FLY ASH (AASF)

2.4.4.1. CARBONATION OF THE PORE SOLUTION OF AASF

Pasupathy et al. [69] reported carbonation resistance of a blended GGBFS-FA alkali-
activated concrete in field conditions over a period of 8 years. The results indicated that
the carbonation rate of alkali-activated concrete is highly dependent on the activator
components of alkali-activated concrete. The main activator had equal molar amounts
of Na and K in a 7 Molar solution. Alkali-activated concrete with 75% FA/ 25% GGBFS
and additional Na2SiO3 activator (Type 1 concrete), showed a poor resistance against
carbonation compared to OPC concrete. However, the performance of alkali-activated
concrete with 70% FA/ 30% GGBFS and no additional Na2SiO3 activator (Type 2 con-
crete), was similar to OPC concrete. The pH of the Type 1 concrete ranges from about
10.07 at the surface to 11.25 at 50 mm depth. For Type 2 concrete the pH ranges from
9.68 to 11.38.

2.4.4.2. CARBONATION OF THE REACTION PRODUCTS OF AASF

Bernal et al. [63] studied the effects of accelerated carbonation on AASF blends, contain-
ing two distinct types of gel: one of which resembles the C–A–S–H gel formed through al-
kali silicate activation of GGBFS, and the other of which N–A–S–H gel is formed through
alkali silicate activation of FA. Under accelerated carbonation, each binder gel performs
according to a similar mechanism as observed in the sole AAS or AAFA system. A crosslinked
remnant silicate phase is derived from decalcification of the C–A–S–H gel, which coex-
ists with the largely unaltered N–A–S–H gel resulting from activation of FA. Various alkali
and alkali–earth carbonates were observed to precipitate. Bijen et al. [125] identified an
acceleration of carbonation of NaOH-activated GGBFS and FA blends due to intensive
microcracking of specimens during drying prior to CO2 exposure. Bernal et al. [115]
suggested that the interaction between carbonation and drying in alkali-activated con-
cretes requires further investigation.

2.4.5. OPC VS AAMS CARBONATION: COMPARISON WITH RESPECT TO PORE

SOLUTION AND REACTION PRODUCTS

Due to different reaction products (Table 2.2) and microstructures in AAMs compared to
OPC-based materials or SCMs, the carbonation mechanisms are different as well. The
rate and degree of carbonation depend on the pore solution chemistry and type of reac-
tion products.

In the pore solution of OPC-based materials, Ca(OH)2 is the main source of alkalinity.
When the pore solution in OPC-based materials is carbonated, its pH decreases due to
consumption of Ca(OH)2, Na+ and K+ ions from the pore solution. On the other hand,
alkalinity of the pore solution in AAMs is mainly provided by alkali that are supplied from
alkaline activators (Na+). Thus, due to different pore solution chemistry of OPC and
AAMs, a different buffer mechanism for the pH of the pore solution in AAMs is expected.
Since the buffer mechanism for the pH is still not clear in AAMs, the carbonation degree
of the pore solution carbonation in AAMs is hard to determine.
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Table 2.2: Reaction and carbonation products in OPC, OPC with SCMs and AAMs.

Reaction products
Cement based materials [41] Alkali-activated materials [41]

OPC
OPC with
SCMs

Slag
Fly ash/
Metakaoline

Primary
reaction
products

C-S-H C-A-S-H C-(N)-A-S-H N-A-S-H

Secondary
reaction
products

Ca(OH)2
AFm (Calcium
monosulfoaluminate)
Aft (calcium
trisulfoaluminate
hydrate, or ettringite)
Ettringite
Ca6Al2(SO4)3(OH)12
· 26H2O)

Ca(OH)2
AFm
AFt

Hydrotalcite
(Mg-Al layered
double hydroxide
(LDH) phases)
[Mg6Al2CO3(OH)16· 4H2O]
C4AH13
CASH8 (stratlingite)
C4AcH11 (calcium
monocarboaluminate
hydrate) C8Ac2H24

Zeolites:
hydroxy-
sodalite,
zeolite P,
Chabazite-Na,
zeolite Y,
faujasite

Carbonation products
Cement based materials [116] Alkali-activated materials [62]

OPC
OPC with
SCMs

Slag
Fly ash/
Metakaoline

Pore
solution
carbonation

Calcium carbonate:
Calcite

Sodium carbonates:
Natron: Na2CO3· 10H2O,
Trona: Na3H(CO3)2 ·2H2O,
Thermonatrite: Na2CO3 ·H2O,
Nahcolite: NaHCO3
Natrite: Na2CO3
Sodium carbonate heptahydrate:
Na2CO3 ·7H2O

Gel
carbonation

Calcium carbonates:
vaterite, aragonite, calcite
silica gel/alumina silica gel,
and water

Calcium carbonates:
vaterite, aragonite, calcite
Magnesium carbonates:
Huntite: Mg3Ca(CO3)4
Dolomite: CaMg(CO3)2,
Hydrotalcite
Sodium carbonates:
Pirssonite:
Na2Ca(CO3)2·2H2O,
Gaylussite:
Na2Ca(CO3)2·5H2O,
Nyerereite: Na2Ca(CO3)2
Sodium alumina silica gel,
and water

-

Ca(OH)2 Calcite and water - -
Calcium
aluminate
hydrate

Calcium carbonates, alumina
gel, and water

- -

Hydrated
ferrite
phases

Calcium carbonates, ferrite
phases, and water

- -

Ettringite
Calcium carbonates, gypsum,
alumina gel, and water

- -
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Carbonation of the reaction products occurs when reaction products are not in equi-
librium with the pore solution (due to decrease of pH, due to high solubility of certain
phases, due to pore solution saturation with CO2−

3 ions). In OPC-based materials car-
bonation of several reaction products, such as CSH, CH, ettringite, alumina ferric ox-
ide monosulfate (Afm) determines the ultimate carbonation degree. Literature on the
carbonation degree of the reaction products in AAMs is limited and large variations be-
tween available results exist. The products that are or can be formed due to carbonation
of OPC, OPC with SCMs and AAMs are defined in Table 2.2.

2.5. PROBLEM DEFINITION OF CARBONATION IN AAMS

Carbonation studies for AAMs exhibit many discrepancies regarding the correlation be-
tween carbonation under natural and accelerated exposure conditions. Pore solution
and pore structure change under natural carbonation are rarely studied. It appears that
pore solution carbonation in alkali activated GGBFS would not be a problem in the ser-
vice conditions (natural carbonation) according to the numerical predictions [62]. Nev-
ertheless, experimental measurements are not available to validate numerical predic-
tions. Furthermore, the change in the carbonate/bicarbonate phase equilibrium under
accelerated exposure conditions also leads to a substantial reduction in the pH of the
pore solution. This is unlikely to occur under natural carbonation [62]. Additionally, lit-
erature does not answer the questions what is the carbonation front like, how it behaves
in time and which mechanism drives the carbonation front. Finally, there are no studies
yet available for prediction of the service life of alkali activacted concrete for structural
applications in view of carbonation. In addition, guidelines for design of alkali-activated
concrete for its use in service where carbonation is dominant durability issue as deter-
mined for cement-based concrete by European Standard EN 206-1 [48] (type of environ-
ment, minimum binder content, maximum water-to-binder ratio, strength class), are
not available.

Table 2.3 presents a summary of the findings from the literature with respect to AAMs
carbonation. Further research on carbonation of AAMs is necessary, particularly with
regard to the following aspects:

• adequate carbonation indicators,

• material scale for the carbonation mechanism (gel-paste-concrete),

• constituent materials and their mixture proportions,

• pore solution alkalinity quantification,

• CO2 binding capacity,

• methodology for testing carbonation features,

• numerical prediction of the carbonation rate.

In this context, finding adequate test methods and testing at the right material scale
are of high importance for understanding the carbonation mechanism in AAMs. Chem-
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ical and physical characterization of the microstructure stands out as one of the most
promising strategies to understand the complexity of the carbonation process.

Table 2.3: Summary of the findings from the literature with respect to AAMs carbonation.

Subject Findings

Carbonation resistance of AAS
Pore solution From numerical simulations:

slight reduction of the pH under
natural carbonation, signifi-
cant reduction of the pH under
accelerated carbonation, no
experimental quantification of pH

Reaction product low resistance

Carbonation resistance of AAFA
Pore solution slight reduction of the pH in the

lower-Ca fly ash upon accelerated
carbonation, significant reduction
of the pH in the higher-Ca fly ash
upon accelerated carbonation, no
experimental data upon natural
carbonation

Reaction product high resistance to carbonation

Carbonation resistance of AAMK
Pore solution slight reduction of the pH upon

accelerated carbonation, no ex-
perimental data upon natural car-
bonation

Reaction product high resistance to carbonation

Carbonation resistance of AASF-AASMK
Pore solution no data
Reaction product low to moderate resistance

Standard not yet established, accelerated carbonation tests do
not represent behavior of AAMs exposed to natural car-
bonation with respect to alkalinity reduction and car-
bonation products, indicating different mechanisms in
different environmental conditions

Methodology Phenolphthalein indicator is shown not to be fully suit-
able, more accurate method is needed to assess carbon-
ation front in AAMs

Effect of carbonation on the pH not clear, or not available for some of the AAMs, the
quantification is needed

Effect of carbonation on the pore struc-
ture

not clear

Effect of carbonation on the mechanical
properties

not clear

Predictive model none
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2.6. CONCLUDING REMARKS

Based on the presented state of the art with respect to AAMs carbonation, some of the
most important conclusions can be drawn:

• The carbonation mechanism in AAMs is different from that of OPC-based materi-
als. This hinders application of current codes of practice, designed for OPC-based
materials, for testing carbonation of alkali activated concrete. Accordingly, the as-
sessment of carbonation in AAMs should be different from that of OPC-based ma-
terials.

• The review shows a lack of information on the carbonation mechanism and car-
bonation effects on the microstructure properties in AAMs. It appears that dis-
crepancies between natural and accelerated exposure conditions with respect to
the carbonation mechanism is a major concern for reliable prediction of the car-
bonation rate in AAMs.

• Most of the literature studies were focussed on the carbonation of the reaction
products. However, the effect of carbonation on long-term performance of AAMs
cannot be assessed by studying carbonation of the reaction products and microstruc-
ture changes. The pore solution carbonation has to be considered as well.

Therefore, understanding the change of a whole system (pore solution and microstruc-
ture) due to carbonation and the initial variations of the microstructure with composi-
tion and exposure conditions is critical for making a predictive model for carbonation
of AAMs. Further work is needed to extend the understanding of the carbonation mech-
anism of AAMs by including pore solution carbonation, CO2 binding capacity, effect of
the type of binder and effect of curing conditions.





3
MIXTURE DESIGN OF

ALKALI-ACTIVATED PASTES

“Simplicity is not the goal. It is the by-product of a good idea and modest expectations.”

Paul Rand

Understanding the carbonation mechanism is a prerequisite for an accurate prediction of
the long-term behaviour of alkali activated materials (AAMs). It remains challenging as
discussed in Chapter 2. In general, previous studies on the performance of AAMs under ac-
celerated carbonation conditions do not encourage their use as binders with an adequate
carbonation resistance. Hence, the fundamental knowledge of the complex carbonation
mechanism is necessary in order to explain the changes of the chemical, physical and me-
chanical properties of binders due to carbonation. The durability of AAMs is mainly de-
pendent on the microstructure features of the binder (e.g. phase assemblages and pore
structure), which can be modified using different constituents and materials mixture de-
signs. For that reason, this chapter focuses on the development of alkali-activated fly ash
(FA) and ground granulated blast furnace slag (GGBFS) mixtures for carbonation mecha-
nism investigation. Their properties such as workability and strength were tested in order
to determine their suitability for making concretes. It is shown that fresh properties largely
depend on the type of precursor (FA or GGBFS) and their proportions. The setting time of
GGBFS-rich pastes was significantly reduced compared to FA-rich pastes. These pastes
have also higher compressive strength than FA-rich pastes. Finally, it should be noted that
this thesis focuses on understanding of the carbonation mechanism rather than develop-
ment of the optimized mixtures designs.

Parts of this chapter have been published in:
Nedeljković, M., Li, Z. and Ye, G. (2018) Setting, strength and autogenous shrinkage of alkali-activated fly ash
and slag pastes: Effect of slag content, Materials [126]
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3.1. INTRODUCTION

T HE DURABILITY of AAMs is mainly dependent on the microstructure features of the
binder (e.g. phase assemblages and pore structure), which can be modified using

different constituents and materials mixture designs as demonstrated in Chapter 2. For
that reason, this chapter focuses on the development of alkali-activated fly ash (FA) and
ground granulated blast furnace slag (GGBFS) paste mixtures for carbonation mecha-
nism investigation. Their properties, such as workability and strength, were tested in
order to determine their suitability for making concretes. This chapter begins with char-
acterization of raw materials, FA and GGBFS. Based on the review on the carbonation
of AAMs in the literature (Chapter 2), FA and GGBFS are the most used by-products in
the studies. Additionally, they are currently the most available in quantity in the Nether-
lands. Moreover, the chemical composition of different raw materials is known to in-
fluence their CO2 binding capacity. Hence, special attention in this thesis is given to an
assessment of the carbonation of the pastes with various chemical compositions. The
alkaline activator for activation of FA and GGBFS was the same for all the paste mixtures.
The influence of the GGBFS/FA ratio and liquid-to-binder (l/b) ratio on the workability,
setting time, heat evolution and mechanical properties of the alkali activated pastes is
studied and presented in the following sections.

3.2. MATERIALS AND PASTE MIXTURE DESIGN

3.2.1. RAW MATERIALS

The raw materials used in this study were GGBFS from ORCEM and FA from VLIEGA-
SUNIE BV, the Netherlands. GGBFS had a specific gravity of 2900 kg/m3, while FA had
a specific gravity of 2440 kg/m3. The chemical composition of the GGBFS and FA deter-
mined with X-ray fluorescence (XRF) is given in Table 3.1. XRF measurements were car-
ried out with PANalytical’s Epsilon 3XLE spectrometer equipped with a Rhodium X-ray
source, the silicon-drift detector with 135 eV resolution at 5.9 keV/1000 cps. 2-3 grams of
FA/GGBFS powder was poured in a 32 mm spectra cup fitted with a bottom of stretched
4 µm prolene film held with a concentric ring. Sulphur (S) was determined with Eltra
Sulphur analyzer. Loss on ignition (LOI) was determined with LECO Thermogravimet-
ric Analyser (TGA701). It consists of heating ("igniting") a sample from 25◦C to 1000◦C
under an oxidising atmosphere using air with a constant heating rate of 10◦C/min. The
negative LOI value in GGBFS is related to the oxidation of sulfur rich compounds in the
GGBFS. The LOI of FA is related to the unburnt carbon.

The GGBFS has a higher proportion of CaO and MgO and lower proportions of SiO2,
Al2O3 and Fe2O3 compared to FA. The basicity coefficient (Kb = (CaO+MgO)/(SiO2+Al2O3))
for GGBFS is 0.98, which nearly complies with neutral type of GGBFS (Kb=1.0). The neu-
tral GGBFS is preferred for alkali activation as shown by Chang [78]. The modulus ac-
cording to a formula proposed in [78] (HM = (CaO+MgO+ Al2O3)/SiO2) of GGBFS is 1.73.
This is higher than the required value of 1.4 for good hydration properties of GGBFS [78].
The FA complies Class F FA (EN 450, ASTM C618) since it has low CaO content (≤ 10%
reactive CaO, EN 450) and SiO2 + Al2O3 + Fe2O3 ≥ 70%.
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Table 3.1: Chemical composition of GGBFS and FA measured with XRF [%].

SiO2 Al2O3 CaO MgO Fe2O3 S Na2O K2O TiO2 P2O5 LOI
GGBFS 35.5 13.5 39.8 8.0 0.64 1.0 0.4 0.53 1.0 0.009 -1.3

FA 56.8 23.8 4.8 1.5 7.2 0.3 0.8 1.6 1.2 0.51 1.2

The particle shape of GGBFS and FA was studied with environmental scanning elec-
tron microscope in backscattered electron mode (ESEM-BSE), Philips-XL30-ESEM. The
raw GGBFS particles have clear edges and angles as shown in Figure 3.1. This is due to
inter-impacting and inter-rubbing between steel balls in the ball mill as GGBFS needs
to be processed with a ball mill. On the other hand, raw FA particles consist of individ-
ual and agglomerated spheres of different size. Large quantity of FA spheres is hollow,
known as cenospheres or floaters, which are very light and tend to float on water surface
[10]. FA also contains small spherical particles within a large sphere, called pherospheres
[10] as indicated by red arrows in Figure 3.1. The external surfaces of the solid and hollow
spherical particles of low-CaO FA, as FA in this study, are generally smoother than those
of high-CaO FA, which may have surface coatings of material rich in CaO [10].

Figure 3.1: ESEM-BSE images of GGBFS (left) and FA (right) particles.

Figure 3.2 shows the particle size distributions of GGBFS and FA, which were mea-
sured with EyeTech Laser diffraction analyser, Ankersmid. An external ultrasonic bath
was used for the deagglomeration of the particles, in order to increase the dispersion ef-
ficiency. The d50, which represents the particle size of a cluster of particles, was 19 µm
for GGBFS, while for FA, d50 was 21 µm. For instance, for GGBFS, the d50 means that
50% of the particles is larger than 19 µm, and 50% smaller than 19 µm. According to
literature the dissolution of GGBFS is dominated by small particles. Particles > 20 µm
react slowly, while particles < 2 µm react completely after 24 h in blended cements and
in alkali-activated binders [127, 128].
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Figure 3.2: Particle size distributions of GGBFS and FA measured with Laser diffraction analyser.

The mineralogical composition of GGBFS and FA was studied with X-ray diffraction
(XRD). XRD diffractograms of GGBFS and FA were acquired using a Philips PW 1830 pow-
der X-ray diffractometer, with Cu Kα (1.789Å) radiation, tube setting 40 kV and 40 mA,
step size of 0.030◦, rate of 2.0 seconds per step and 2 Theta range of 10-70◦. Amor-
phous phase was dominant in GGBFS (see Figure 3.3). The presence of amorphous
phase can be recognized by the broad hump centred around 31 2theta. In contrast to
GGBFS, FA contained beside amorphous also crystalline phases such as mullite, quartz
and hematite.

Figure 3.3: XRD diffractograms of GGBFS and FA.

3.2.2. ALKALINE ACTIVATOR
Alkaline activator was synthetized by mixing anhydrous pellets of sodium hydroxide with
deionized water and sodium silicate solution in 1:1 weight proportion. 4M sodium hy-
droxide solution was used. The chemical composition of sodium silicate solution was:
27.5 wt. % SiO2, 8.25 wt.% Na2O, 64.25 wt.% H2O. The actual alkaline activator com-
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position was selected and modified based on the work of Marinković et al. [129]. The
Na2O concentration of alkaline activator was reduced from 9.5 wt. % to 4.8 wt. %, and
modulus (n=SiO2/Na2O) was reduced from 1.91 to 1.45. In contrast to the previous stud-
ies [129, 130], the Na2O concentration is reduced significantly for this study because of
environmental reasons and high costs for the alkaline compounds. Furthermore, the
composition of the alkaline activator was set according to recommendations from earlier
studies [57, 131, 132]. Wang et al. [57] demonstrated that the sodium silicate solutions
with moduli of 1-1.5 gave the best strengths regardless of curing conditions and type or
fineness of GGBFS. The authors also suggested that the optimum Na2O concentration is
likely to be within the range of 3.0-5.5% Na2O by the GGBFS weight [57, 132].

3.2.3. MIXTURE DESIGN
Challenges regarding casting, such as fast setting time and harsh workability, are well-
known for alkali-activated GGBFS rich pastes [41]. This behaviour originates from the
amorphous nature of GGBFS (Figure 3.3) and high Na2O wt.% concentration of the acti-
vator normally used for the activation of GGBFS [78, 133, 134]. In this study, the baseline
for the carbonation study was to have a constant liquid-to-binder ratio (where ‘liquid’ is
defined as the alkaline activator content and ‘binder’ is defined as the FA and/or GGBFS
content), while the FA/GGBFS ratio is varied in the mixture design of the pastes. It has
to be noted that mixtures might not have an optimized design for a specific FA/GGBFS
ratio. An additional requirement was that all mixtures are suitable for casting. The
mixtures include individual and blended systems. The individual systems were alkali-
activated FA (S0) and alkali-activated GGBFS (S100). Blended systems were alkali-activated
FA/GGBFS mixtures with the following ratios: 70:30, 50:50, 30:70, wt.%, named S30, S50
and S70, respectively. In addition to different FA/GGBFS proportions, the liquid-to-
binder mass ratio was varied, as 0.4 and 0.5, to examine the effect of different liquid-
to-binder ratios on the workability and setting time. All mixtures were designed with
the alkaline activator composition defined in the section 3.2.2. Alkaline activator was
prepared 24 hours prior to casting in order to cool down to ambient temperature. The
synthesis of alkaline activator initially releases heat and 24 hours is needed for heat dis-
sipation and dissolution of NaOH in the solution. The alkalinity (pH) of the activator was
14.4, as measured by pH meter 827 Metrohm. The detailed mixture design is given in Ta-
ble 3.2. The early-age properties of alkali-activated pastes were compared with ordinary
Portland cement (CEM I 42.5 N) paste.

Table 3.2: Mixture design with respect to 100 g of binder.

Mixture FA GGBFS CEM I m(SiO2)/ m(Na2O)/ l/b l/b
[% wt.] [% wt.] [% wt.] m(Na2O) m(binder) (i) (ii)

S0 100 0
S30 70 30
S50 50 50 - 1.45 4.8 0.4 0.5
S70 30 70
S100 0 100
CEM I - - 100 - - 0.4 0.5
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3.3. EXPERIMENTAL PROGRAMME

3.3.1. WORKABILITY
Properties of fresh mixtures were determined by testing their workability and the setting
time. The workability of mixtures was tested by the mini-slump spread test as recom-
mended by Tan et al. [135]. The raw material was first premixed for 3 min prior to mixing
with the alkaline activator. For each mini-slump test, 400 g of raw material was mixed
with the alkaline activator in a glass cylindric container (diameter 10 cm and height 15
cm) for 2 min by hand. The fresh mixture was poured into a slump cone with a top inner
diameter of 36 mm, a bottom inner diameter of 90 mm and height of 90 mm. The cone
was placed in the centre of a square smooth glass plate. After filling it with the fresh mix-
ture, the cone was lifted and the mixture subsided. The average spread of the mixture, as
measured along the two diagonals and two median directions, was recorded.

3.3.2. SETTING TIME
With addition of alkaline activator to the raw materials (FA/GGBFS) the chemical reac-
tion starts and the alkali-activated paste begins to stiffen accompanied by heat release.
In cement-based pastes, the setting is a percolation process. In this process isolated
or weakly bound particles are connected through the formation of reaction products so
that solid paths are formed in the hardening pastes [136]. Hence, the setting of pastes
will depend on factors that affect the connectivity between particles such as liquid-to-
binder ratio (l/b) [137]. It is assumed that the same mechanism of setting is valid for
alkali-activated pastes. However, different setting times are expected for alkali-activated
pastes. The initial and final setting times of the alkali-activated pastes were measured
using an automatic recording Vicat needle apparatus according to NEN-EN 196-3 [138].
In practice, the initial setting indicates the loss of workability and the beginning of the
stiffening of the paste or concrete [139]. Setting time tests were conducted at 20◦C and
50% relative humidity (RH). Pastes were prepared according to the mixture design in Ta-
ble 3.2 and cast in the same way as for the workability tests. The fresh mixtures were
placed in the standard cone with geometry detailed in NEN-EN 196-3 [138]. According
to the standard, the initial setting time is the time elapsed between “zero time” (the time
when the alkaline activator is mixed with raw material) and the time at which the dis-
tance between the needle and the base-plate is 6 ± 3 mm. The final setting time is the
elapsed time, measured between the “zero time” and the time when needle first pene-
trates only 0.5 mm into the paste.

3.3.3. CALORIMETRIC MEASUREMENTS
When FA and GGBFS are in contact with alkaline activator, FA and GGBFS react and con-
sequently generate heat. Heat evolution is studied using isothermal conduction calorime-
try in accordance with ASTM C1679 [140]. All raw materials were preconditioned at tem-
perature of 20◦C to avoid any temperature difference with measurement temperature
(20◦C). The mixtures were prepared by mixing raw material and alkaline activator exter-
nally. About 3 minutes later, the mixture is placed into the calorimeter (TAM-Air-314).
Two samples were measured simultaneously per mixture. The amount of heat release
was recorded and the cumulative heat was calculated up to one week.
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3.3.4. MECHANICAL PROPERTIES
To investigate the effect of different FA/GGBFS and l/b ratios on the development of the
mechanical properties of pastes, flexural and compressive strength were tested. A HO-
BART mixer was used for mixing 3 litres batch. After premixing raw material, alkaline
activator was added at low speed mixing. Mixing continued at low speed for 1 min and
for 2 min at high speed. The fresh mixtures were cast in steel prisms moulds (40×40×160
mm3). The moulds were first covered with a thin layer of oil as a demoulding agent. Sub-
sequently, filled prisms were covered with a thin plastic sheet. Samples were demoulded
24 h after casting and further cured unsealed in a fog room at 20◦C and RH 99 %.

First, the three-point flexural bending test was performed on 40×40×160 mm3 speci-
mens according to the NEN-EN-196-1 [141]. Three specimens were tested per age. Two
halves of the specimen were then used for testing the compressive strength. The com-
pressive strength was calculated as an average value of six samples. Then the standard
deviations were calculated for each set of data.

3.4. RESULTS AND DISCUSSION

3.4.1. WORKABILITY
The flow of the fresh paste mixtures was reduced with increasing GGBFS content. Figure
3.4 shows the loss of workability for mixtures S70, S100 and CEM I with l/b=0.4 (indi-
cated by red arrow). High specific surface area and high chemical activity of GGBFS
require a larger amount of water than FA particles [10]. Hence, the workability and the
setting time, as shown in the next section, decrease for GGBFS-rich pastes (see Figure 3.4
and Figure 3.7). With the increase of GGBFS, the liquid demand clearly increases in ac-
cordance with research of [10]. Therefore, in order to maintain good consistency of the
mixture, the l/b ratio was changed to 0.5. The spread diameter increased for all pastes
with l/b=0.5 compared to pastes with l/b=0.4.

Figure 3.4: Mini-slump spread diameter of alkali-activated pastes and CEM I paste for l/b=0.4 (left), and l/b=0.5
(right).
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In OPC-based pastes, the water content has a dominant role in controlling workabil-
ity [10], as demonstrated for CEM I pastes (see Figures 3.5 (iii) and 3.6 (iii)). In contrast,
for alkali-activated pastes not only the liquid-to-binder ratio, but also the particle shape
has a significant influence on the spread diameter. The replacement of GGBFS by the
same mass of FA improves the workability. The spherical shape and smooth glassy sur-
face of FA particles (Figure 3.1) promote sliding of the particles. This reduces frictional
forces between angular particles, which is known as “ball bearing effect” [142]. Further-
more, the addition of FA improved the flowability due to the packing effect. The packing
density of the paste increases and the water retained inside the particle flocs decreases.
This is again due to the spherical shape of FA, which minimizes the particle’s surface
to volume ratio, resulting in low fluid demand. A spherical shape, out of all 3D shapes,
provides the minimum surface area for a given volume [143].

Figure 3.5: The mini-slump spread test for (i) S0 (alkali-activated FA paste), (ii) S100 (alkali-activated GGBFS
paste), (iii) CEM I paste; l/b=0.4.

Figure 3.6: The mini-slump spread test for (i) S0 (alkali-activated FA paste), (ii) S100 (alkali-activated GGBFS
paste), (iii) CEM I paste; l/b=0.5.
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3.4.2. SETTING TIME
The influence of l/b ratio and GGBFS content on initial and final setting times of alkali
activated pastes are illustrated in Figure 3.7. In OPC-based materials, setting is known as
stiffening without significant development of compressive strength, which usually oc-
curs within a few hours [144]. However, for alkali activated FA/GGBFS pastes it lasts
25-80 minutes (Figure 3.8). The setting time of alkali activated pastes is noticeably af-
fected by the l/b ratio of the pastes and GGBFS content. Both initial and final setting
time increased as the l/b ratio increased from 0.4 (Figure 3.7(a)) to 0.5 (Figure 3.7(b)). A
negative linear relationship can be seen in Figure 3.8(b) between the final setting times
and increase of GGBFS content. The alkali-activated FA (S0) paste has relatively long ini-
tial setting time due to slow rate of chemical reaction at low ambient temperature [145].
The initial setting time for alkali-activated FA (S0) paste with l/b=0.4 was 6 hours, while
with l/b=0.5 it was 14 hours (not plotted in the Figure 3.7).

(a) Initial and final setting time of pastes with l/b=0.4. (b) Initial and final setting time of pastes with l/b=0.5.

Figure 3.7: Initial and final setting time of pastes with different l/b ratio. The setting time for S0 paste was not
plotted due to very long initial setting times (for l/b=0.4 the initial setting time was 6h and for l/b=0.5 it was 14
h).

Both initial and final setting time decreased with an increase of GGBFS content, while
all the final setting times were less than 80 minutes. Given that the surface area of GGBFS
(2.54 m2/g) is higher than of FA (1.73 m2/g), the glass composition of the GBFS (lower in
silica, less polymerized than FA glass) and the content of the amorphous phase in GGBFS
(99 wt.%) is higher compared to FA (68 wt.%, Chapter 5, Figure 5.1), it is expected that
when dissolution takes place the GGBFS will be more reactive than FA. In addition, the
presence of soluble silica affects the reaction kinetics by enhancing the condensation
process of dissolved GGBFS. This results in stiff paste mixtures S100 as demonstrated in
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Figure 3.5ii and 3.6ii. Consequently, the apparent viscosity of the fresh pastes with more
GGBFS is observed to be higher than that of pastes which contain more FA, leading to
shorter setting time of GGBFS-rich pastes. This effect was demonstrated in the mixture
even for smaller amount of GGBFS, i.e. below 30 wt.% GGBFS, as reported by Nath et al.
[133].

To illustrate the effect of the liquid-to-binder ratio and binder composition on the
setting time, final setting times for pastes S30 and S100 are compared. The final setting
time was 25 and 40 minutes for pure alkali-activated GGBFS pastes (S100, l/b=0.4 and
l/b=0.5), while the final setting time was 55 and 80 minutes for paste S30 with l/b=0.4
and l/b=0.5, respectively. Due to the use of high alkaline solutions (pH>14) the alkaline
activation promotes the rapid precipitation of reaction products from the pore solution
in GGBFS-rich pastes. The fine particle size distribution and high specific surface area of
GGBFS, such as in the paste S100, accelerate the dissolution of GGBFS particles at high
alkalinity, polycondensation of dissolved species and precipitation of reaction products,
which have the ‘thickening’ effects on the pastes. Hence, the apparent viscosity increases
and the fresh grouts become more viscous [146]. This promotes strength growth at early
ages as will be demonstrated in section 3.4.4. The effect of GGBFS content on the initial
setting time of the pastes (l/b=0.5) will be further examined in the next section by study-
ing the rate of heat release. Similar to the results for workability of the alkali activated
paste mixtures (see Figure 3.4), the results in Figure 3.7(b) for pastes with l/b=0.5 show
that alkali activated paste mixtures can be used for carbonation study.

3.4.3. ISOTHERMAL HEAT RELEASE OF PASTES
The calorimetric heat release curves of alkali activated pastes are shown in Figure 3.9.
Figure 3.8(a) shows the rate of heat release, while Figure 3.8(b) shows the cumulative
heat release for alkali-activated FA/GGBFS pastes with l/b=0.5. The calorimetric curves
for rate of heat release for all pastes have two characteristic peaks except for paste S0.
Similar calorimetric curves are observed for GGBFS activated by sodium silicate solution
[30]. The first peak is observed within the first few minutes of reaction. It corresponds
to the wetting and partial dissolution of FA and GGBFS. The second broad peak occurs
between 6.5 h and 17 h, which corresponds to the formation of reaction products [27].
The second peak did not appear for paste S0, meaning that none or very little amount of
reaction products were formed in this paste. The main reason of the unreactivity of FA is
most likely the composition of the amorphous phase being a glass too high in alumina
and silica to react, despite being amorphous.

The rate of heat release shows how fast the dissolution of FA and GGBFS is (see Figure
3.8(a)). The rate varies among pastes. It is higher for GGBFS-rich pastes due to higher re-
activity of GGBFS. Consequently, the cumulative heat release curves for alkali activated
pastes indicate more heat release with increasing GGBFS content (Figure 3.8(b)). The
setting times of the alkali activated mixtures agree well with calorimetry results. With
increasing GGBFS content the setting time becomes shorter (Figure 3.7) due to fast for-
mation of a large amount of reaction products in GGBFS-rich pastes (Figure 3.8(a)).
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(a) Calorimetric curves for rate of heat release for
alkali-activated pastes with l/b=0.5.

(b) Calorimetric curves for cumulative heat release
for alkali-activated pastes with l/b=0.5.

Figure 3.8: Calorimetric curves for rate of heat release (a) and cumulative heat release (b) for alkali-activated
pastes with l/b=0.5.

3.4.4. MECHANICAL PROPERTIES

3.4.4.1. COMPRESSIVE STRENGTH

S100 paste
Figure 3.9 shows the influence of the l/b ratio on compressive strength for paste S100.

It can be seen that for both l/b ratios (0.4 and 0.5), compressive strength values are sim-
ilar. The maximum compressive strength for paste S100 is obtained after 14 days (see
Figure 3.9). An extended curing time in the fog room does not contribute to further in-
crease of the compressive strength. In contrast, curing time for obtaining the maximum
compressive strength in OPC-based paste is around 60 days (84.5 MPa), as reported by
Chindaprasirt et al. [147]. The comparison is based on similar w/b ratio (0.35 for OPC-
based paste and 0.38 for paste S100). Table 3.3 presents an overview of differences re-
garding gel properties in two pastes: S100 and OPC-based paste. The brittle behaviour
and high compressive strength of alkali activated GGBFS-rich pastes is due to low poros-
ity of GGBFS-rich pastes, supported by the porosimetry findings of Provis et al. [148] for
the binders with the same GGBFS contents as studied in this work. In their investiga-
tion, the segmented porosities at 45 days of the pastes with GGBFS content of 50 wt.%
or greater were significantly lower than those with a lower GGBFS content. Thomas et
al. [149] reported that the specific surface area of the alkali activated GGBFS pastes is
about 25% lower than that of OPC-based paste cured under the same conditions. Fur-
thermore, molar volume calculations indicated that the atomic packing density is sig-
nificantly higher in gel phases of alkali activated GGBFS paste than in OPC-based paste.
Therefore, the presence of nanoparticulate building units in brittle materials gives supe-
rior mechanical strength with regard to the bulk material as shown by Knudsen [150].
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Figure 3.9: Compressive strength development for unsealed cured S100 paste.

Table 3.3: Properties of gel phases in alkali activated GGBFS paste and OPC-based paste.

Property
Alkali activated GGBFS,
w/GGBFS=0.38

OPC [147], w/c=0.35

Ca/Si 0.84 1.4-1.6
Gel morphology [151] Foil-like Fiber or honeycomb-like
Gel alkali binding capacity [152] Moderate Low
SANS specific surface area [149] High Low
Atomic packing density [149] High Low
Amorphous phase content at 28 d 99 wt.% 76.2 wt.%
Compressive strength at 28 d 112.7 MPa 77.6 MPa
Compressive strength at 60 d 113.0 MPa (maximum) 84.5 MPa (maximum)

FA/GGBFS blended pastes
Figure 3.10 shows the influence of FA/GGBFS ratio on compressive strength devel-

opment for pastes with l/b=0.4. The results of the compressive strength imply that the
addition of a small amount of calcium into FA systems significantly improves their me-
chanical properties. By increasing GGBFS content, compressive strength increases dur-
ing the first 90 days. After 1 year, the compressive strength is nearly the same for GGBFS-
rich pastes: S70 and S100. A slight decrease of compressive strength for pastes S50 and
S70 can be observed at ages > 90 days. However, the level of decrease of the compressive
strength is within the band width of the standard deviation. It can also be seen from Fig-
ure 3.10 that strength development at 1 year is stagnated for GGBFS > 50 wt.%. This sug-
gests that dissolution of raw materials between 90 days and 365 days was hindered. This
is further confirmed in Chapter 6, by comparing the Na+ concentration from the pore
solution between 28 and 365 days. The Na+ concentration was not changed for pastes
S70 and S100, supporting the strength stagnation. The results for compressive strength
of alkali activated pastes are in accordance with calorimetric response of pastes. Alkali
activated FA-rich pastes have reduced cumulative heat release in the first 7 days, due to
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slower reaction of FA in the pastes compared to GBFS in GBFS-rich pastes. The PARC
measurements in Chapter 4 further showed very little consumption of FA in the paste
evolution during one year. Consequently, FA-rich pastes have lower strength develop-
ment.

S0 paste
For paste S0 (Figure 3.10), strength development was significantly limited by the low

Na2O concentration of the alkaline activator and due to the applied curing conditions,
which for all pastes were the same (unsealed curing conditions, 99% RH, 20◦C). Nor-
mally, FA requires much higher Na2O concentration and elevated curing temperatures
(> 40◦C) in order to be dissolved [36]. This is consistent with very low heat release of
paste S0, shown in Figure 3.8.

Figure 3.10: Compressive strength development for unsealed cured pastes with l/b=0.4.

Figure 3.11 presents compressive strength development for pastes with l/b=0.5. The
compressive strength is slightly lower than for the pastes with l/b=0.4, suggesting that
the increase of the l/b ratio does not significantly affect compressive strength develop-
ment. The tendency of the strength development follows the tendency of the cumulative
heat release curves for the first 7 days (Figure 3.8). Higher cumulative heat release of the
GGBFS pastes indicated their high compressive strength compared to FA-rich pastes. In
Figure 3.11, it can also be seen that with 70 wt.% GGBFS in the mixture, the compres-
sive strength after 1 year reaches almost the same compressive strength as with 100 wt.%
GGBFS. Compared to respective pastes with l/b 0.4, this time was 90 days. This implies
that, indeed, pastes with l/b 0.4 have stagnation of the compressive strength in particular
for paste S100, as indicated in Figures 3.9 and 3.10. The compressive strength develop-
ment for pastes with l/b=0.5 (see Figure 3.11) shows that studied pastes have satisfactory
strength. For these pastes, carbonation resistance will be investigated in following Chap-
ters to show if the carbonation can affect the strength of these binders.
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Figure 3.11: Compressive strength development for unsealed cured pastes with l/b=0.5.

3.4.4.2. FLEXURAL STRENGTH

Figure 3.12 shows the influence of l/b ratio on flexural strength development for paste
S100. The flexural strength increases during the first 7 days, whereas it decreases at 28
days, for both l/b=0.4 and l/b=0.5. At later age, i.e. at 90 days, the flexural strength for
l/b=0.4 increases, while for l/b=0.5 it has no further change. Between 90 and 365 days, it
decreases to a minimum for l/b=0.4, while increases for l/b=0.5, resulting in a strength
of 3.5 and 4.0 MPa, respectively.

Figure 3.12: Flexural strength development for unsealed cured pastes with l/b=0.5.

Figure 3.13 shows the influence of FA/GGBFS ratio on flexural strength development
for pastes with l/b=0.4. The flexural strength has similar behaviour for pastes S30, S50
and S100, while paste S0 and paste S70 showed a different behaviour. Similar to the com-
pressive strength development, paste S0 has slow development of the flexural strength.
For pastes with GGBFS, the scatter is significant and there is only increasing tendency
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for paste S70. The flexural strength development for pastes with l/b=0.5 has different be-
haviour than for pastes with l/b=0.4 (see Figure 3.14). It increases for pastes S30, S50, S70,
while it decreases only for paste S100. The scatter among different pastes with l/b=0.5 is
less noticeable in comparison with that in pastes with l/b=0.4.

Figure 3.13: Flexural strength development for unsealed cured pastes with l/b=0.4.

Figure 3.14: Flexural strength development for unsealed cured pastes with l/b=0.5.

Large deviations of flexural strength evolution appear in all alkali activated GGBFS
pastes, specifically for lower l/b ratio (see Figure 3.13). The large scatter is mainly due
to the development of microcracks, which were observed visually and microscopically.
Microcracks were present at both surfaces of the sample (Figure 3.15), but also inside
the sample. Li et al. [153] reported significant autogenous shrinkage of alkali activated
FA/GGBFS pastes (S30, S50, S70, S100) during the first 7 days. Microcracks were conse-
quently generated. This is also observed by Collins and Sanjayan [154], Ye et al. [152],
Thomas et al. [149] and Hubler et al. [155]. Nevertheless, microcracks did not influ-
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ence the compressive strength. The larger amount of reaction products, with elapse
of time, resulted in higher compressive strength (see Figures 3.10 and 3.11). However,
when the pastes were tested in bending, microcracks play a significant role. In particu-
lar, flexural fracture of pastes can be affected due to small defects such as surface drying
shrinkage-induced microcracking compared to the mortar or even concrete, where these
defects are normally reduced due to presence of aggregates and sample size. Moreover,
the microcracks in GGBFS-rich pastes, if connected, can form preferential continuous
pathways for mass transport and faster propagation of the carbonation front. For this
reason, microcracks are expected to influence not only the flexural strength but also the
carbonation.

Figure 3.15: Visual observations of sample S100 surfaces. Samples were unsealed cured for 14 days (fog room,
at 20◦C 99% RH) and subsequently removed to laboratory conditions, at 20◦C and 55 % RH. Arrows point to
microcracks patterns, which are coloured in red. (The microcracks were the most present on the top surface,
while on the other sides of samples their appearance was less).

Beside shrinkage induced microcracking, the “defect density of unreacted material”
could also potentially be an explanation for observed flexural strength behaviour. The
concept has been proposed by Duxson et al. [156] for metakaolin-based geopolymers
with various Si/Al ratios. It is related to the gel transformation and densification dur-
ing geopolymerization. It is believed that the defect density increases with an increase
of amount of unreacted material (which is a potential reason for larger scatter of the
results with l/b=0.4 compared to the results with l/b=0.5, since larger amount of unre-
acted material is assumed to be present in pastes with lower l/b ratio). Consequently,
with an increased defect density, the number of potential pathways to failure increases
accordingly. In addition, it was found that more labile species present in the pore solu-
tion and gel nanostructure of AAMs with lower SiO2/Na2O ratio allow a greater degree
of structural reorganization and densification of the gel units prior to hardening [156].
The structural ordering of these gel units, their interconnectivity and their morpholog-
ical, physical and chemical changes over time play a critical role in understanding me-
chanical strength evolution. Further research is needed to investigate and quantify this
behaviour in alkali activated FA/GGBFS materials.
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3.5. CONCLUDING REMARKS

The aim of this chapter was to obtain mixtures with adequate workability, setting time
and mechanical properties for carbonation study. Fresh properties and mechanical per-
formance of the pastes have been studied for different l/b ratios, different FA/GGBFS
ratios and a constant alkaline activator composition.

It is found that the FA/GGBFS ratio of the mixture significantly affects workability,
setting time and mechanical properties of alkali activated pastes. Although FA and GG-
BFS vary in chemical composition and mineralogy, results showed that blended systems
exhibit high reaction rates and high mechanical strength. In general, GGBFS-rich mix-
tures had shorter setting times due to high reactivity of GGBFS. Regarding the rate of heat
evolution of the mixtures, the pure GGBFS (S100) has the highest rate of heat release,
subsequently developing higher compressive strength than other mixtures. In contrast,
none or very little amount of reaction products were formed in paste S0. The reason of
the unreactivity of FA is the composition of the amorphous phase being a glass too high
in alumina and silica to react in selected alkaline and curing conditions, despite being
amorphous (as will be shown with PARC analysis in Chapter 4). To this end, carbonation
mechanism is expected to be also dependent on the paste mixture composition.

Regarding the influence of l/b ratio on the investigated properties, it was found that
mixtures with l/b=0.4 have faster initial setting time and stiffer consistency than mix-
tures with l/b=0.5. The l/b ratio does not significantly affect the compressive strength
development. However, l/b=0.5 improved workability and provided longer initial set-
ting time for the pastes, which is one of the main criterion for casting concrete batches
(Chapter 10). Therefore, l/b=0.5 is used in mixture design for pastes and concretes in the
following studies on carbonation.

With regard to the scatter in flexural strength of the pastes, it is assumed that shrinkage-
induced microcracking and “defect density of unreacted material” are the main reasons
for such behaviour. Further research is needed to confirm these mechanisms in alkali
activated FA/GGBFS materials.
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MICROSTRUCTURE

CHARACTERIZATION OF

ALKALI-ACTIVATED PASTES

“No design is possible until the materials with which you design are completely
understood.”

Ludwig Mies van der Rohe

The reaction products and pore structure are fundamental features of a material. Their
correct characterization provides the basis for understanding of their evolution. This chap-
ter presents the use of PhAse, Recognition and Characterization (PARC) software for deter-
mination of the spatial distribution of reaction products and their chemical composition
in the microstructure of alkali activated pastes. The curing conditions can have a signifi-
cant influence on the performance of alkali activated pastes under carbonation. For that
reason, the effect of curing conditions, beside the effect of content of ground granulated
blast furnace slag (GGBFS) on the gel formation, was studied. It was found that sealing of
the samples resulted in formation of gel phases with a higher Na+ uptake compared to the
unsealed cured samples during first 28 days of reaction. The results showed that alkali ac-
tivated pastes react at different rates with the dominant reaction products being Mg-rich
gel (Ca-Mg-Na-Al-Si-H) around GGBFS particles and Ca-Na-Al-Si-H gel and Ca-Al-Si-H
gel in the bulk paste. The characterization of physical properties, such as pore volume and
pore size distribution, was performed with MIP and Nitrogen adsorption. Fly ash (FA) re-
placement level by GGBFS had significant effect on the pore structure evolution. The most
prominent effect was observed in GGBFS rich pastes, where the porosity was reduced to 4
% when the amount of GGBFS used in the mixture increased up to 100 %. Increase of the
GGBFS content decreases the total porosity by a factor of 10 (43.72% to 3.67%). Microstruc-
ture characterization of carbonated pastes will be presented in Chapter 7. The study on the
effect of carbonation on the pore structure will be presented in Chapter 8.
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4.1. INTRODUCTION

T HE MICROSTRUCTURE of AAMs, i.e. the reaction products and unreacted particles,
their chemical composition, amounts and their distribution, make the fundamental

link between the early age and long-term properties [157]. The chemical, physical and
mechanical properties of microstructure depend on the chemical composition of the
precursor materials [75, 158, 159], the type and concentration of the alkaline activator
[77, 160] and the curing [19, 76].

The principal reaction product of alkali activated ground granulated blast furnace
slag (GGBFS) is calcium (-sodium) aluminosilicate hydrate (C-(N-)A-S-H) gel [161, 162].
In alkali activated fly ash (FA) [163] sodium aluminosilicate hydrate gel (N-A-S-H) is the
main reaction product. The changes of the microstructure and chemical composition of
reaction products in AAMs over time have been the focus of many studies [32, 159, 164–
166]. Despite numerous efforts on characterization of AAMs [32, 166, 167], rigorous def-
initions of the reaction products (N-A-S-H, C-A-S-H, C-(N-)A-S-H) do not yet exist. The
presence of alkalis in the system even more complicates defining the reaction products.
It is reported that alkalis can exist in several forms in AAMs, i.e. incorporated in C-S-
H, physically adsorbed on the surface of reaction products and free in the pore solution
[168].

The carbonation degree and the risk of reinforcement corrosion in alkali-activated
concrete significantly depends on the Na+ concentration in the pore solution. The use of
highly alkaline activators for reaction of the FA and GGBFS provides a high concentration
of Na+ and leads to high pH levels in the pore solution of noncarbonated AAMs. Bernal
et al. [62] showed that the Na content after natural and accelerated carbonation in alkali-
activated concrete is sufficiently high to prevent corrosion of reinforcement. However,
the potential leaching of Na+ ions from the concrete, prior to (or during) the carbonation
process, that can lead to a drop of the pH, has not been considered yet.

Beside the effect of the chemical composition of the precursor materials and activa-
tor concentration, understanding the link between curing conditions and microstruc-
tural properties of AAMs is of critical importance for the development of a durable ma-
terial [122, 155]. Hubler et al. [155] have addressed this issue by showing that unsealed
cured specimens can suffer from microcracking due to internal stresses caused by shrink-
age, ultimately leading to a lower compressive strength compared to sealed cured speci-
mens. Furthermore, it is found in this thesis (see Chapter 6, Figure 6.5) that the pore so-
lution composition of sealed and unsealed cured samples is substantially different. Nev-
ertheless, the effect of curing conditions on the composition of the reaction products,
degree of reaction and microstructural features has not been investigated yet. Moreover,
the effect of curing conditions on the carbonation mechanism in AAMs is unknown.

The main bulk characterization techniques in material science such as XRD, FT-IR,
TG, NMR, SANS and in particular SEM-EDX, have been used extensively to test the chem-
ical and spatial characteristics of materials [22, 162, 169, 170]. The SEM-EDX can be
used for both local and bulk analyses. Both are important to interpret the behavior of
multiphase materials. In general, bulk characterization with Spectral Imaging (SI) of the
samples with SEM-EDX has not been utilized to its full potential because of the lack of
techniques and algorithms for deriving phase compositions and distributions from SI
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data sets. This is partially because of the fact that element overlays from SI are limited
to combinations of maximum three elements if unique colour coding per phase is re-
quired. This is too restricted for analysis of multi-element materials like AAMs. With
other algorithms, like Principle Component Analysis, principle components and phases
do not necessarily coincide. Moreover, for microstructure characterization of alkali acti-
vated GGBFS/FA pastes, it is of great interest to estimate the relative contribution of FA
and GGBFS to the degree of reaction, which is not possible with the current algorithms.

The aim of this chapter is to characterize raw materials (FA and GGBFS), unreacted
FA and GGBFS and their reaction products in alkali activated pastes [72]. For that reason,
an advanced characterization tool for multiphase materials overcoming the shortcom-
ings of commercial SI-based phase recognition tools was used. Namely, PhAse Recog-
nition and Characterization (PARC) software developed by Van Hoek et al. [72] was ap-
plied. PARC has been previously used for characterization of cultural heritage objects
[171], dust characterization [172] and microstructure of metallurgical slag produced in
steelmaking [72, 73]. With PARC, the effect of curing conditions and GGBFS content on
the spatial distribution and compositional domains of the reaction products of alkali ac-
tivated pastes is assessed. Two mixtures were chosen with the emphasis on the type of
precursor, including a single system (alkali activated GGBFS, referred as S100) and a bi-
nary precursor system (alkali activated GGBFS+FA, with 50%-50% weight ratio referred
as S50). The degree of reaction of FA and GGBFS was determined. Pore structure was
also characterized.

4.2. MATERIALS AND METHODS

4.2.1. MATERIALS AND SAMPLE PREPARATION

Characterization of raw materials and mixture design are given in Chapter 3 (Table 3.1,
Table 3.2). The precursors (FA, GGBFS) were dry-mixed for 2 minutes and then mixed
with the activator. The pastes were cast in the polyethylene vials with a 35 mm diame-
ter and 70 mm height and vibrated for 15-30 s on a vibrating table. The samples were
stored in the closed vials for 24 h after casting. For unsealed cured conditions, samples
were removed from the vials and cured afterwards in a curing room at room temperature
and a relative humidity (RH) of ∼99% for 28 days. On the other hand, sealed samples
were kept in the vials in the curing room where unsealed samples were also cured. The
samples were tested up to 1 year. The samples were characterized with PARC, XRF and
XRD after certain periods of curing (1, 7, 28 days and 1 year). After a certain period of
curing, the representative samples were gently crushed (from the sample surface) into
small pieces with dimensions of approximately 1-2 cm3 and immersed in isopropanol
for one week, by which water is firstly replaced and then evaporated. Subsequently, sam-
ples were placed under vacuum at 25◦C for at least three weeks prior to testing. After this
predrying, the samples were impregnated using a low viscosity epoxy resin and then pol-
ished down to 1/4 µm. Before performing SEM-EDS, a carbon coating was applied to the
polished sections of the samples. The pore structure was investigated with MIP and N2

adsorption.
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4.2.2. METHODS

4.2.2.1. SCANNING ELECTRON MICROSCOPE/ ENERGY-DISPERSIVE X-RAY SPECTROSCOPY

(SEM-EDX), PARC, IGOR
The characterization methodology is based on the following steps:

• Spectral Imaging (SI) of the samples with SEM-EDX,

• evaluating the SI images with PARC software to define phases, their area/volume
percentages and spatial distribution,

• calculation of bulk chemical compositions of the phases and consistency check
with bulk composition from XRF analysis.

A general description of each of these steps is given next.
SEM-EDX
To study the paste microstructure, a JEOL JSM-7001F FE-SEM, equipped with two

EDX detectors (30 mm2) and a Thermo-Noran System 7 EDX microanalysis system with
NSS.3.3 software, was used.

The optimal microscope conditions for microanalysis were determined with Monte
Carlo simulation in WinCasino v2.41 software (www.gel.usherbrooke.ca/casino/index.
html) [167], using their experimental density (2.97 g/cm3 for GGBFS and 2.6 g/cm3 C-
(N-)A-S-H gel) as an input parameter.

Based on several iterative experiments, 15 kV was chosen as an optimum beam ac-
celerating voltage. Figure 4.1 shows the maximum penetration depth of the electron
trajectories, ranging from 0.6 to 1.8 µm for GGBFS particles and from 1.0 to 2.5 µm for
C-(N-)A-S-H gel. For backscattered electrons, the maximum sampling depth was about
30% of the interaction volume depth and its lateral dimension was close to the inter-
action volume depth. As electrons penetrate deeper, the lateral spread of the electron-
solid interaction region increases. The lateral dimension of the interaction volume for
cement-based materials is thought to be around 1-2 µm [173] which can be taken as the
chemical spatial resolution for the SI.

Figure 4.1: Monte Carlo simulation of the penetration of 1000 electrons accelerated at 15 kV in a beam of radius
10 nm into a GGBFS (left image) and C-(N-)A-S-H gel (right image). (The red trajectories are back-scattered
electrons, which result from elastic scattering events. Inelastic scattering events cause a reduction of energy
of the electrons until eventual disappearance in the specimen bulk. Yellow trajectories represents high energy
and blue represents low energy trajectories.)

www.gel.usherbrooke.ca/casino/index.html
www.gel.usherbrooke.ca/casino/index.html
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For the microscope the following settings were used: accelerating voltage 15 kV, beam
current 3.4 nA, magnification 500× (equivalent to a field width of 256 microns) and a
working distance (is distance between the pole piece and the specimen surface) of 11.5
mm. Video images were collected with a resolution of 1024×768 (pixel size equal 0.25
µm). For EDX data collection, the resolution of each SI dataset was 512×384 (pixel size
equal 0.5 µm) with a total acquisition time of 3600 seconds. The microscope and EDX
settings were kept constant for all the samples. An example of a stitched SEM-BSE im-
age of nine fields is presented in Figure 4.2. The 3×3 matrix (00-22) is selected so that
the phase distributions over a larger sample area can be determined. Finally, SEM-EDX
analysis provides data on chemical composition across the large field of the sample by
spectral imaging.

Figure 4.2: SEM-BSE image of the area of interest (3×3 matrix (fields are labelled 00-22), with an individual
SI field comprising 512×384 pixels) for paste microstructure characterization. (Sample is paste S50, unsealed
cured for 28 days). All 9 fields of the area were analysed under the same analytical conditions. Total field width
equal 750 µm.

PARC
The PARC software was used to evaluate the SI data files. After loading the SI data

file in the PARC software, from each individual pixel spectrum a user defined number
of channels, covering the energy range of interest, is used for evaluation of the peak po-
sition and heights in each spectrum. The collected spectra are classified into empty-,
embedding-, pure phase- and mixed spectra (e.g. from a phase boundary) based on de-
tected peaks exceeding a user-defined threshold value. Empty spectra contain no peaks,
embedding spectra only peaks from epoxy or conductive resin and all other spectra con-
tain meaningful spectral information. The next step is grouping spectra with identical
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peak combinations and designating these as PARC phases [72].
Using this procedure, all individual pixels are assigned to different phase groups.

Once a particular setup (phase model) is defined, this model can be applied to multi-
ple SI-datasets collected using the same analytical conditions.

Figure 4.3 presents an example of the PARC phase map of a SI dataset of the mi-
crostructure (sample is paste S50, unsealed cured for 28 days). The phase model ob-
tained for the first field (00 field, see Figure 4.2), can be applied to other fields provided
these were acquired under the same analytical conditions. If all the pixels in the new
field are recognized with the first phase model, a next field can be processed. In case
the second field contains pixels that are not recognized using the phase model, they will
be assigned to new PARC phases and the PARC model will be updated accordingly. This
continues until all pixels in all 9 fields are satisfactorily assigned (see Figure 4.2). When
the final phase model is defined, the PARC phase area proportions and phase spectra re-
sults are exported. Spectra are processed using the NSS standardless analysis technique
and PhiRhoZ correction software (correction software for average atomic number, ab-
sorption and fluorescence). An example of PARC legend of different phases (groups) is
shown in Figure 4.3 (right) for the paste S50.

Figure 4.3: BSE image of the sample (left), and its corresponding PARC phase map (middle). PARC legend
(right) of different phases (groups) defined for the paste S50 (unsealed cured for 28 days) for phase map of the
middle image.

IGOR
In addition to PARC, IGOR PRO 7 was used for quantification of the mass percentage

of each phase. IGOR is a statistical program with mathematical and image processing
functions (www.wavemetrics.com) that is here used in combination with PARC to:

• combine the information obtained from multiple fields and obtain the measure-
ment deviations,

• calculate average phase chemistry for one or multiple fields,

• calculate average/sum area % per phase for multiple fields,

• calculate sample bulk chemistry (mass balance) with densities of the unreacted FA
and GGBFS (known) and reaction products (gel).

www.wavemetrics.com
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To convert the phase areas (obtained from PARC) to phase mass percentages, the
density of each phase (gel and unreacted FA and GGBFS) are required. The gel density
depends on the chemically bound water and gel porosity [120]. Therefore, to measure
the gel density, the changes of gel porosity during the reaction should be known. This
is obtained by measuring the nitrogen surface area, pore volume and capillary porosity
of the sealed pastes with mercury intrusion porosimetry and Nitrogen adsorption tests
[174]. Then, the density of gel is calculated based on density of bulk paste (obtained
from MIP), the density of unreacted materials (known a priori) and the porosity of the
bulk sample, as follows:

(
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)g el = (

m

ρ
)bulkpaste − (

m

ρ
)GGBF S − (

m

ρ
)F A −Vpor e (4.1)

The calculated densities were then assigned to the gel phases in order to convert
the PARC gel area measurements to phase proportions (wt.%). As also presented before,
the density of the FA and GGBFS used in this study are 2.44 g/cm3 and 2.97 g/cm3, re-
spectively. It should be noted that FA contains different minerals and each particle has
different density, which are given in Table 4.2, Column 2 (see section 4.3.1.2). The gel
calculated density varied between 1.7 g/cm3 and 2.2 g/cm3, depending on the mixture
composition.

Degree of reaction
The degree of reaction of GGBFS and FA is calculated by comparing the volume frac-

tion (Vt ) of unreacted materials (GGBFS in paste S100 and GGBFS+FA in paste S50) with
the volume fractions prior to the mixing of raw materials with alkaline activator (at time
zero, V0).

Based on the stereology principles [175], the area fraction of unreacted GGBFS and
FA in a 2D image is equal to the 3D volume fraction. The area fractions of unreacted GG-
BFS and FA were obtained from multiple fields (the representative fields for each curing
time are shown in Figure 4.20a-fii and Figure 4.25a-fii) in PARC analysis. The degree of
reaction of GGBFS or GGBFS and FA is then calculated as:

α(t ) = (1− Vt

V0
) ·100% (4.2)

Volume fractions of GGBFS and alkaline activator at the time zero (V0) in paste S100
were determined from the initial liquid-to-binder ratio. The volume of the activator
mixed with 1 kg of GGBFS was calculated as 0.4 l (activator density was measured as
1.25 g/cm3 and 0.5 kg of activator was added). Using the GGBFS density (2.97 g/cm3), 1
kg GGBFS corresponds to 0.337 l. Hence, the volume fraction of GGBFS at time zero (V0)
for paste S100 was 45.73%. For the paste S50, similar calculations were made, consider-
ing the density of FA (2.44 g/cm3) and GGBFS. The volume fractions of GGBFS and FA at
the time zero (V0) for paste S50, were 22% for GGBFS and 26% for FA.

4.2.2.2. X-RAY FLUORESCENCE

X-ray fluorescence (XRF) measurements were carried out using Panalytical AXIOS Max
Advanced XRF spectrometer. The tested paste samples were ground to powder and sub-
sequently pressed under high pressure (20 tonnes) into a tablet to obtain homogeneous
sample surface for measurements.
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4.2.2.3. X-RAY DIFFRACTION

XRD measurements were performed on powered samples. A few grams (3-5 g) of sam-
ples were ground to below a fineness of 15 µm, with an internal standard of 10 wt. %
added metallic silicon. Both the sample and the internal standard were premixed and
ground for 20 minutes under cycloxhexan (∼7 ml) using sintered corundum grinding ele-
ments with a McCrone micronizer mill. Afterwards, the slurry was poured into a ceramic
dish and transferred to an oven. The slurry was kept for a few minutes at 65◦C in the
oven. Subsequently the dried powder was pressed in a bottom-loaded XRD holder and
prepared for XRD measurement. XRD diffractograms were acquired from 10◦ to 130◦
2-theta with a Bruker D4 diffractometer using Co-Kα radiation and a Lynxeye position-
sensitive detector. The Bruker Topas software was used to perform Rietveld quantifica-
tion of the phases. The Rietveld fitting error obtained on the amorphous phase in the
samples, showed high-precision with general statistical errors less than 1.0 % absolute.

4.2.2.4. PORE STRUCTURE CHARACTERIZATION

CO2 diffusion is largely dependent on the pore structure properties, i.e. total porosity,
pore size distribution and pore connectivity of alkali activated pastes. The pastes can
contain capillary pores and gel pores through which CO2 can diffuse. The capillary pores
are initially liquid-filled space. With evolution of FA and GGBFS dissolution, the volume
of capillary pores is reduced due to formation of new reaction products. Hence, capillary
pores are refined with elapse of time and their size ranges from few nanometers to few
micrometers. The capillary pores can be connected or disconnected. The gel pores are
pores of gel phases and their size is a few nanometers. The gel pores are connected pores.
The characterization of the pore structure is essential to clarify the CO2 transport path
in alkali activated pastes. For characterization of the pore structure two techniques will
be used, mercury intrusion porosimetry (MIP) and nitrogen adsorption. With MIP, pore
size from few nanometers to hundreds of micrometers can be determined. Nitrogen ad-
sorption can only assess the nanometer pores. The combination of the two techniques
provides comprehensive assessment of the pore structure since both capillary and gel
pores are often present in the pastes.

Mercury intrusion porosimetry
MIP measurements were performed with a Micrometrics PoreSizerr 9500. The max-

imum pressure of this device is 210 MPa, which corresponds to a minimum pore diam-
eter of about 7 nm based on a cylindrical pore model. The measurements were carried
out in two stages. The first stage was at low-pressure: from 0 to 0.14 MPa. The second
stage was at high pressure running from 0.14 to 210 MPa, as an end of intrusion. Then
extrusion starts with decreasing the pressure to 0.14 MPa. Figure 4.4 shows typical MIP
cumulative curves.

For sample preparation the procedure as described for SEM-EDX analysis was used.
Assuming the cylindric pore shape, the diameter of pores intruded by mercury can be
calculated using Washburn’s equation 4.3 [176]:

D = −4γcosθ

P
(4.3)
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where D is the pore diameter, γ is the surface tension of the mercury (0.485 N/m at
25◦C), θ contact angle between mercury and paste (140◦), P is the applied pressure to
the mercury.

Figure 4.4: Example of the intrusion and extrusion MIP curves obtained for CEM III/B paste (maximum MIP
pressure of 210 MPa, CEM III/B paste with w/b=0.5 cured for 56 days). Extrusion curve illustrates ink-bottle
pores where the mercury remains trapped in the sample. The characteristic features of MIP cumulative curves
are the total percolated pore volume, the effective porosity, the ink-bottle porosity and the critical pore entry
diameter.

The main properties of the pore structure of pastes which can be determined from
cumulative MIP curves (Figure 4.4) are:

• Total porosity. The total accessible pore volume (interconnected pores) divided by
the bulk volume of the sample. It should be noted that the MIP does not measure
the total pore volume of the paste. The total pore volume of the paste consists of
continuous pores, continuous pores with ink-bottle pores (mercury cannot be ex-
truded from the ink-bottle pores), isolated pores and pores with diameter smaller
than 2 nm (Figure 4.5) [177].
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Figure 4.5: Illustration of capillary pore geometry: a) continuous pore, b) continuous pore with ink-bottle, c)
dead-end pore with ink-bottle, d) isolated pore, adapted from [177].

• Effective porosity. It is determined from the volume of mercury intruded at the
maximum applied pressure in the second intrusion divided by the bulk volume of
the sample.

• Ink-bottle porosity. It represents the volume of mercury that remains in the pores
after extrusion (Figure 4.6). It can be calculated by subtracting the effective poros-
ity from the total porosity.

Figure 4.6: Illustration of ink-bottle effect (Arrows indicate the flow direction of mercury). Adopted from [177].

• Pore connectivity. Pore network connectivity affects the transport of CO2 and hence
plays an important role in determination of the rate of carbonation. It can be cal-
culated as a ratio of the effective porosity over the total porosity.

• The critical (threshold) pore entry diameter. It is defined mathematically by the
inflection point of the main intrusion step [173]. The diameter greater than that of
the critical pore entry cannot form a connected path through the sample [177].

The total pore volume, pore size distribution measurements and the interconnectiv-
ity of pores are critical for understanding the CO2 diffusion in alkali-activated pastes. If
the isolated capillary pores are dominant in the microstructure, the mercury will not be
intruded. For that reason, isolated capillary pores are assumed not to contribute to the
transport properties (CO2 diffusion).
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Nitrogen adsorption
In absence of capillary pores, connected gel pores (with size larger than 2 nm) be-

come the transport path for CO2 in the microstructure. In those cases, characterization
of the gel pore structure is essential. Adsorption and desorption isotherms can be used
to study the gel porosity (in this study at an age of 28 days and at later ages). Conden-
sation of the adsorbate in pores occurs as a function of the pore size. Isotherms are de-
termined experimentally being usually depicted as the amount adsorbed gas (Qi ) versus
the relative pressure (P/P0) of the gas. According to IUPAC [178], adsorption isotherms
are classified into six different types. The type of isotherm depends on the nature of the
adsorbate gas and the material [173]. Isotherms of type IV are typical for mesoporous
materials, such as alkali activated pastes. In this study, N2 adsorption was used to de-
termine the size distribution of pores in the range of 2-37 nm. The N2 adsorption tests
were conducted by using Gemini VII 2390 with a relative pressure (P/P0) range from 0.05
to 0.99. The relative pressure is defined as equilibrium vapor pressure divided by the
saturation vapor pressure. Approximately 1 gram of sample was used for the analysis.

The interpretation of the N2 isotherms is based on the mathematical models includ-
ing the equations of Brunauer-Emmet-Teller (BET) or Barrett-Joyner-Halenda (BJH). The
BET theory is based on the multilayer adsorption of gas molecules onto the adsorbent.
The pore size distributions can be determined from the adsorption or desorption curves.
It is assumed that all pores are filled with N2 (Figure 4.7).

Figure 4.7: Illustration of N2 adsorption and desorption processes on the internal accessible surface area of
the pastes.
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The mean pore diameter (d) can be calculated assuming a cylindrical pore shape
[179]:

d = 4V

SBET
(4.4)

where SBET is the BET surface area and V is the pore volume determined from the ad-
sorption isotherm. From the isotherm data using the BET method [180] surface areas
can be determined according to Equation 4.5.

SBET = NAVm An

Vo
(4.5)

where NA is the Avogadro constant 6.02214076 × 1023 mol−1, Vm is the amount of gas
needed to cover the surface with a monolayer, AN is the surface area occupied by a single
adsorbed gas molecule (16.2 × 10−20 m2) and Vo is the molar volume of gas.

In comparison to the MIP method, the Nitrogen adsorption method is less destruc-
tive for the pore structure characterization in terms of the preparation procedure and
testing conditions (RH, pressure, temperature). For instance, pore characterization of
silicate gel (by-product of carbonation reactions in pastes) with MIP under pressure,
the gel structure might collapse and results would be meaningless. Alternatively, filling
pores with liquid nitrogen is far less destructive [181]. Therefore, it is very important to
have information on the pore structure analysis from both, MIP and Nitrogen adsorption
techniques.

4.3. RESULTS AND DISCUSSION

4.3.1. CHARACTERIZATION OF RAW MATERIALS WITH PARC
4.3.1.1. RAW GGBFS
The representative BSE image of raw GGBFS was divided into nine fields as shown in Fig-
ure 4.8. Subsequently, a data set from each SI image field was selected and imported into
PARC for the preliminary phase characterization according to the procedure described
in 4.2.2.1.

The phases containing (up to) seven X-ray peaks (each peak corresponding to an
element) which exceed the selected threshold value as shown in Figure 4.9. Here, the
user-defined threshold (minimum energy cutoff) was selected as 0.9 keV. The low energy
cut-off at 0.9 keV was selected to exclude O and C which are present in all spectra, and
the L lines of transition metals. The sum EDX spectrum of GGBFS pixels is presented in
Figure 4.9.

Figure 4.10 shows the large-area PARC phase map of the raw GGBFS and its corre-
sponding phase legend where the GGBFS particles are coded as purple.
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Figure 4.8: Large area BSE image of a polished section of an epoxy impregnated unreacted GGBFS (the number
of acquired fields was 9). The image width is 750 µm.

Figure 4.9: PARC sum spectrum for GGBFS particle (purple coloured in the PARC map, Figure 4.10) indicating
the presence of Na, Mg, Al, Si, S, Ca by their characteristic X-ray lines.

The compositional domain of GGBFS particles, which was obtained with IGOR, is
presented in Table 4.1. Comparison of the GGBFS bulk composition obtained from XRF
(see Chapter 3, Table 3.1) and PARC (see Table 4.1), shows close correspondence as well
as deviations that can be explained by Fe-metal droplets (yellow circled in Figure 4.10)
and Al2O3 grains (white circled in Figure 4.10) included in the slag samples. These are
naturally occurring contaminants in GGBFS.

Table 4.1: Chemical composition of GGBFS measured with PARC (wt.%).

SiO2 Al2O3 CaO MgO Fe2O3 SO3 Na2O K2O TiO2 P2O5 MnO
GGBFS 35.48 13.09 38.11 8.14 0.19 2.53 0.45 0.35 1.12 0.22 0.32
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Figure 4.10: Large-area PARC phase map of the unreacted GGBFS (left) (image width: 750 µm), legend of group
phases identified in the unreacted GGBFS (right).

4.3.1.2. RAW FA
Since FA is more heterogenous than GGBFS, its representative area was divided into 12
fields (Figure 4.11).

Figure 4.11: BSE image of large-area of a polished section of an epoxy impregnated unreacted FA (the number
of acquired fields was 12) (the image width is 1000 µm).



4.3. RESULTS AND DISCUSSION

4

65

The EDX spectra for the AlSi and quartz are presented in Figure 4.12 and Figure 4.13.
These two phases are the major phases in FA mineralogical composition (see Chapter
5, Figure 5.1). Again, the procedure followed for construction of the phase map was
as explained in Section 4.2.2.1. This procedure generated the phase map presented in
Figure 4.14 for the BSE image shown in Figure 4.11.

Figure 4.12: PARC sum spectrum for AlSi particle (blue coloured in the composite map, Figure 4.14) indicating
the presence of O, Al, Si by their characteristic X-ray lines.

Figure 4.13: PARC sum spectrum for Quartz (SiO2, yellow coloured in the composite map, Figure 4.14), indi-
cating the presence of O and Si by their characteristic X-ray lines.

The distribution of the identified phases in FA particles, Figure 4.14, shows that the
main phases are mullite and AlSi glass (blue colour, denoted as AlSi in the legend), which
significantly varied in surface area, and quartz (yellow colour) with the corresponding
spectra shown in Figure 4.12 and Figure 4.13. Hematite (red colour), Na-, P-, Ti-, Ca-, Mg-
alumina silicates and some impurities, such as calcite and dolomite, were also identified.
The corresponding phase compositions and their proportions are presented in Table 4.2.
The bulk composition of FA obtained with PARC is presented in Table 4.3. It can be seen
that PARC data (Table 4.3) agree well with XRF data as far as this FA bulk composition
is concerned (Chapter 3, Table 3.1). Furthermore, PARC reproduces very well the quartz
and hematite fractions (see Table 4.2) obtained with Rietveld method (see Chapter 5,
Figure 5.1).

Figure 4.11 and Figure 4.14 also show how phases can be differently enclosed. For
instance, quartz phase (yellow, Figure 4.14) is embedded in the AlSi phase (blue, Figure
4.14). A similar disctinction was also made by Rickard et al. [182], who observed that
quartz can be present as a discrete particle (larger crystallite size (>100 nm)) or within
FA spheres (smaller crystallite size (<100 nm)). This means that a single particle can
contain phases with different glass composition and, therefore, different reactivities of
each glassy phase within particle can be expected, as shown in literature [21, 183, 184].
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Figure 4.14: Large-area PARC phase image with individual phases in unreacted FA (width 1000 µm).

Table 4.2: Chemical composition of phase domains of FA particles obtained with PARC (% wt.).

Density Weight Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3
[g/cm3 ] [% wt.]

Quartz 2.62 8.50 0.31 0.09 0.09 98.35 0.14 0.63 0.00 0.00 0.00 0.00 0.39
Hematite 5.74 0.97 0.33 0.46 0.76 3.04 0.00 0.00 0.20 0.59 0.00 0.36 94.27
AlSi 2.44 74.21 0.88 0.64 31.51 58.67 0.48 0.26 1.74 0.87 1.11 0.03 6.37
NaAlSi 2.44 1.91 5.36 0.78 25.58 61.24 0.57 0.16 2.03 0.60 0.58 0.20 2.90
KAlSi 2.44 1.51 1.07 0.20 19.82 66.40 0.31 0.20 10.45 0.30 0.30 0.03 0.95
CaAlSi 2.44 2.51 0.00 0.37 35.18 41.74 0.70 0.15 0.00 17.45 0.56 0.00 3.85
MgAlSi 2.44 1.99 1.07 9.44 20.28 57.13 0.78 0.14 1.22 1.25 0.61 0.16 7.94
FeAlSi 2.44 0.92 0.56 1.04 14.60 39.80 0.23 0.05 0.98 0.71 1.12 0.05 40.85
TiAlSi 2.44 0.86 1.27 1.22 29.71 43.39 0.00 0.00 1.51 2.77 14.45 1.24 4.45
CaMgAlSi 2.44 1.27 0.14 8.24 20.64 39.17 2.34 0.00 0.02 21.03 0.53 0.11 7.78
MgFe 2.44 1.47 0.01 6.67 1.86 0.57 0.04 0.03 0.01 0.39 0.11 0.81 89.51
P 2.44 0.93 0.00 6.09 11.6 17.14 24.01 0.07 0.30 36.60 0.88 0.00 3.31
Calcite 2.71 0.29 0.00 0.00 0.82 0.43 1.54 2.33 0.00 94.38 0.00 0.00 0.49
Dolomite 2.87 0.12 0.00 32.17 1.30 2.09 0.97 3.75 0.07 57.65 0.09 0.14 1.78
Al2O3 4.00 0.54 0.08 0.00 91.84 5.37 0.45 0.02 0.07 0.31 1.02 0.02 0.84

Table 4.3: Chemical composition of FA obtained with PARC (wt.%).

SiO2 Al2O3 CaO MgO Fe2O3 SO3 Na2O K2O TiO2 P2O5 MnO
FA 60.46 24.99 2.21 1.13 6.02 0.38 1.05 1.70 1.41 0.59 0.06

4.3.1.3. OBSERVATION OF MICROSTRUCTURE OF ALKALI-ACTIVATED FA/GGBFS PASTES

Backscattered electron imaging was performed at 28 days to characterize the microstruc-
ture morphology before carbonation of alkali-activated FA (S0), GGBFS (S100) and their
blends (S30, S50, S70). Paste CEM I was also made as a baseline for comparison between
cement and alkali-activated pastes (Figure 4.15). The water-to-binder ratio of CEM I
paste was 0.5. All pastes were unsealed cured for 28 days.



4.3. RESULTS AND DISCUSSION

4

67

(a) S0 (100% FA), 28 days (b) S30, 28 days

(c) S50, 28 days (d) S70, 28 days

(e) S100 (100% GGBFS), 28 days (f) CEM I, 28 days

Figure 4.15: ESEM-BSE images of alkali-activated pastes and paste CEM I at 28 days. For all images, the field
size was 250 µm × 170 µm.

The SEM-BSE image for paste S0 shows a highly heterogeneous microstructure with
different sizes of unreacted FA particles (see Figure 4.15a). It can be noted that pores
are present in the gel around unreacted particles or they originate from porous spherical



4

68 4. MICROSTRUCTURE CHARACTERIZATION OF ALKALI-ACTIVATED PASTES

shells where activator was diffusing during the activation. The porous microstructure of
paste S0 is consistent with the limited mechanical strength (Chapter 3, Figure 3.14).

With the presence of GGBFS, the microstructure appeared to be refined (S30, S50,
S70, S100), see Figure 4.15b-e. The GGBFS particles are embedded in the gel phases
or they surround FA particles. The dissolution processes of FA and GGBFS is different
due to their different chemical composition, reactivity and surface area. Simultaneous
dissolution of both FA and GGBFS mainly results in gel composed of Ca-Mg-Na-Al-Si-H
(see Figures 4.16 and 4.17). Distribution and amount of this gel in the microstructure de-
pends on the type of activator and curing conditions which will be further investigated in
Section 4.3.2. Microstructures of pastes S50, S70 and S100 appear denser than pastes S0,
S30 and CEM I, as will be further supported with MIP measurements of the pore struc-
ture in Section 4.3.3. Compared to CEM I paste (see Figure 4.15f), alkali-activated pastes
have a significantly lower capillary porosity at 28 days. The microstructure of paste CEM
I is more coarse. Clinker particles are surrounded with reaction products (calcium hy-
droxide and calcium silicate hydrate gel), while relatively large capillary pores remain.

The amounts of Al, Si, Ca, Mg in atomic-% within the binder regions (excluding unre-
acted FA and GGBFS) were obtained from EDX spectra. The effect of FA/GGBFS ratios on
gel chemistry is shown by CaO-SiO2-Al2O3 and CaO-Al2O3-MgO ternary diagrams (Fig-
ures 4.16 and 4.17). Calcium, aluminium, silicon and magnesium contents in the sam-
ples were renormalized to 100% on an oxide basis, excluding all other elements present
in the samples.

Figure 4.16: Ternary diagram of CaO-Al2O3-SiO2 as
a function of GGBFS replacement level.

Figure 4.17: Ternary diagram of CaO-Al2O3-MgO as
a function of GGBFS replacement level.

The main reaction products in alkali activated FA paste (S0) consist of Al2O3 and SiO2

as can be seen from the plotted points in the ternary diagram (Figure 4.16), where the
CaO content is close to zero. The main reaction product in alkali activated pastes that
contain GGBFS is Ca-Na-Al-Si-H gel with modifications in chemical composition of ox-
ides across the different GGBFS/FA pastes. The Al2O3 content [0.1-0.4] and SiO2 content
[0.6-0.9] of the pastes suggest that all gels are strikingly different in composition for dif-
ferent FA/GGBFS ratios (Figure 4.16).

On the other hand, the CaO content [0.15-0.35] increases with increasing GGBFS
content in the mixtures, which clearly indicates the change in gel composition as a func-
tion of CaO content (Figure 4.16). The pastes with 50, 70 and 100 % wt. GGBFS exhibit
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a uniform composition of the gel, with all points closely clustered as shown in Figure
4.16.The dispersion of MgO can be observed from Figure 4.17. Mg is not only in the Ca-
Mg-Na-Al-Si-H gel surrounding the GGBFS particles, but also in Ca-Na-Al-Si-H gel as
can be seen from the relation between CaO, Al2O3 and MgO in the ternary diagram of
Figure 4.17 and from the spectra in Figure 4.19. The spatial distribution of MgO, but also
other elements, are studied with PARC in the next sections. The proportions and chemi-
cal domains of different reaction products are investigated for two mixtures as a function
of curing conditions and GGBFS content in single (GGBFS, referred as S100) and binary
(FA+GGBFS with 50%-50% mix ratio referred as S50) alkali-activated pastes. Their char-
acterization provides the basis for understanding the microstructure evolution and later
the effects of carbonation on the microstructure.

4.3.2. CHARACTERIZATION OF ALKALI-ACTIVATED PASTES WITH PARC
4.3.2.1. GGBFS PASTE (S100)
The first step is to distinguish the unreacted GGBFS particles and the reaction products.
However, this is not an easy task due to the similarity of the chemical compositions of
these phases. It is therefore necessary to subdivide the groups with identical combina-
tion of elements into different subgroups corresponding to different phases based on the
elemental proportions. This can be done in PARC by interactively selecting data regions
in bivariate histogram plots or density plots of channel intensities [72] and looking for
distinct populations.

The correlation between Mg and Al+Si+Ca content is used for distinguishing the
phases. As an example, Figure 4.18a shows regions identified for unreacted GGBFS par-
ticle and the reaction products of Ca-Na-Al-Si-H gel and Ca-Mg-Na-Al-Si-H gel of the
sealed 28 days cured S100 paste. These regions are used for mapping the phases in the
BSE images. In Figure 4.18d the identified GGBFS particle ((b) purple phase) and Ca-
Mg-Na-Al-Si-H gel ((c) cyan phase) are presented. The complete map of phases in 28
days sealed cured specimens (with the three main phases of Slag particles, Ca-Na-Al-
Si-H gel, Ca-Mg-Na-Al-Si-H gel with chemical compositions in Figure 4.19) is shown in
Figure 4.18e.

The phase distributions of the paste S100 as a function of curing time and curing
conditions are visualized in Figure 4.20. Backscattered electron images of polished sec-
tions are shown in Figure 4.20i. The corresponding PARC maps are presented in Figure
4.20ii. The compositional domains of the three identified phases (Ca-Na-Al-Si-H, Ca-
Mg-Na-Al-Si-H, Ca-Al-Si-H) are presented in Table 4.4.It can be observed that the major
changes in time are in Na/Si, Mg/Si, Ca/Si element ratios.

The Ca/Si ratio in Ca-Na-Al-Si-H gel of sealed S100 pastes at 1 day is 0.61. From 7 to
28 days this value increases to 0.84. A similar Ca/Si atomic ratios were also observed in
the reaction products of alkali activated slag by Ben Haha et al. [120]. After 28 days, the
Ca/Si ratio of NaAlSiCa gel did not change significantly (at 1 year Ca/Si is 0.85, Table 4.5).
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Figure 4.18: SEM-BSE images of the S100 microstructure (sealed cured paste for 28 days), the chemical do-
mains of different phases.
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Figure 4.19: PARC sum spectra for chemical domains of slag particle, NaAlSiCa gel and NaMgAlSiCa gel in paste
S100.

The fact that Ca/Si does not change after 28 days is an evidence of limited GGBFS
dissolution in studied conditions. As long as activator and water are present there is a
condition for GGBFS dissolution. At 1 year, it was still possible to extract pore solution
from paste (and test for composition, Table 6.5), which proved that both activator and
water are present, however, strength and Ca/Si did not change. Based on this, either
the gel reached equilibrium with the remaining GGBFS or there is no available space for
reaction products precipitation, since porosity of S100 is much lower compared to paste
S50 (Table 4.10).

Simultaneously, in the boundary of GGBFS particle a transitional phase develops
(Ca-Mg-Na-Al-Si-H gel), which also did not change significantly between 28 days and
1 year. Meanwhile, the Ca/Si ratio of Ca-Na-Al-Si-H gel in unsealed S100 pastes was 0.61
at 1 day and increased to 0.69 (a lower value than that of sealed cured samples) from 7 to
28 days.

The Al/Si ratio is significantly higher in Ca-Mg-Na-Al-Si-H gel (0.36-0.52) than in Ca-
Na-Al-Si-H gel (0.25-0.27) in sealed S100 paste. The reason is that Al, similar to Mg, stays
rather in the rims of the GGBFS particles (see Figure 4.21) than in the outer gel. The mea-
sured Al/Si ratios (0.25-0.27) of Ca-Na-Al-Si-H gel in sealed cured samples were consis-
tent with literature [26, 185, 186]. The Al/Si ratio increases over time in sealed conditions
until 28 days, after which no changes are observed until 1 year. The Al/Si ratio values of
unsealed cured samples were comparable to that of sealed cured samples.
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Figure 4.20: SEM-BSE images (i) of the microstructure of paste S100 at different curing periods, with mapped
chemical domains of different phases (ii).
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Figure 4.20: SEM-BSE images (i) of the microstructure of paste S100 at different curing periods, with mapped
chemical domains of different phases (ii).

Table 4.4: Atomic ratios in the reaction products by PARC analysis in pastes S100.

Paste S100
Reaction Products Ca-Na-Al-Si-H Ca-Mg-Na-Al-Si-H Ca-Al-Si-H
Atomic ratio Na/Si Mg/Si Al/Si Ca/Si Na/Si Mg/Si Al/Si Ca/Si Na/Si Al/Si Ca/Si
Standard Deviation ±0.003 ±0.001 ±0.003 ±0.016 ±0.020 ±0.017 ±0.002 ±0.025 ±0.007 ±0.006 ±0.027

1 day sealed 0.37 0.11 0.25 0.61 0.43 0.34 0.36 0.45 - - -
7 days sealed 0.37 0.11 0.27 0.64 0.31 0.53 0.46 0.66 - - -
28 days sealed 0.33 0.10 0.26 0.84 0.31 0.66 0.52 0.84 - - -
1 year sealed 0.29 0.10 0.24 0.85 0.25 0.69 0.51 0.83 - - -
7 days unsealed 0.32 0.10 0.26 0.60 0.27 0.49 0.44 0.61 - - -
28 days unsealed 0.12 0.11 0.25 0.69 0.08 0.41 0.40 0.73 0.06 0.18 0.71

Table 4.5: Atomic ratios in the reaction products by PARC analysis in pastes S50.

Paste S50
Reaction Products Ca-Na-Al-Si-H Ca-Mg-Na-Al-Si-H Ca-Al-Si-H
Atomic ratio Na/Si Mg/Si Al/Si Ca/Si Na/Si Mg/Si Al/Si Ca/Si Na/Si Al/Si Ca/Si
Standard Deviation ±0.002 ±0.002 ±0.002 ±0.007 ±0.033 ±0.027 ±0.011 ±0.024 ±0.001 ±0.002 ±0.002

1 day sealed 0.33 0.10 0.26 0.30 0.35 0.29 0.32 0.28 0.19 0.30 0.37
7 days sealed 0.35 0.08 0.29 0.34 0.41 0.37 0.45 0.41 0.19 0.35 0.47
28 days sealed 0.30 0.09 0.31 0.49 0.33 0.30 0.37 0.49 0.18 0.36 0.46
1 year sealed 0.40 0.05 0.30 0.50 0.47 0.37 0.38 0.51 0.11 0.55 0.35
7 days unsealed 0.30 0.08 0.28 0.33 0.41 0.29 0.43 0.31 0.16 0.29 0.38
28 days unsealed 0.25 0.09 0.30 0.48 0.26 0.28 0.35 0.47 0.14 0.31 0.49
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The BSE images can also be used for investigating the evolution of gel chemistry
around the reacted GGBFS particles. As an example, the BSE image of an GGBFS par-
ticle (2 years of cured S100 paste) and the corresponding EDX linescan-profile at section
A-D are shown in Figure 4.21. In the GGBFS particle boundary a transition zone is es-
tablished for a Ca-Mg-Na-Al-Si-H gel. It can be observed that going farther from the
boundary of the GGBFS particle, Mg drops substantially. Ca dissolves from the particles
and it enriches the outer gel. This leaves a Mg enriched Ca-Mg-Na-Al-Si-H gel in the
boundary of GGBFS particle (A-B, C-D), similar to slag cement paste [187]. To illustrate
Mg spatial distribution compared to other major elements in paste S100, X-ray element
maps were produced showing element zonation in noncarbonated paste S100 (2 years
of exposure), at 8000 times magnification (see Figure A.1, Appendix A). Although it was
expected that Mg would form hydrotalcite or maxnerite phases as it has been reported
by Myers et al. [188], clear formation of these phases were not found neither with XRD,
nor TG-MS analyses in this thesis (Chapters 5 and 7) and [189]. For that reason, an as-
sumption is made that Mg is either forming Mg-Al-Si-H gel or it is in a form of poorly
crystalline hydrotalcite, both highly intergrown with Ca-Na-Al-Si-H gel. This is a rea-
sonable assumption considering the element mapping results (Figure A1, Appendix A),
where Mg was highly concentrated in the GGBFS rim compared to the matrix, consis-
tent with PARC measurements. If there are Mg-containing phases formed in the paste
S100, then they are only concentrated in this narrow rim, which makes it difficult to
identify using the bulk sample. The difference of gel greyscale level in BSE image (see
Figure 4.21) between the GGBFS particle boundary (A-B, C-D) and far from that bound-
ary, is attributed to the different nanoporosities of these two regions, indicated higher
nanoporosity of Ca-Mg-Na-Al-Si-H gel than that of Ca-Na-Al-Si-H gel.

Figure 4.21: The BSE image of microstructure around reacted GGBFS particle and corresponding EDX
linescan-profiles for the constituent elements of the paste S100 after 1 year of reaction.

It can also be seen that the Al distribution is similar to that of Mg. On the other hand,
the distributions of Ca and Si are very similar. Ca and Si are precipitating further from the
rim of GGBFS particle. Na also has been found in higher amount around rims of GGBFS
particles.
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The Na/Si ratio strongly depends on the curing conditions. As will be shown in Chap-
ter 6, the significant effect of Na+ loss on the pore solution composition of unsealed
pastes was seen. The results presented in this chapter show that the effect of Na+ loss
is not limited to the pore solution composition of the unsealed pastes, but can also sig-
nificantly affect the chemical composition of the reaction products (see 7 days and 28
days results in Table 4.4). This is supported by density plots of Na versus Mg+Al+Si+Ca
(see Figure 4.22) of sealed and unsealed samples. Na is lower in the gel of unsealed cured
samples compared to the sealed samples. On the other hand, the Ca/Si ratio increases
from age of 1 day to 28 days, regardless of curing method (Table 4.4). This implies that
the dissolution of GGBFS continues in this period.

Figure 4.22: Density plot of Na and (Mg+Al+Si+Ca) to extract groups of pixels for Ca-Al-Si-Na gel and Ca-Mg-
Al-Si-Na gel in 28 days sealed cured paste S100 (a) and 28 days unsealed cured paste S100 (b).
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The evolution of the phase proportions of paste S100 is presented in Figure 4.23.
Comparison of the phase proportions of sealed cured samples at 28 days and 1 year
shows that there is no further reaction of GGBFS. This is supported with the similar Ca/Si
ratio observed at 28 days and 1 year of curing (see Table 4.4). This suggests that the de-
gree of reaction of GGBFS is limited and reaches its maximum in the first 28 days for the
studied conditions. In unsealed cured specimens, a Ca-Al-Si-H (orange coded) phase is
found at 28 days (see Figure 4.20), with a lower Na uptake in the gel compared to the
sealed cured paste (see Table 4.4). This gel transformation is attributed to the loss of
Na+ in unsealed curing conditions which is explained in Chapter 6, section 6.3.1.1. This
phase, Ca-Al-Si-H (orange coded), was not observed in sealed cured specimens even un-
til 1 year of curing.

Figure 4.23: The effect of curing conditions (unsealed and sealed) on the evolution of the phases and their
weight proportions in pastes S100.

4.3.2.2. BINARY GGBFS-FA PASTE (S50)
The sum spectra of three gels (Ca-Na-Al-Si-H, Ca-Mg-Na-Al-Si-H and Ca-Al-Si-H) ob-
served in paste S50 are depicted in Figure 4.24. The distribution of the main reaction
products are also visualized in Figure 4.25. Backscattered electron images of polished
sections are shown in Figure 4.25i with the corresponding PARC maps presented in Fig-
ure 4.25ii.

It can be observed that, at early age, the reaction products appear to be very hetero-
geneous (Figure 4.25a, b, c, e, f-ii) and less heterogeneous at later ages of reaction (Figure
4.25 d-ii). The composition of the reaction products in paste S50 determined with PARC
is presented in Table 4.5. The Ca/Si ratio of the gel Ca-Na-Al-Si-H decreases by a factor
two in paste S50 compared to paste S100, which is proportional to the GGBFS content.
Besides the differences in Na, Mg and Ca, substantial differences in the amount of dif-
ferent reaction products can be seen between pastes S50 and S100 (Figure 4.23 vs Figure
4.26).
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Figure 4.24: PARC sum spectrum from chemical domain of AlSiCa gel, NaAlSiCa gel, NaMgAlSiCa gel in S50.

Figure 4.25: SEM-BSE images (i) of the microstructure of paste S50 at different curing periods, with mapped
chemical domains of different phases (ii).
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Figure 4.25: SEM-BSE images (i) of the microstructure of paste S50 at different curing periods, with mapped
chemical domains of different phases (ii).
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Figure 4.26 shows the effect of curing time (1 day, 7 days, 28 days, 1 year) and curing
conditions (unsealed and sealed) on the evolution of the reaction products and their
proportions in pastes S50. It can be seen that a significant transformation of the reaction
products has occurred during the considered times of curing. The amount of Ca-Al-Si-H
gel after 28 days is significantly higher in unsealed cured samples compared to sealed
cured samples, which indicates that Na uptake in the gel in unsealed cured samples was
clearly limited. This is due to Na+ leaching from these samples, as previously mentioned.

It seems that while the GGBFS dissolution has the main contribution to reactions
at early ages, FA particles (glassy AlSi grains) react at later ages. The presence of FA in
the paste S50 leads to a higher Al content and consequently formation of Ca-Al-Si-H gel
(Table 4.5). This is in contrast to paste S100, where Al is mainly incorporated in Ca-Mg-
Na-Al-Si-H (Table 4.4). Table 4.5 also shows that, similar to paste S100, the Na content
varies significantly depending on the curing conditions in the paste S50. However, the
Na content in sealed cured pastes S50 (see Table 4.5) is constant during the entire curing
regime, while for pastes S100, Na decreases with elapse of curing time (see Table 4.4).
This may suggest a lower Na binding capacity of pastes S100 with GGBFS as single pre-
cursor.

Figure 4.26: The effect of curing conditions (unsealed and sealed) on the evolution of the phases and their
weight proportions in pastes S50. Note that AlSi grain* consists of AlSi grain, NaAlSi grain, KAlSi grain, CaAlSi
grain, MgAlSi grain, FeAlSi grain, TiAlSi grain, PAlSi grain, CaMgAlSi grain.
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The Na binding capacity of FA/GGBFS paste (S50) can be enhanced due to the pres-
ence of FA. Namely, the silanol groups are the main adsorbing sites for alkalis. The lower
the Ca/(Al+Si) is, the higher the number of silanol groups in the gel will be. This im-
plies that more alkalies will be incorporated in Ca-Na-Al-Si-H with lower Ca/(Al+Si) ra-
tio, such as in pastes S50, that have a lower CaO content and a higher SiO2 content than
paste S100.

4.3.2.3. DEGREE OF REACTION

In both sealed and unsealed S100 pastes, degree of GGBFS reaction (see Figure 4.28) is
comparable with the one reported by Brough et al. [30]. The alkaline activation of GG-
BFS results in formation of a significant amount of reaction products around the GGBFS
particles, as can be observed from Figure 4.20 a-i. Although the final reaction degree was
nearly the same in sealed and unsealed conditions, the composition of reaction products
is different (Table 4.4).

In paste S50, GGBFS has a larger reaction degree at 1 day but smaller at 28 days.
This is most likely because only the GGBFS contributes to the reaction degree at 1 day.
In paste S50, the reaction degree of GFBS is increased until the end of the tests. This
is in contrast to the paste S100 in which the reaction degree did not increase after 28
days. In paste S50, FA has a very low reaction degree, which reaches only 30% after 1
year in sealed conditions. Due to the very low reactivity of AlSi grains, the boundary
layer is not formed around these grains (see Figure 4.25). In paste S50, FA (glassy AlSi
particles) are embedded in a “homogeneous” Ca-Na-Al-Si-H gel (see Figure 4.27, green
colour). This gel is denser than the gel in the transitional zone (Ca-Mg-Na-Al-Si-H gel,
cyan colour, schematized in Figure 4.27). This transitional zone is marked by strong
compositional gradients between the GGBFS and the “green” gel which was shown in
Figure 4.21. Since the Ca-Mg-Na-Al-Si-H gel is more porous than Ca-Na-Al-Si-H gel (see
Figure 4.21), GGBFS dissolution is allowed further with time.

Figure 4.27: Schematic representation of the coating (surrounding) of AlSi grain in paste S50 (Ca-Na-Al-Si-H
gel), and the coating of slag grain (Ca-Mg-Na-Al-Si-H gel) in paste S50.

Also, the reaction degree of sealed and unsealed conditions is different (that is in
contrast to observations made for GGBFS in paste S100), probably due to different Na-
binding capacities of FA and GGBFS in paste S50 compared to that of only GGBFS in
paste S100. Furthermore, the low alkaline conditions and ambient curing temperature
used in this study (when compared to literature [13, 77]) are also possible reasons for a
moderate degree of FA reaction in pastes S50 at 7 days and 28 days. The degree of reacton
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of FA in unsealed conditions seem to be smaller than in sealed condition. The degree of
reaction of FA is mainly dependent on the reactivity of AlSi-grains. Due to crystalline
nature, quartz and Fe-grain do not contribute to FA reactivity (Figure 4.26).

Figure 4.28: Degree of reaction of paste S100 (left) and paste S50 (right).

4.3.2.4. BULK CHEMISTRY

The bulk compositions inferred from XRF analyses are shown in Table 4.6 and Table 4.7
for the S100 and S50 pastes, respectively. No specific change of weight fractions of MgO,
Al2O3, SiO2, SO3, K2O, CaO with the change of curing time or curing conditions in both
pastes can be observed. There is also no significant difference between these weight
fractions in the sealed and unsealed specimens. Meanwhile, a lower amount of Na2O
is observed in unsealed samples. The results also show that the Na2O content is simi-
lar in sealed cured samples at all curing ages, while it is decreasing in unsealed cured
samples with elapse of time. It is important to note that the consistency of XRF results
with PARC regarding the Na2O content (Tables 4.6, 4.7, 4.8, 4.9) confirms the reliability
of these observations.

The lower amount of Na2O content in the unsealed cured samples (in both S50 and
S100) at 28 days can be explained by the fact that the pore solution is not in equilibrium
with the RH of the curing room atmosphere in these specimens from day 1 (see Chapter
6, section 6.3.1.1). Due to a RH gradient between the sample and curing room atmo-
sphere, condensation of water on the samples causes dilution of the pore fluid. Conse-
quently, the initial equilibrium between the pore fluid and the gel cannot be maintained.
This causes the gel to re-equilibrate by releasing Na+ into the pore fluid until the pore
fluid becomes in equilibrium with the outside RH. It is interesting that the Na2O content
and its changes are similar in both S50 and S100 pastes, that is because the same RH
was imposed on samples. The rest of the oxides have different fractions in S50 and S100,
which is consistent with the level of GGBFS replacement.

Finally, it can be seen that the bulk composition of the samples (S50 and S100) stays
constant in both analyses, XRF (Table 4.6 and Table 4.7) and PARC (Table 4.8 and Table
4.9), while the phase proportions change with time (see Figure 4.23 and Figure 4.26).
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Table 4.6: Bulk chemistry obtained with XRF for the pastes S100.

S100 1d sealed 7d sealed 28d sealed 1 year sealed 7d unsealed 28d unsealed
Na2O 4.48 4.80 4.45 5.12 3.96 2.76
MgO 6.00 6.11 5.89 6.71 6.29 6.02
Al2O3 10.09 10.35 9.98 10.02 10.59 10.32
SiO2 33.90 34.70 33.71 36.42 35.44 34.58
P2O5 0.00 0.00 0.00 0.00 0.00 0.00
S 1.44 1.44 1.43 1.60 1.32 1.20
K2O 0.42 0.41 0.42 0.33 0.40 0.38
CaO 40.53 39.62 41.24 37.40 39.29 41.76
TiO2 1.39 1.22 1.40 1.17 1.31 1.43
MnO 0.36 0.31 0.35 0.32 0.33 0.38
Fe2O3 0.69 0.66 0.68 0.61 0.66 0.67

Table 4.7: Bulk chemistry obtained with XRF for the pastes S50.

S50 1d sealed 7d sealed 28d sealed 1 year sealed 7d unsealed 28d unsealed
Na2O 5.09 5.12 4.46 4.56 4.78 3.88
MgO 3.87 4.07 3.78 4.16 4.21 4.50
Al2O3 15.42 15.08 13.71 14.41 15.36 15.49
SiO2 43.27 43.38 41.00 45.74 44.12 44.83
P2O5 0.31 0.32 0.30 0.23 0.32 0.34
S 1.07 1.10 1.17 1.12 1.00 0.96
K2O 0.85 0.86 0.93 0.81 0.82 0.80
CaO 22.50 22.92 25.89 22.58 22.39 22.47
TiO2 1.34 1.36 1.59 1.30 1.26 1.34
MnO 0.20 0.21 0.26 0.21 0.20 0.21
Fe2O3 4.94 4.82 6.03 4.73 4.65 4.58

Table 4.8: Bulk chemistry obtained with PARC for the pastes S100.

S100 1d sealed 7d sealed 28d sealed 1 year sealed 7d unsealed 28d unsealed
Na2O 4.71 4.92 4.90 4.35 4.32 1.77
MgO 7.03 7.10 6.892 7.17 7.15 6.68
Al2O3 12.09 12.06 11.51 10.84 12.26 11.60
SiO2 30.04 31.03 33.62 33.87 31.06 33.49
P2O5 0.32 0.30 0.24 0.24 0.31 0.31
SO3 1.68 1.95 1.72 1.66 1.60 1.24
K2O 0.54 0.47 0.36 0.31 0.48 0.34
CaO 41.09 40.44 39.22 39.80 41.23 42.95
TiO2 1.01 0.99 1.02 1.01 1.03 1.03
MnO 0.29 0.29 0.29 0.29 0.30 0.28
Fe2O3 0.40 0.44 0.31 0.48 0.25 0.33
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Table 4.9: Bulk chemistry obtained with PARC for the pastes S50.

S100 1d sealed 7d sealed 28d sealed 1 year sealed 7d unsealed 28d unsealed
Na2O 4.26 4.54 4.13 6.49 3.61 2.55
MgO 4.83 5.13 4.51 4.42 5.26 4.84
Al2O3 16.46 17.41 17.06 15.21 16.87 16.30
SiO2 42.8 42.55 40.30 44.23 43.22 43.21
P2O5 0.61 0.61 0.55 0.55 0.61 0.55
SO3 1.22 1.40 1.85 1.71 1.46 1.62
K2O 1.09 1.05 1.00 0.98 1.03 0.84
CaO 23.77 23.44 26.83 22.69 23.80 26.73
TiO2 0.94 1.03 0.91 0.98 1.05 0.91
MnO 0.21 0.19 0.17 0.23 0.21 0.20
Fe2O3 3.71 2.39 2.44 2.61 2.90 2.24

4.3.2.5. PHASE MINEROLOGY

XRD tests were only performed on S50 paste that has 50 wt. % of FA and hence contains
crystalline phases. These phases are quantified with XRD-Rietveld analysis. Quantifi-
cation of the reaction products with XRD was not possible for the S100 paste due to its
amorphous nature. However, PARC showed to be a very useful technique in separating
reacted and unreacted phases and also enabled calculation of the degree of reaction of
the S100 samples (Figure 4.28). Figure 4.29 shows the obtained XRD diffractograms as a
function of curing time and curing conditions. The broad humps beneath the peaks of
the crystalline phases of XRD diffractograms indicate the presence of amorphous phase
(see Figure 4.29), which is quantified in Figure 4.30. This hump becomes more pro-
nounced with the presence of the nanocrystalline phase such as Ca-Na-Al-Si-H (around
34 2 Theta), that is the main reaction product of the studied alkali activated pastes. This
hump is most visible in the XRD diffractogram for 1 year sealed cured sample.

Figure 4.29: XRD diffractograms with respect to the phases in paste S50 for sealed and unsealed curing condi-
tions.
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Figure 4.30 shows that curing conditions affect the mineralogical composition and
the content of the phases in the samples S50. The amorphous phase content of the
sealed cured pastes is similar at 1, 7 and 28 days but it is increased after 1 year. While
the amount of quartz in the specimens is almost constant during 1 year of reaction (see
Figure 4.30), mullite seems to be decreasing after 28 days. The amount of quartz deter-
mined with QXRD is similar to results obtained for quartz with PARC (see Figure 4.26).
A decrease in the amorphous content can also be observed in unsealed cured samples,
which is due to the formation of calcite (see Figure 4.30). The calcite content increases
in the unsealed cured samples with curing age. The calcite was formed due to superficial
carbonation of the unsealed cured samples as described in Chapter 6, section 6.3.1.3.

Figure 4.30: Quantitative phase analysis with Rietveld method for paste S50 as a function of time and curing
conditions.

4.3.3. PORE STRUCTURE OF ALKALI ACTIVATED PASTES DETERMINED WITH

MIP
The porosity of alkali activated FA (S0), GGBFS (S100) and blended FA/GGBFS pastes
(S30, S50, S70) at 28 days was measured first with MIP. The mean pore diameter (0.13
µm) was only determined for alkali activated FA paste. For the pastes containing GGBFS
the mean pore size was not accessible with MIP. It was determined with N2 adsorption.
The characteristic size of capillary pores and the shape of cumulative MIP curves gen-
erally observed in cement paste are not observed in alkali activated pastes (see Figure
4.31), with exception of paste S0. Paste S0 has a high porosity and large pore size distri-
bution because of the two reasons. The first is the use of lower alkaline concentration for
dissolution of the FA used in this study than generally described in literature [36]. The
second is the use of ambient curing conditions instead of curing at elevated temperature
usually applied for curing of alkali activated FA-based systems [129]. The MIP results are
in agreement with SEM observations. A number of cavities was observed in paste S0 with
a large amount of unreacted FA particles (see Figure 4.15).
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Figure 4.31: Pore size distribution and differential curves of pastes at 28 days determined with MIP.
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When GGBFS is used, smaller pore sizes are found, which is consistent with obser-
vations described in literature [148]. The dense microstructure is assigned to the large
amount of reacted GGBFS and higher space-filling capacity by Ca-Na-Al-Si-H gel than
by Na-Al-Si-H gel. The Na-Al-Si-H type gels (gel type in paste S0) do not chemically bind
water and therefore do not provide the same degree of pore network obstruction as Ca-
Na-Al-Si-H gel [148]. BSE images (Figure 4.16) and MIP results (Table 4.10, Figure 4.31)
showed that capillary pores are absent for mixtures S50, S70 and S100. This is in line with
the study of Lloyd et al. [190] and it implies slower rate of ions transport thought the pore
structure for GGBFS-rich pastes which will be further studied in Chapter 8.

Table 4.10: Pore structure properties of pastes at 28 days characterized with MIP (> 7nm).

Mixtures Mean pore diameter Total porosity
[µm] [%]

S0 0.13 43.72
S30 0.08 26.04
S50 - 9.40
S70 - 6.54
S100 - 3.57

The difference in total porosity at 28 days of pastes S30 and S50 was significant (see
Table 4.10), implying that the amount of reaction products in paste S50 is significantly
higher than in paste S30. It should be noted that the total porosity of pastes S50, S70,
S100 may be higher than measured with MIP because the mercury could not be in-
truded into very fine pores (<7 nm) which are present in high GGBFS-based alkali ac-
tivated binders [190]. Therefore, the pore structure was further studied with Nitrogen
adsorption (next section).

4.3.4. PORE STRUCTURE OF ALKALI ACTIVATED PASTES DETERMINED WITH

N2 ADSORPTION
N2 adsorption identifies sizes of the pores that are beyond the detection range of the
mercury intrusion method. By coupling N2 adsorption with MIP it covers the entire pore
size range. Before considering the pore size distribution, adsorption isotherms should
be considered first. Figure 4.32 shows N2 adsorption isotherms of the studied alkali-
activated pastes. The shape of a N2 adsorption isotherm can be used for determining
whether the pores present in the sample are micropores (below 2 nm), mesopores (be-
tween 2 and 50 nm) or macropores (above 50 nm) [191]. Comparing the quantities of
adsorbed N2 of different alkali-activated pastes indicates a higher gel porosity for pastes
S50, S70 and S100 than for pastes S0 and S30. For the pastes S50, S70 and S100, the
dependence between the adsorbed N2 and relative pressure is found to be linear. The
straight line extrapolates to a non-zero positive intercept on the ordinate. This intercept
shows the volume of micropores in which adsorption takes place by the pore volume-
filling mechanism [192]. The isotherms are typical for microporous to mesoporous ma-
terials [192].
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Figure 4.32: N2 adsorption isotherms for alkali-activated pastes at 28 days. The N2 adsorption isotherms were
fitted for pastes S50, S70 and S100. R2 is the correlation coefficient from the least-squares linear fits.
The amount of adsorbed N2 [mmol/g] is recalculated into volume at STP (STP = Standard Temperature and
Pressure), [cm3 STP/g].

Figure 4.33 shows pore size distributions of alkali activated pastes measured with N2

adsorption. The critical pore sizes around 4 nm were identified for S50 and S70 pastes.
The peaks for gel pores in S0 and S30 samples were not detected in Figure 4.33 (right).
This is consistent with the findings of Ma et al. [193], where for a given alkaline acti-
vator composition (SiO2:Na2O=0.5:1.5) the similar curves were observed. By increas-
ing the GGBFS content pores became refined and capillary pores could not be observed
anymore. Such a low porosity is also found in ultra-high performance cement-based
composites containing silica fume [194]. Samples S50, S70 and S100 at age of 28 days
are remarkably free of mercury intrusion (see Figure 4.31), indicating that the pores are
smaller than 7 nm, consistent with N2 adsorption results (see Figure 4.33). This has two
implications for CO2 diffusion of the studied pastes:

1. in alkali activated FA/GGBFS pastes (S50, S70, S100), the largest volume of the
pores at 28 days is observed at the level of gel pores. This means that the gel pores
will be the main transport path for CO2, assuming that these pores are connected
and partially filed with water. The saturation degree will be measured in Chapter
6, section 6.3.1.1.

2. in alkali activated FA/GGBFS pastes (S0, S30), the characteristic peak for gel pores
cannot be distinguished from the measured range. However, it is certain that the
pores are all larger than 37 nm in these two pastes, according to MIP results, Figure
4.31.
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Figure 4.33: Pore size distribution (left) and differential curves (right) of alkali-activated pastes at 28 days deter-
mined with N2 adsorption. In the left graph, curves for the pastes S50, S70 and S100 show higher pore volume,
contributed by the large dissolution of GGBFS and subsequent gel formation. Right of the indicated circle pore
volume of pastes S0 and S30 surpasses the ones for the other three pastes. In the right graph, P corresponds to
threshold gel pore diameter in pastes S50, S70 and S100.

4.4. CONCLUDING REMARKS

In this chapter the characterization of the microstructure, including chemistry of reac-
tion products and pore structure properties of the alkali-activated pastes prior to car-
bonation, is performed. In particular, the effect of curing conditions and GGBFS content
on the microstructure evolution of alkali-activated FA/GGBFS pastes were investigated.
This was achieved by using the PhAse, Recognition and Characterization (PARC) soft-
ware for the first time. It can be concluded that:

• PARC: The pastes reacted at different rates. Dominant phases were Mg-rich gel
around GGBFS particles, i.e. Ca-Mg-Na-Al-Si-H. Phases at larger distance from
the GGBFS and FA particles consisted mainly of Ca-Na-Al-Si-H. The next chapter
investigates carbonation of the gel phases in alkali-activated pastes.

– Curing conditions have significant influence on the chemical composition of
the phases of the microstructure of alkali-activated pastes. This effect is most
dominant after 28 days of curing, while at 7 days no significant difference was
found between sealed and unsealed pastes. The different chemical composi-
tion is due to Na+ loss from the samples which were cured unsealed. Instead
of Ca-Na-Al-Si-H gel, Ca-Al-Si-H gel is formed in these samples. The sealing
of the samples resulted in a higher Na+ content in the Ca-Na-Al-Si-H gel. The
effect of curing conditions was larger in paste S50 than in paste S100. The
main changes concerned the chemical composition of the gel phases and
their proportions. Apart from the chemical modifications of the gel phases,
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mineralogy of paste S50 was also dependent on the curing conditions. Con-
sequently, the carbonation degree is expected to be different for sealed and
unsealed cured samples.

– GGBFS content. The three main phases in paste S100 after 28 days of sealed
curing were distinguished: unreacted slag particles, Ca-Na-Al-Si-H gel and
Ca-Mg-Na-Al-Si-H gel. The Ca/Si ratio of the Ca-Na-Al-Si-H gel decreases
by a factor two in paste S50 compared to paste S100, proportionally to the
GGBFS content. Paste S50 has more phases than paste S100 (Figure 4.23 vs
Figure 4.26). Besides amorphous phase (unreacted GGBFS and FA, and gel
phases), paste S50 contains quartz, mullite, hematite and magnetite, which
can not be carbonated. Therefore, paste S50 has a lower amount of phases
that can be carbonated, which suggests lower degree of carbonation com-
pared to paste S100.

• MIP and N2: The replacement level of FA by GGBFS had a significant effect on the
pore structure evolution. For instance, the most prominent effect was observed
in GGBFS rich pastes, where porosity was reduced to 4% when the content of GG-
BFS used in the mixture increased up to 100%. Increase of the GGBFS content
decreases the total porosity by a factor of 10 (43.72% to 3.67%). Furthermore, an
increase of the GGBFS content refines the pore size distribution and pastes con-
sist generally of gel pores. This indicates low permeable alkali-activated pastes
with GGBFS, which suggests a slow CO2 diffusion in these pastes.





5
CO2 BINDING CAPACITY OF PASTES

“When you want to know how things really work, study them when they’re coming apart.”

William Gibson

Quantification of the CO2 binding capac-
ity of ordinary Portland cement (OPC)-based
concrete is of high importance for its car-
bonation potential and service life predic-
tions. Such information is still not obtained
for alkali activated materials (AAMs). To ad-
dress this gap, this chapter evaluates the CO2

binding capacity of alkali activated fly ash
(FA) and ground granulated blast furnace
slag (GGBFS) pastes. To accelerate the pro-
cess, the pastes were ground to powder. Five
mixtures with different FA/GGBFS ratio are
considered. The results showed that the alkali-activated pastes have a lower CO2 binding
capacity in comparison to OPC-based pastes. Furthermore, alkali-activated pastes have
similar CO2 binding capacity regardless of the FA/GGBFS ratio. It was observed that the
silicate functional groups corresponding to the reaction products in the pastes were pro-
gressively changing during the first 7 days, after which only carbonate groups changed.
It was also found that the CO2 bound in the alkali-activated pastes occurs to a substan-
tial extent in amorphous form. The information on reactivity of CO2 and maximum CO2

binding capacity of ground pastes will be used in Chapter 7 for comparing with the CO2

binding capacity of bulk alkali activated pastes.

Parts of this chapter have been published in:
Nedeljkovic, M., Ghiassi, B., Melzer, S., Kooij, C., van der Laan, S., Ye, G. (2018) CO2 binding capacity of alkali-
activated fly ash and slag pastes, Ceramics International [195]
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5.1. INTRODUCTION

A S DISCUSSED in Chapter 2, an accurate quantification of the CO2 binding capacity
(i.e. the amount of CO2 bound per weight) of alkali activated materials (AAMs) is of

critical importance for determination of their carbonation degree and service life pre-
dictions of alkali activated concrete structures. However, the CO2 binding capacity of
AAMs has not been experimentally determined previously and needs further attention.

In AAMs the CO2 binding capacity is expected to be different from that of OPC-based
concrete due to their differences in constituting phases and pore structure [196]. While
the main reaction products in OPC-based materials are portlandite and C-S-H, differ-
ent alkaline gel phases are formed in AAMs. These include sodium aluminosilicate hy-
drate (Na-Al-Si-H) [167, 196, 197], calcium aluminosilicate hydrate (Ca-Al-Si-H), calcium
sodium aluminosilicate hydrate (Ca-Na-Al-Si-H) and calcium magnesium sodium alu-
minosilicate hydrate (Ca-Mg-Na-Al-Si-H) as shown in Chapter 4, section 4.3.2.1. This
suggests that the CO2 binding capacity of AAMs, in contrast to OPC-based materials, is
not only a function of the reactive CaO content. It is also influenced by the Na2O content
consumed during the precursors (e.g. FA and GGBFS) dissolution.

Hence, this chapter focusses on reactivity of CO2, the quantification of the CO2 bind-
ing capacity and carbonation products of alkali activated FA and GGBFS pastes in com-
parison to OPC-based pastes. To accelerate the carbonation process, the pastes were
ground to powder after 28 days of sealed curing. The mechanism and degree of carbon-
ation were investigated through a complementary set of analytical methods, including
TG-DTG-MS, FT-IR, XRD/QXRD. The TG-DTG-MS was used for quantification of the CO2

binding capacity. The FT-IR analysis was performed to investigate the alterations of the
molecular structure of the gel after accelerated carbonation and to detect the carbonate
bands in powders as a basis for determining the presence of carbonation products. The
XRD and quantitative XRD (QXRD) were used for phase identification and quantification
of the carbonation products in carbonated powders, respectively.

The information on reactivity of CO2 and CO2 binding capacity of ground pastes
will be used for comparison with CO2 binding capacity of bulk alkali activated pastes
in Chapter 7.

5.2. MATERIALS AND METHODS

5.2.1. MATERIALS AND SAMPLE PREPARATION

In addition to FA and GGBFS, also Ordinary Portland Cement (OPC) (CEM I 42.5 N) and
blends of OPC and GGBFS (CEM III/B 42.5 N) were used. These cements are in com-
pliance with Dutch standard NEN-EN 197-1:2011. The chemical composition of CEM I
and CEM III/B was determined with X-ray Fluorescence (XRF) (Table 5.1). The chemical
composition of FA and GGBFS was reported in Chapter 3 (Table 3.1).

X-ray diffraction is used to study the minerology of raw materials. Figure 5.1 shows
results of quantitative phase analysis performed by Rietveld method for GGBFS, FA, CEM
I and CEM III/B. Figure 5.1 shows that GGBFS is fully amorphous, while FA is composed
of amorphous and crystalline phases (such as quartz, mullite, magnetite and hematite).
CEM I and CEM III/B have different mineral composition. The CEM I consists of tri-
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Table 5.1: Chemical composition of CEM I (42.5 N) and CEM III/B (42.5 N) measured with XRF [%].

SiO2 Al2O3 CaO MgO Fe2O3 S Na2O K2O TiO2 P2O5 LOI
CEM I 19.6 4.8 62.6 1.8 3.0 1.4 0.4 0.6 0.3 0.2 2.8
CEM III/B 30.0 11.0 45.0 7.0 1.3 1.9 0.4 0.5 0.9 0.6 0.1

calcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), tetracalcium
aluminate ferrite (C4AF) and small amounts of minor constituents like anhydrite (CaSO4),
calcite (CaCO3), periclase, gypsum and quartz. The XRD diffractogram of CEM III/B
shows that it is predominantly amorphous.

Figure 5.1: Quantitative phase analysis by Rietveld method for raw materials: GGBFS, FA, CEM I and CEM
III/B.

The alkaline activator was prepared as explained in Chapter 3, Section 3.2.2. For
each paste, the liquid-to-binder mass ratio was 0.5. The pastes were produced with the
following FA/GGBFS ratios of 100:0, 70:30, 50:50, 30:70, 0:100 wt.%, named S0, S30, S50,
S70, S100, respectively. Cement pastes were made with water-to-binder ratio 0.5. The
pastes were cast in polyethylene vials, with 35 mm diameter and 70 mm height, and
vibrated for 15-30 s on a vibrating table. The pastes were all sealed cured during the first
28 days. One set of samples was sealed cured for 180 days and it will be referred to as
“reference materials”. Figure 5.2 shows typical cylindric paste sample after 28 days of
sealed curing.

5.2.2. ACCELERATED CARBONATION CONDITIONS
The accelerated carbonation was performed in the CO2 chamber, Figure 5.2, where the
CO2 concentration, temperature and relative humidity are controlled. The CO2 concen-
tration was kept constant at 1% by volume. The temperature in the chamber was fixed
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at 20°C and a relative humidity at 60%, which are the optimal conditions for fast carbon-
ation [198].

Figure 5.2: Left: Bulk sample after demoulding (up), ground sample (middle), SEM-BSE image of the powder
(down). Right: Set-up for accelerated carbonation (Caron Reach-in CO2 Incubator 7400-33-3.

5.2.3. EXPERIMENTAL PROGRAMME

After 28 days of curing, the cylindric samples were demoulded and ground to a powder
(see Figure 5.2). The powder was obtained from the sides of the paste cylinders using a
diamond drilling tool and then it was placed in the CO2 chamber. By dusting, the pow-
der was evenly distributed over a paper before exposure in the CO2 chamber. The aver-
age particle size of the powder was 75 µm, still allowing full carbonation on a practical
timescale [61]. The mechanism and degree of the carbonation were investigated through
a complementary set of analytical methods, including TG-DTG-MS, FT-IR, XRD/QXRD.
The TG-DTG-MS allowed quantification of the CO2 binding capacity. The FT-IR analysis
was performed to investigate the alterations of the gel molecular structure after acceler-
ated carbonation and to detect the carbonates in powders as a basis for determining the
presence of carbonation products. The XRD and QXRD were used for identification of
the carbonation products and their quantification in carbonated powders. It should be
noted that the powders were analyzed with TG-DTG-MS, FT-IR and XRD, immediately
after the exposure period without any pre-drying. Therefore, the results include also
the effect of moisture in the samples. However, small amounts of moisture do not affect
quantification of the CaCO3. The sample materials that were not exposed to carbonation
are referred to “reference materials” or “0 h carbonation”, hereafter.
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5.2.3.1. TG-DTG-MS

The TG-DTG-MS method was used to quantify the binding capacity of CO2 by the pow-
ders. The TG-DTG-MS tests were performed at 0 h, 28 days, 180 days. The measure-
ments were performed on the samples shortly after collecting them from the carbona-
tion chamber.

Netzsch STA 449 F3 Jupiter coupled with a mass spectrometer Netzsch QMS 403 C
was used to identify the H2O and CO2 emissions for each temperature range. Samples
of approximately 35 mg were placed in an alumina crucible and exposed under an in-
ert atmosphere of argon and increasing temperatures ranging from 40◦C to 1100◦C at a
heating rate of 10◦C/min. A blank curve, obtained under the same conditions with the
same empty alumina crucible, was systematically subtracted. The Mass Spectrometer
(MS) was coupled to the TG to allow separation of concurrent mass loss from H2O and
CO2 release. The response of a sample with unknown concentration of CO2 was com-
pared to the response of a standard sample with known concentration under identical
analytical conditions. Calcite was defined as the standard for calibration of the mass loss
upon heating (Figure 5.3). Calibration of the Mass Spectrometer response to the CO2 re-
lease from this standard compound allowed quantification of the CO2 release from more
complex powders, that besides calcium carbonates also contain other compounds as re-
action products. The peak integral, i.e. the area under the MS CO2 curve, was quantified
using OriginPro 9 software for each paste.

Figure 5.3: Mass loss (wt.%) due to decomposition of CaCO3 (TG) and CO2 peak area definition (MS-CO2).
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5.2.3.2. FT-IR
The alteration of the molecular structure of the gel under accelerated carbonation was
investigated with FT-IR. The silicate (Si-O-T, T=Si, Al) and carbonate groups (CO3

2−)
were characterized in powdered pastes at different time intervals: 0h, 0.5h, 1h, 3h, 6h,
12h, 24h, 48h, 7 days, 14 days, 28 days, 180 days. Around 35 mg of powder of each paste
was collected and subsequently measured using attenuated total reflectance Fourier
transformed infrared (ATR-FTIR). Spectra were acquired with PerkinElmer Spectrum 100,
over the wavelength range of 4000 (2000) cm−1 to 600 cm−1 with a resolution of 4 cm−1.
A total of 16 scans were collected per measurement.

5.2.3.3. XRD-QXRD
Powders for XRD measurements were collected from reference samples (no CO2, 180
days of sealed curing) and at 180 days of carbonation. XRD-QXRD analyses were per-
formed as explained in Chapter 4, Section 4.2.2.3.

5.3. RESULTS

5.3.1. QUANTIFICATION OF CO2 BINDING CAPACITY
Figure 5.4 shows the DTG curves along with identified temperature ranges of the dehy-
dration and decarbonation of the phases in noncarbonated and carbonated cement and
alkali-activated paste powders. Figure 5.4 shows results for sealed cured, 180 days old
pastes. In the reference CEM I and CEM III/B pastes, two peaks can be observed. The
first peak at 50-200◦C temperature range is associated with the evaporation of free water
and decomposition of hydrates. The second peak, at 450◦C, is assigned to dehydration
of portlandite [173]. In contrast, in alkali-activated pastes, only one peak at temperature
range of 50-200◦C is found, that is common for the dehydration of the gel phases (N-A-
S-H, C-(N-)A-S-H) [63]. This clearly shows the absence of portlandite in alkali activated
pastes.

The DTG curves of powders carbonated for 180 days showed a peak below 200◦C
(Figure 5.4). Additionally, it can be observed that the portlandite is still remaining in
the carbonated paste CEM I, whereas it has completely disappeared in the CEM III/B
paste (Figure 5.4). The broad peaks in the temperature range of 250-950◦C correspond
to release of CO2 from different metastable to stable carbonates. The relative intensities
of these peaks change with the GGBFS content in alkali activated pastes and become
dominant with increasing the amount of GGBFS.

The MS CO2 curves of the reference (0 h) and carbonated (28 days and 180 days)
pastes are plotted in Figure 5.5. The carbonate types present in the samples can be iden-
tified from the temperature ranges in which the CO2 is released as follows:

• carbonates from the aqueous solution with lower temperature release between
100◦C and 180◦C, such as sodium bicarbonates/carbonates;

• amorphous carbonates with higher release temperatures between 245◦C and 645◦C;

• crystalline carbonates detected with XRD with known temperature release between
645◦C and 745◦C.
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(a) DTG curves for reference (noncarbonated) powders (after 180 days of sealed curing).

(b) DTG curves for carbonated powders (after 180 days of carbonation).

Figure 5.4: DTG curves
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The quantity of each carbonate type can also be estimated from the area under the
MS CO2 curves in each of these temperature ranges. The TG-DTG-MS spectra show a mi-
nor release of CO2 at around 100◦C and the major release at temperatures above 300◦C
in all paste types. It also seems that a premature carbonation (at t=0 h) has taken place
in most of the pastes during the grinding of the pastes. Another interesting observation
is that the CO2 release ends at 650-700◦C in alkali activated pastes that is lower than the
maximum release temperature in cement-based pastes (750◦C).

In alkali activated pastes (except S0), a small but distinct CO2 release peak is observed
at 675◦C only in 180 days carbonated samples. In the temperature range of 300◦C to
650◦C, all carbonated pastes show multiple release peaks. These peaks are clearly ob-
servable at 500◦C and at 600◦C in alkali activated pastes. In blended pastes (i.e. S30, S50
and S70), there is a significant difference between the peaks at 500◦C in 28 days and 180
days carbonated samples, but the peaks at 600◦C do not show significant differences.
Interestingly, this peak (at 600◦C) is almost absent in the paste S30. Additionally, paste
S0 shows a distinct CO2 emission at 140◦C that can be attributed to the nahcolite decar-
bonation as also observed in XRD analyses (Figure 5.11) and previously reported data in
the literature [63]. These results show that depending on the type of pastes various forms
of carbonates are formed under accelerated carbonation tests.

In general, the total CO2 release has increased from 28 days to 180 days in alkali acti-
vated blended pastes, showing that carbonation has been progressing during this period.
This is similar to CEM I and CEM III/B pastes in which the released CO2 between 28 days
and 180 days significantly increased in the temperature range of 550◦C to 800◦C. On the
contrary, S0 paste hardly binds any CO2 and S100 paste shows little difference between
the CO2 release of 28 and 180 days of carbonation.

It is known that CaCO3 can precipitate from aqueous solution in various metastable
forms [199, 200], while CO2 is likely to be present as adsorbed CO2 or carbonate/bicarbonate
ions in solution (such as CO3

2− or HCO3
2−) [201]. The simultaneous presence of amor-

phous CaCO3, metastable CaCO3 (vaterite and aragonite) and calcite in the carbonated
powder makes it difficult to carry out a rigorous separation of temperature ranges for
their decomposition. However, this does not affect calculations made for determination
of the total bound CO2.

The calculations of bound CO2 show that, on average, 10-36 % CO2 by mass of pastes
was bound after 180 days through formation of Ca- and/or Na- carbonates (Table 5.2).
It can be observed that the identified CaCO3 is mainly crystalline in S100 paste, while
it is mainly amorphous in all other alkali-activated pastes. It also seems that the alkali
activated pastes take up similar amounts of CO2 after 180 days of exposure.

Pastes S70 and S100, although having a higher CaO content in their chemical com-
position (Chapter 3, Table 3.1), have a lower bound CO2 compared to other pastes. This
may seem contradictory to the XRD results (Figure 5.12), but it should be noted that
the total amount of crystalline CaCO3, determined with QXRD, underestimates the CO2

amount quantified by thermal analysis. This can be the reason for the observed differ-
ence between the TG-DTG-MS and QXRD results as various forms of CO2 appeared in
the samples, including adsorbed CO2 in the C-(N-)A-S-H gel and pore solutions, amor-
phous CaCO3 (that all cannot be detected with XRD), as well as chemically bound CO2

in crystalline phases NaHCO3 and CaCO3 polymorphs.
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Figure 5.5: MS CO2 curves of reference paste powders (samples before carbonation, 0 h, green lines), MS CO2
curves of paste powders obtained after 28 days of continuous carbonation (red lines), MS CO2 curves of paste
powders obtained after 180 days of continuous carbonation (black lines), (exposure conditions: 1% v/v CO2,
20◦C, 60 %RH).



5

100 5. CO2 BINDING CAPACITY OF PASTES

The variation of temperatures at which these carbonates are decomposed from the
pastes, stems from the differences in the gel’s chemical and molecular structure in these
pastes. The carbonation of gel phases with different Ca/Si ratio, i.e. with different intrin-
sic atomic ordering of calcium (alumino) silicate hydrates, will certainly lead to struc-
turally different types of carbonates, as will be shown in Section 5.3.3.

5.3.2. MOLECULAR ANALYSIS OF THE FUNCTIONAL GROUPS
The FT-IR technique was used to monitor the changes of the reaction products during
carbonation. This information is important for comprehensive understanding of the gel
carbonation at molecular level. Three major functional groups are distinguished:

• water (H2O and OH) region;

• Si–O–Si (Al) region;

• carbonate (O-C-O) region.

The FT-IR spectra and the characteristic frequencies of pure Na-carbonates and Ca-
carbonates obtained from [202, 203] are shown in Figures 5.6 and 5.7. These spectra
were used to differentiate carbonate phases in carbonated alkali activated pastes. All the
samples were cured for 28 days under sealed conditions before they were carbonated.
The FT-IR spectra of reference and carbonated pastes are compared in Figure 5.9. A sep-
arate presentation of the reference spectra (after 180 days of sealed curing) and spectra
of pastes at 180 days of carbonation is made in Figure 5.10 for clarity of analysis.

Figure 5.6: FT-IR spectra and characteristic frequencies of Na-carbonates [cm−1].
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Figure 5.7: FT-IR spectra and characteristic frequencies of Ca-carbonates [cm−1] obtained from [203].

5.3.2.1. WATER (H2O AND OH) REGION

The presence of H2O is detected by two characteristic absorption bands in the 3700-2500
cm−1 region (corresponding to the stretching and deformation modes of OH−) and in the
1640 cm−1 region (associated with bending vibration mode of H2O) that is in agreement
with those reported in the literature [204]. The important difference between the refer-
ence cement-based and alkali-activated paste powders (0 h, Figure 5.9) is found in the
region of the OH− group (3700-2500 cm−1 region). In the cement paste powders (CEM
I and CEM III/B) this band at 3642 cm−1 is assigned to OH− group of portlandite. This
shows the absence of portlandite as also shown by the TG-DTG-MS spectra (Figure 5.4).

The intensity of the OH− group band related to portlandite at 3642 cm−1 in pastes
CEM I and CEM III/B is gradually decreased (0-28 days of carbonation, Figure 5.9) until
it completely disappeared after 180 days of accelerated carbonation (Figure 5.10). Car-
bonation, in general, leads to reduction of water-related bands, at 3700-2500 cm−1 and
1640 cm−1, in all the pastes (Figure 5.10). This is in agreement with the reduced release
of water in DTG curves (Figure 5.4). This reduction is most significant for the alkali-
activated pastes.

5.3.2.2. SI–O–SI (AL) REGION

Positions of silicate groups (symmetric stretching bands∼950 cm−1, Si-O-T (with T=Si,Al))
in FT-IR spectra indicate different gel molecular structures for the alkali-activated pastes
compared to cement-based pastes (most deviant for S0 and cement-based pastes, the
latter with a double peak at 1120 cm−1 and ∼950 cm−1, Figure 5.10). Depending on the
connectivity of silicon sites in silicate glasses as visualized in Figure 5.8, the SiQ4 unit has
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an IR absorption band centered around 1200 cm−1, the SiQ3 unit around 1100 cm−1, the
SiQ2 unit around 950 cm−1, the SiQ1 unit around 900 cm−1 and the SiQ0 unit around 850
cm−1 [205].

Figure 5.8: Connectivity of silicon sites in silicate glasses.

Regardless of the type of the paste, the IR absorption band implies that the SiQ2 was
the main unit in the gel structure of the studied pastes before carbonation. The Si-O-T
stretching band appears at approximately 1015 cm−1 for the carbonated powders con-
taining GGBFS, while the same band in the reference powders (noncarbonated) appears
around 950 cm−1 (Figure 5.10). This shift is caused by gradual polymerization of the or-
thosilicate units (SiO4

4−) in the gel phases of cement and GGBFS pastes, i.e., the C-S-H,
C-(N-)A-S-H gels, yielding Q2 and Q3 silicate units (Figure 5.10). Meanwhile, as the FA-
rich pastes are predominantly amorphous aluminosilicate materials, they likely consist
of both Si-OH and Al-OH groups and can be, therefore, subjected to polymerization of
Si-O-Al [206]. The extraction of the network modifyers (Ca, Na) from the gel interlayers
as a result of carbonation leads to an excess of negative charge which is subsequently
eliminated by adsorption of the cations (mostly Na+) from the pore water. A similar pro-
cess also occurs in carbonated OPC-based pastes as reported by Anstice et al. [207].

The carbonation process is described with chemical reactions 5.1-5.3, where a, b, c,
d, e, and f are the stoichiometric coefficients for the respective oxide components CaO,
Na2O, Al2O3, SiO2 and H2O. The coefficients are different for each of the studied mix-
tures.
Formation of carbonate ions:

CO2(aq)+H2O → H2CO3 → HCO−
3 +H+ →CO2−

3 +2H+ (5.1)
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Formation of sodium carbonates:

H2CO3 +2N aOH → N a2CO3 +2H2O (5.2)

Formation of calcium carbonates:

aN a2CO3 + (C aO)a(N a2O)b(Al2O3)c(SiO2)d(H2O)e →
aC aCO3 + (N a2O)b(Al2O3)c(SiO2)d(H2O) f +2aN aOH + (e − f )H2O (5.3)

When no cations are available to preserve charge equilibrium, neighbouring groups Si-
OH, Si-ONa, Al-OH or Al-ONa condense and merge to Si-O-Si or Si-O-Al gel. The reac-
tions taking place during the process are considered in 5.4-5.6.

Formation of Si-O-Si or Si-O-Al gel:

≡ Si −OH +HO −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+H2O (5.4)

≡ Si −ON a +HO −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+N aOH (5.5)

≡ Si −ON a +HCO3 −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+N aHCO3 (5.6)

The peak intensities of silicate functional groups in pastes did not undergo further
change after 7 days of accelerated carbonation (Figure 5.9). Based on the FT-IR time-
series measurements (see Figure 5.9), it appears that most of the pastes have been fully
carbonated after 7 days of exposure in the carbonation chamber. The results suggest that
the carbonation of a C-(N)-A-S-H type gel might take place in two stages:

• decalcification of the gel toward formation of a N-A-S-H, followed by

• de-alkalinisation of the metastable N-A-S-H gel and final formation of an alumi-
nosilicate type gel, whose structure is similar to the decalcified binding product.

Both silicate and carbonate changes are least apparent for the S0 paste. This suggests
that the gel in this paste did not carbonate as earlier found by the TG-DTG-MS results.
The CO2 was mainly present as adsorbed on the N-A-S-H gel or in aqueous solution.
This, also, is consistent with a study of Bernal et al. [63].

The silicate band in paste CEM I (950 cm−1 →1075 cm−1) shifts more compared to
silicate band in paste CEM III/B (960 cm−1→1021 cm−1) and alkali-activated pastes af-
ter carbonation (950 cm−1→1015 cm−1). The magnitude of this shift is indicative of the
polymerization degree [208]. In this study this effect is lower for alkali-activated pastes
(65 cm−1) and paste CEM III/B (75 cm−1), compared to carbonated paste CEM I (125
cm−1). Comparing the magnitude of Si-T shift from this study with that of reported by Li
et al. [209] and of Palacios et al. [59], it can be deduced that carbonated alkali-activated
slag can polymerize even further after carbonation (1031 cm−1) than observed in this
study (1015 cm−1). Concerning the CO2 concentration used in this study (1% v/v CO2)
and from [209] (20% v/v CO2) and [59] (100% v/v CO2) it can be concluded that the de-
gree of gel polymerization increases with the CO2 concentration, in agreement with the
findings of Castellote et al. [210].
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Figure 5.9: FT-IR spectra of cement pastes (CEM I and CEM III/B) and alkali-activated FA/GGBFS pastes from
time zero of exposure until 28 days (exposure conditions: 1% CO2, 60 %RH).
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Figure 5.9: FT-IR spectra of cement pastes (CEM I and CEM III/B) and alkali-activated FA/GGBFS pastes from
time zero of exposure until 28 days (exposure conditions: 1% CO2, 60 %RH).
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5.3.2.3. CARBONATE (O-C-O) REGION

The FT-IR spectra of carbonated pastes show third type of bands, i.e. the carbonate
bands. Three types of carbonate bands can be observed: strong broad band at 1408-
1470 cm−1 due to the asymmetric stretching of CO2−

3 (v3), narrow band at 875-856 cm−1

representing the bending (v2) of CO2−
3 , and the band at 713 cm−1 in-plane bending (v4)

of CO2−
3 . Most of these bands correspond to characteristic bands of amorphous CaCO3,

vaterite, aragonite and calcite, as it can be deduced by comparison to the FT-IR spectra
of their pure chemical compounds (Figure 5.7).

After first 0.5h of CO2 exposure, the CO2 uptake was recorded through appearance of
carbonate bands at 1400-1500 cm−1. This implies that the carbonation rate for powdered
paste samples is initially controlled by the sorption of CO2 at surface sites rather than by
the rate of chemical reaction at the surface. This is consistent with the study of Reardon
et al. [211] for carbonation of cement powder paste under high CO2 pressure.

Figure 5.9 shows that the CO2 uptake is more pronounced in cement-based pastes
than in alkali-activated pastes. This can be seen from the increase of the intensity of the
bands at 1400-1500 cm−1 region after 0.5 h. This is mainly due to higher CaO content
in the cement-based pastes and hence higher affinity of cement-based pastes to adsorb
CO2. Hence the influence of composition of starting gel phases in the pastes on the CO2

uptake is considerable. The rate of CO2 uptake with progress of carbonation from 7 days
to 28 days was slower than in the first 7 days with an initial rapid CO2 uptake. Although
FT-IR spectra show an intermediate CO2 uptake between 7 and 28 days, the CO2 uptake
varied between pastes in period of 28 to 180 days (Figure 5.9). It can be seen that in
S50, S70 and S100 pastes in region 1400-1500 cm−1 the right shoulder around 1400 cm−1

disappears with elapse of carbonation time and that the left shoulder close to 1500 cm−1

became larger after 7 days of exposure, even more pronounced in the GGBFS-rich pastes.
It is assumed that in the first few hours of carbonation CO2 is combined with gel phases,
whereas in later ages, between 48 hours and 28 days, CO2 is gradually released and forms
aragonite (pastes S50, S70, S100). The aragonite is identified based on pure aragonite
FTIR spectra in Figure 5.7 and QXRD results in Figure 5.13. The formation of aragonite
was concurrent with the presence of amorphous silica in the samples as also observed
in previous study [212].

Rafai et al. [213] reported similar CO2 transformation during early carbonation of
cement-based concrete. Using stable isotope 18O and 13C, authors found that the ini-
tial CaCO3 has a distinct isotope composition, and a large quantity of CO2 was combined
with C-S-H gel. The CO2 was then gradually released and produced another CaCO3,
which was characterized by a much larger 18O content than the initial CaCO3. Similarly,
Black et al. [212] reported the amorphous calcium carbonate as the first carbonation
product from studies of the C-S-H carbonation at a longer time scale, formed presum-
ably by the physical adsorption of CO2 on the C-S-H gel surface. The subsequent for-
mation of crystalline CaCO3 polymorphs depended upon the Ca concentration and Ca
availability in the surface layers as seen in this study. Different crystalline forms of the
same compound (CaCO3) exhibit slightly different IR spectra (spectra between vaterite,
aragonite, calcite), the so-called polymorphism effect [214]. This is reflected in the FT-IR
spectra for most of the studied pastes.
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Figure 5.10: Comparison of reference FT-IR spectra and after 28 days and 180 days of carbonation (1% v/v CO2,
60 % RH), for cement and alkali-activated pastes.
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While S0 paste shows hardly any carbonate bands, the intensity of the broad 1400-
1500 cm−1 bands increased with GGBFS content (from S30 to S100 paste). Pastes S30,
S50, S70 and S100 contain a sharp carbonate peak at 856 cm−1 and only S30 has a sec-
ond sharp peak at 875 cm−1. Additionally, the broad, unsplit band in the range 1400-1500
cm−1 represents amorphous CaCO3 [203] and it is characteristic of the sample S30. This
observation is in agreement with the decomposition of amorphous phase of the sam-
ple S30 demonstrated by the mass spectrometry analysis (Figure 5.5). In contrast, FT-IR
spectra of the carbonated samples S50, S70, S100 (Figure 5.10) contain well-resolved v3

doublets with maximum at 1470 cm−1, corresponding to aragonite [203], as confirmed
with XRD analysis (Figure 5.13). The cement-based pastes contain also three CaCO3

polymorphs, vaterite, aragonite, and calcite.
The calcite band in cement pastes at 875 cm−1, overlaps with the vaterite band ac-

cording to the frequency ranges for vaterite and calcite carbonate groups in Figure 5.7.
To further examine the presence of different CaCO3 and their proportions, and also of
Na-carbonates since the appearance of Na-carbonates in FT-IR spectra is not clear, XRD
analysis is followed in the next section.

5.3.3. CRYSTALLINE CARBONATION PRODUCTS
To confirm the transformation of gel phases to various types of metastable (vaterite,
aragonite) and stable CaCO3, phase identification and quantitative analysis with XRD/QXRD
were performed to complement the FT-IR identifications in Section 5.3.2. Figure 5.11
shows XRD diffractograms of CEM I and CEM III/B pastes along with identified and
quantified carbonation products for carbonated cement-based paste powders after 180
days of carbonation. It can be seen that the amorphous phase is dominant and its con-
tent is significantly higher in CEM III/B than in CEM I paste. The presence of remain-
ing portlandite in the carbonated powder of CEM I paste and its absence in CEM III/B
is clear. This residual portlandite in paste CEM I was also found in TG-DTG analyses.
Hydrotalcite was found in paste CEM III/B, resulting from the high MgO content in this
paste compared to paste CEM I, where MgO is very low. Regarding the carbonation prod-
ucts, vaterite, aragonite and calcite were found in paste CEM III/B, while only aragonite
was found in paste CEM I.

Figure 5.12 shows XRD diffractograms along with identified carbonation products
for reference alkali-activated pastes (noncarbonated powders) and for carbonated pow-
ders after 180 days of carbonation. Similar to paste CEM III/B, also in alkali-activated
pastes S0→S100 the amorphous phase is dominant (Figure 5.13). The pastes containing
FA showed peaks for quartz, mullite, hematite and magnetite. Comparison of the XRD
diffractograms of noncarbonated and carbonated pastes shows several additional peaks
formed in the carbonated samples (Figure 5.12). These peaks showed that nahcolite is a
carbonation product in paste S0 as also found by Bernal et al. [7].
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Figure 5.11: XRD diffractograms with respect to the phases in: CEM I and CEM III/B carbonated powders
(left), quantitative phase analysis by Rietveld method for cement paste carbonated powders after 180 days
carbonation (right).

Aragonite was a dominant carbonation product in S50, S70 and S100, but this was
not the case for paste S30 as also observed in FT-IR spectra (Figure 5.9). In paste S30, the
amount of calcite was found to be higher than aragonite. It is known that the resulting
CaCO3 polymorph depends on the conditions of carbonation such as relative humidity,
temperature, CO2 concentration as well as type of cement [215], but also on the environ-
mental conditions (RH, % CO2) during preparation of the powder. It should be noted that
these factors can also affect the quantitative phase analysis by Rietveld method and can
be a reason for such a high amount of calcite observed in the paste S30, compared to the
other pastes. In Figure 5.5 (MS CO2), paste S30 has a range of amorphous calcium car-
bonates, which cannot be identified with XRD. In addition, the small peak around 675◦C
appears in paste S30 (Figure 5.5), suggesting decomposition of other form of CaCO3 than
amorphous. It is believed that this peak is related to the decomposition of calcite, as low
crystalline calcite with high dispersity is thermally less stable and preferentially decom-
poses within the temperature range of 680-775◦C [103].

Generally, the amount of carbonates increases with increasing GGBFS content in
the pastes, but still alkali-activated pastes have lower carbonate amounts compared to
pastes CEM I and CEM III/B (Table 5.2, QXRD results). As for carbonate phases in cement-
based pastes, higher proportion of vaterite in CEM I paste than in paste CEM III/B is
believed to be a consequence of initially higher portlandite content in CEM I paste and
due to similarities in the portlandite and vaterite symmetries [216] and their (positive)
surface charge [217] as observed by Black et al. [212].
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(a) reference noncarbonated powders

(b) carbonated powders after 180 days carbonation

Figure 5.12: XRD diffractograms with respect to the phases in alkali-activated FA and GGBFS

In order to compare the tendencies of pastes to bind the CO2, quantification of CO2

binding capacity was done with two analyses, TG-DTG-MS and QXRD. Quantitative phase
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analysis by Rietveld method gives the CO2 that is bound in the crystalline phases only. It
can be seen that the largest portion of well crystallized carbonates is found for cement-
based pastes. Regarding the disagreement between values for CO2 binding capacity
measured with TG-DTG-MS and QXRD (Table 5.2), it is clear that the TG-DTG-MS gives
the highest values for CO2 binding capacity because CO2 is contained in crystalline and
amorphous phases, the latter not detected in XRD. The TG-MS values are also supported
by FT-IR characterization of the early carbonation of the pastes, where it was evidenced
that initially amorphous carbonates were formed. These metastable carbonates under
the accelerated carbonation conditions were gradually converted into the more stable
aragonite. However, not all the metastable carbonates were completely converted as
shown by TG-DTG-MS results (Figure 5.5).

The difference between the CO2 binding capacity values measured with TG-DTG-
MS and QXRD at 180 days, gives the amount of the CO2 which is in amorphous form.
The CO2 binding capacity can be calculated from the chemical composition of the paste
based on the (earth) alkaline content of each paste and assuming the stoichiometry
of bonding (namely CaO-CO2, MgO-CO2, NaOH-CO2, KOH-CO2). The calculated CO2

binding capacities for the pastes are given in Table 5.2. The actual amount of CO2 bound
(TG-DTG-MS) was found to be less than the theoretical in all alkali-activated pastes. If
the MgO, Na2O and K2O would be not accounted in calculation of theoretical CO2 ca-
pacity, this difference would be much lower.

(a) alkali-activated FA and GGBFS reference noncar-
bonated powders

(b) alkali-activated FA and GGBFS carbonated pow-
ders after 180 days carbonation

Figure 5.13: Quantitative phase analysis by Rietveld method
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Table 5.2: The measured CO2 binding capacity of carbonated powders compared to the theoretical CO2 bind-
ing capacity of water-free paste (expressed as values normalized to 100%).

CO2 binding capacity
Theoreticala QXRDb TG-DTG-MSc

(180 days) (180 days)
[wt.%] [wt.%] [wt.%]

S0 11.36 0.70 5.30
S30 17.33 5.04 14.68
S50 21.59 7.66 16.09
S70 24.05 8.82 15.00
S100 28.34 11.88 14.36
CEM I 32.03 17.16 35.95
CEM III/B 27.26 12.32 26.87

a The theoretical CO2 binding capacity is the sum of the individual (earth) alkaline oxide CO2 binding capaci-
ties (the amount of CO2 bound as CaCO3, MgCO3, NaHCO3, KHCO3), calculated as shown in equation: % CO2
= 0.785(% CaO - 0.56% CaCO3 - 0.7% SO3) + 1.091% MgO + 1.42% Na2O + 0.94% K2O of [218]. The weight per-
cent of oxides [%] was used from Table 3.1 and Table 5.1. It should be noted that Na2O weight was accounted
from both the raw material and from alkaline activator for the calculation of the theoretical CO2 binding ca-
pacity in alkali activated pastes.
b CO2 binding capacity from the quantitative phase analysis by Rietveld method for paste carbonated powders
after 180 days of carbonation (Figure 5.12 and Figure 5.13), i.e. the amount of CO2 bound as crystalline CaCO3
and NaHCO3, which were detected with XRD analysis.
c CO2 binding capacity from Figure 5.5, quantified with TG-DTG-MS method from the powders after 180 days
of carbonation, i.e. the amount of CO2 bound as amorphous and crystalline CaCO3 and NaHCO3, which were
detected from the TG-DTG-MS analysis.

5.3.4. DISCUSSION
Carbonation is the most common reason of the concrete deterioration under environ-
mental conditions [47]. It induces chemical and physical changes to the cement paste
properties that further influence its long-term performance. In this Chapter the CO2

binding capacity, carbonate phases and the dynamic of gel changes under accelerated
carbonation have been studied in both cement pastes and blended FA-GGBFS alkali-
activated pastes.

The results showed that with increase of the GGBFS content in alkali activated pastes,
the proportion of crystalline CaCO3 increases. In addition, while calcite decreases, arag-
onite increases. For all alkali activated pastes (excluding S0) the total amount of CO2

bound after 180 days is similar. Since crystalline Na-(bi)carbonates play a minor to no
role according to TG-MS results (Figure 5.5) and XRD results (Figure 5.13), the CO2 bind-
ing capacity is mainly dependent on the CaO content in the raw materials of the sam-
ples (the main carbonation products were identified as vaterite, aragonite and calcite).
The near or full CO2 binding capacity of water-free paste as theoretically calculated, is
achieved for pastes CEM I and CEM III/B, as shown in Table 5.2.

In contrast to alkali activated pastes, cement based pastes reach a much higher (equi-
librium) CO2 binding for well exposed grains. That is 101-112% of theoretical capacity
of which on average 47% is in the form of crystalline carbonates and the rest is in amor-
phous form. This clearly indicates that there is a reduced potential for the CO2 binding to
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take place over the service life of alkali-activated materials compared to cement-based
materials. Furthermore, it is important to consider the effect of CO2 binding capacity
on the mechanical and permeability properties for cements with different chemistries
varies. For instance, in pure OPC systems carbonation leads to pore structure refinement
and increase in mechanical strength, while in blended OPC cements and alkali-activated
systems, the opposite effect is observed [219], [61].

Based on FT-IR results, the aluminosilicate gel after carbonation was characterised
by a degree of polymerisation higher than the original C-S-H/C-N-A-S-H gel. Alumi-
nosilicate gel may capture substantial Na in the structure as shown by the reactions 5.5
and 5.6, that does not allow formation of Na-carbonates. This is consistent with XRD
results, where it was shown that Na-carbonates (nahcolite) content is too low and at the
level of measurement error.

The preservation of OH− and Na+ ions in the pore solution or in the gel of the alkali
activated pastes during carbonation would reduce the risk of pore solution neutraliza-
tion which is important for preserving the passivity of the reinforcement oxide layer in
alkali-activated concrete. However, the gel deterioration due to carbonation that leads
to Ca leaching and polymerization of remaining aluminosilicate units certainly affects
the overall microstructure and have negative effects on the micromechanical properties
of the alkali-activated pastes as exemplified in Chapter 8.

Since modeling of carbonation is associated with chemical reactions and CO2 dif-
fusion, CO2 binding capacity of alkali activated pastes is very important input in such
models. Apart from the CO2 binding capacity, the future models will strongly benefit
from improved understanding of nucleation of different carbonates as shown by FT-IR
study.

5.4. CONCLUDING REMARKS

The aim of this chapter was to investigate the CO2 binding capacity and mineralogi-
cal changes of alkali-activated and cement pastes under accelerated carbonation condi-
tions. All the samples were cured for 28 days under sealed conditions before they were
carbonated. To accelerate the process, the pastes were crushed and ground to powder.
Based on the results presented in the chapter, following conclusions can be drawn:

• Carbonation causes polymerization of the alumina-silicate network of the C-N-A-
S-H gel in alkali activated FA/GGBFS pastes. In cement-based pastes carbonation
induces polymerization of C-S-H and loss of CH.

• CO2 binding capacity is much higher in CEM I and CEM III/B pastes than in alkali
activated pastes, due to their higher CaO content.

• With increase of the GGBFS content in the alkali activated pastes, the proportion
of crystalline CaCO3 increases, calcite decreases and aragonite increases after 180
days of exposure to accelerated carbonation.
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• In all the alkali activated pastes studied here (excluding S0) the total amount of
CO2 bound after 180 days is similar. Since crystalline Na-(bi)carbonates play a
minor to no role according to TG-MS results (Figure 5.5) and XRD results (Figure
5.13), the CO2 binding capacity is mainly dependent on the CaO content in the raw
materials of the samples. The near or full CO2 binding capacity of water-free paste
as theoretically calculated, is achieved for pastes CEM I and CEM III/B, as shown in
Table 5.2. In contrast to alkali activated pastes, cement based pastes reach a much
higher (equilibrium) CO2 binding for well exposed grains. That is 101-112% of the-
oretical capacity of which on average 47% is in the form of crystalline carbonates
and the rest is in amorphous form.

• Time-series FT-IR measurements showed that spectral changes related to the sili-
cate polymerization of the decalcified gels were more significant in cement-based
pastes. This means that the microstructure of the aluminosilicate gel structure
was more affected in the cement-based pastes than in the alkali activated pastes.
These changes of silicate positions were predominant in the first 7 days. Although,
the changes in carbonates continued up to 180 days. This shows that the trans-
formation of carbonates from initially amorphous CO2 to eventually crystalline
compounds is a slow process that naturally occurs without any additional CO2

binding.

• Effect of the longer exposure time (28 vs 180 days) was shown to be significant for
CO2 binding in cement-based and FA-rich (S30) alkali activated pastes.

• CO2 binding capacity and understanding of nucleation of different carbonates are
important factors for modeling the carbonation of alkali activated FA/GGBFS ma-
terials.
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CARBONATION OF THE PORE

SOLUTION
“Water is the driving force of all nature.”

Leonardo da Vinci
When hardened alkali activated paste is ex-
posed to environment, carbonation of the
paste takes place. Initially, carbon diox-
ide gas molecules dissolve in the pore solu-
tion of the pastes, which results in additional
carbonation reactions and physicochemical
changes of the material.
This chapter focusses on the effect of the
carbonation reactions on the pore solution
chemistry in alkali-activated fly ash (FA) and
ground granulated blast furnace slag (GG-
BFS)
pastes. In particular, the effect of three parameters on the propagation rate of the carbon-
ation front was studied: GGBFS content, different types of curing conditions and exposure
conditions. Inductively coupled plasma optical emission spectrometry (ICP-OES) is used
for detection of elements in the pore solutions of the studied mixtures. Furthermore, the
pH of the pastes is measured. The carbonation depths are recorded periodically to deter-
mine the kinetics of the carbonation process. The substantial decrease of [Na+] in the pore
solution in unsealed cured samples resulted in a faster propagation rate of the carbon-
ation front in these specimens. Furthermore, the pH was lower in carbonated unsealed
cured samples compared to the carbonated sealed cured samples. The replacement of FA
by GGBFS in the pastes significantly improves their carbonation resistance. The potential
risks with respect to carbonation of the pore solution are also identified and discussed.

Parts of this chapter have been published in:
Nedeljkovic, M., Ghiassi, B., van der Laan, S., Li, Z., Ye, G. Effect of curing conditions on the pore solution
and carbonation resistance of alkali-activated fly ash and slag pastes, 116, pages 146-158, 2019, Cement and
Concrete research [220]
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6.1. INTRODUCTION

T HE CARBONATION in alkali activated materials (AAMs) is strongly influenced by the
type of precursor (FA, GGBFS, metakaoline) [63, 68], the nature and dosage of the

alkaline activator [209], the curing conditions and the exposure conditions [198]. The
effect of these parameters on the carbonation resistance of AAMs has been extensively
studied in accelerated carbonation conditions [61, 68, 160, 209], but has received little
attention in the case of natural carbonation conditions. Furthermore, the role of curing
conditions on the carbonation resistance has not been studied yet. The use of highly
alkaline activators for reactions of FA and GGBFS, provides a high amount of Na+ and
OH− ions leading to high pH levels in the pore solution of noncarbonated AAMs. It has
been shown that this may ensure a sufficiently high Na+ concentration after natural and
accelerated carbonation to prevent corrosion of reinforcement in AAMs [62]. However,
it is not clear if the susceptibility of AAMs to leaching of Na+ ions prior to, or during, the
carbonation process can lead to a significant decrease of pH [123, 221, 222].

Hence, the aim of this chapter is to investigate the effect of carbonation on the pore
solution chemistry and alkalinity of alkali-activated FA/GGBFS pastes. Firstly, the pore
solution and pH of noncarbonated pastes are characterized in relation to different cur-
ing conditions. Secondly, the effect of curing conditions on the propagation rate of the
carbonation front under accelerated conditions is tested. Finally, the effect of different
exposure conditions, natural and accelerated conditions, on the evolution of the pH of
the pore solution and the carbonation depth was studied.

6.2. MATERIALS AND METHODS

6.2.1. MATERIALS AND SAMPLE PREPARATION

The material and mixture compositions were shown in Chapter 5. Pastes were cast in two
types of polyethylene vials, (A) with 35 mm diameter and 70 mm height and (B) with 54
mm diameter and 100 mm height and vibrated for 15-30 s on a vibrating table. The sam-
ples denoted as (A) were used for leaching measurements, pore solution extraction and
RH measurements, while samples (B) were used for mass loss, carbonation depth and
pH measurements. The samples were stored in closed vials (A, B) for 24 h after casting.
For unsealed curing conditions, samples were removed from the vials and afterwards
cured in a curing room at room temperature and a RH of ∼ 99% for 28 days. The sealed
samples were kept in the vials in the same curing room of unsealed samples until the
testing.

6.2.2. EXPERIMENTAL PROGRAMME

Figure 6.1 shows an overview of the test programme followed to investigate the effect of
curing and exposure conditions on the properties of alkali-activated FA/GGBFS pastes.
First mass loss, internal relative humidity (RH), pore solution composition and pH are
studied for curing under both sealed and unsealed conditions. Additionally, Na+ loss
was monitored for unsealed cured samples during the first 28 days of curing. The sealed
cured samples were unsealed after 28 days of curing when all the samples were placed in
the laboratory conditions at 55-60% RH (0.04% v/v CO2, 20◦C) for additional 28 days
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(preconditioning of the samples prior to carbonation). This preconditioning was in-
tended to equilibrate the internal RH of the samples with the environment before per-
forming the carbonation tests. One set of unsealed samples was left in the curing room
for additional 28 days, to provide insight into the further leaching after the first 28 days
of curing. During carbonation exposure, the carbonation depth was monitored in both
sealed and unsealed cured samples.

Figure 6.1: Schematic representation of the test programme.

6.2.2.1. RH MEASUREMENTS

Free water in the pore structure of the pastes is critical for the carbonation progress. In
order to ensure that the internal relative humidity of the pastes is in equilibrium with the
RH of the exposure site, the internal RH of the pastes was measured after 1 day (before
demoulding of the samples), after 28 days of curing and after 28 days of precondition-
ing (a total of 56 days). The procedure for internal RH measurements follows Huang
et al. [223]. The internal RH of bulk pastes (A) was measured by Rotronic HygroLab C1
equipped with two HC2-AW RH station probes with an accuracy±1% RH. The RH probes
were calibrated using saturated salt solutions with known constant RH in the range of 65-
95%. The samples were cut in thin slices of less than 7 mm, so in the sample holder there
were a few slices of one sample. The sample slices were then put in two plastic contain-
ers in the measuring chambers. Samples and atmosphere equilibrated in 3-5 hours. The
measured RH represents the average of the internal RH and it is not related to RH of a
specific depth of the samples.

6.2.2.2. MASS LOSS MEASUREMENTS

Mass loss measurements were used to assure that a preconditioning period of 28 days
prior exposure of samples to accelerated carbonation is sufficient. The mass loss after
28 days of curing of the sealed and unsealed pastes was monitored in the laboratory
conditions (55% RH, 20◦C) until constant mass was reached. The mass of samples was
measured after the samples were removed from the curing room. It was observed that at
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the age of 56 days the difference between two measurements was less than 0.01 g. Based
on this observation, the samples were preconditioned for 28 days before carbonation
exposure (curing of 28 days and preconditioning of 28 days), as indicated in Figure 6.1.
The evaporable water in the pastes was also determined (at specific periods) by measur-
ing the weight loss per gram of the samples during their exposure to 105◦C in an oven
(Jouan oven Type E455 EL), until reaching a constant weight.

6.2.2.3. PORE SOLUTION AND PH MEASUREMENTS

Procedure for pore solution extraction from alkali-activated FA/GGBFS pastes is adopted
from [224]. The pore solutions were pressed out from the pastes (type A sample size with
35 mm diameter and 70 mm height) with a high-pressure apparatus MacBen-type. The
device has an oil-hydraulic end-load capacity of 5000 kN and the cylinder assembly with
an inner diameter of 34 mm and a height of 115 mm fitting the size of the paste cylin-
ders (A). Pressures of up to 750 MPa were used to extract the pore fluid. The fluid was
extracted through a drain channel and collected in a syringe with almost no exposure to
the atmosphere. Around 0.5 to 5 ml of pore solution could be collected for each sample
depending on the type of the paste and the curing age. The pressed-out pore solutions
were filtered using Whatman 41 filter paper and half of each solution was diluted us-
ing nitric acid (0.2 vol.%). Inductively coupled plasma optical emission spectrometry
(ICP-OES) was used for chemical analysis of the pore solution composition. Chemical
analyses of diluted solutions were carried out with a Perkin Elmer Optima 5300 DV ap-
paratus.

The pH was measured on the non-diluted solutions. The non-diluted solutions of
the samples cured for 28 days and 56 days were left for measurement of OH− concentra-
tion by titration against HCl acid. While pore fluid extraction from the original samples
was successful, the direct extraction from carbonated samples was not possible due to
both the low relative humidity during the carbonation process and the small amount of
the sample material. Therefore, the pH measurements were carried out on the powder
suspension, similar to [225]. The suspension was obtained by equilibrating 1 g of pow-
dered sample with 10 ml of de-ionized water during 15 minutes at ambient temperature
while stirring with a magnetic bar. Subsequently, the pH of the suspension was mea-
sured with a pH meter 827 Metrohm. The powders were obtained from the outer surface
of the samples within a thickness of 1 mm. These pore solutions from suspensions were
used as a substitute for pressed-out fluids to compare non-carbonated samples with 500
days curing (as reference) with samples carbonated for 500 days.

6.2.2.4. ALKALI LOSS MEASUREMENTS PRIOR TO CO2 EXPOSURE

It was noticed from measurements of the pore solution composition that unsealed cur-
ing is associated with a leaching process induced by the RH of curing room in which
mainly Na+ loss from the paste body occurs. A common curing set-up was used for alkali
loss measurements to confirm Na+ loss. The test set-up is shown in Figure 6.2. The spec-
imens (sealed and unsealed) after 1 day of casting, were placed in the curing room with
99% RH and 20◦C. Moisture condensed on the surface of the specimens was collected in
plastic containers that were placed under the specimens. After 1, 4, 7, 21, 28 days, the
liquid from the plastic containers was collected to analyze the [Na+] in the leached so-
lutions. The collected liquid was filtered using Whatman 41 filter paper. Afterwards, the
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liquid was diluted using nitric acid (0.2 vol.%). Chemical analyses of the diluted liquids
were carried out with a Perkin Elmer Optima 5300 DV apparatus.

Figure 6.2: Set up for alkali loss measurements.

6.2.2.5. ESEM-EDX

Investigation of the morphology and element content of the deposits found on the sur-
face of the unsealed cured samples and in the small plastic containers (Figure 6.2) was
done with the Philips-XL30-ESEM microscope, equipped with NSS.3.3. The deposit was
collected from the sample surface with a brush, while the liquid drop of the deposit was
collected from the small plastic container. For scanning electron microscope/energy-
dispersive X-ray (SEM-EDX) analysis, deposits were placed onto carbon-coated sticky
stubs and directly observed under the ESEM-BSE mode.

6.2.2.6. CARBONATION SITES AND EXPOSURE CONDITIONS

Paste samples have been exposed to three different test sites for a period of one year.
An overview of the exposure sites is given in Figure 6.3. The description of the exposure
conditions is given in Table 6.1. Three exposure conditions were studied: accelerated
carbonation, natural indoor (laboratory) carbonation and natural outdoor (unsheltered)
carbonation.

The accelerated carbonation was performed in a CO2 chamber (Figure 6.3 (1)) where
CO2 concentration, temperature and relative humidity were controlled simultaneously.
The CO2 concentration was 1% v/v. The CO2 of 1% v/v was chosen since it was re-
ported by Bernal et al. [63] that conducting accelerated carbonation using CO2 concen-
trations beyond CO2 ∼1% v/v will not accurately replicate the carbonation mechanisms
observed in practice. The inlet flow of CO2 was kept constant at the rate of 100 cm3/min.
The temperature in the chamber has been regulated at 20◦C and a relative humidity at
60%.

The carbonation of pastes under natural indoor conditions was performed in the
laboratory at the concentration of CO2, which is about 0.03–0.04% by volume, RH at
55%, and temperature at 20◦C (Figure 6.3 (2)).

The natural outdoor carbonation of pastes took place in the unsheltered environ-
ment (Figure 6.3 (3)). The local measurements of CO2 concentration, RH and tempera-
ture were provided by the Dutch national weather service (Royal Netherlands Meteoro-
logical Institute (KNMI)).
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Table 6.1: Exposure conditions.

Natural laboratory Natural outdoor Accelerated
[source: RH sensor] [source: KNMI, Utrecht] carbonation

CO2 concentration 0.04% v/v 0.04% v/v 1.00% v/v
Relative humidity 55% 80-98% 60%
Temperature 20◦C 0-20◦C 20◦C

*The CO2 concentration, the average temperature (in Celsius) and the average relative humidity (in %) in out-
door conditions are shown in additions to Table 6.1.
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Figure 6.3: Exposure sites: (1) CO2 chamber for accelerated carbonation, (2) natural indoor conditions, (3)
natural outdoor conditions.

6.2.2.7. CARBONATION DEPTH MEASUREMENTS

Carbonation started 56 days after curing and preconditioning. The carbonation depth
was measured with phenolphthalein, according to the standard EN 13295:2004[50]. The
cylinders were split and the fresh surface was sprayed with a 1 wt. % phenolphthalein so-
lution (comprising 1 g of phenolphthalein in a solution of 70 ml ethanol and 30 ml dem-
ineralized water). The recorded carbonation depths are the average of measurements at
10 locations on the sample.

6.3. RESULTS AND DISCUSSION

6.3.1. EFFECT OF CURING CONDITIONS

6.3.1.1. MASS LOSS AND INTERNAL RH
Mass loss

The changes of the mass of the specimens with time are presented in Figure 6.4 and
Figure 6.5. The total mass percentage of water loss in the pastes due to drying after 28
days storage in the laboratory conditions (55% RH and 20◦C) is presented in Table 6.2.

In general, the amount of evaporable water for the unsealed cured samples is higher
compared to the sealed ones. The amount of evaporable water between conditions of
99% RH and 28 days curing and subsequent 55% RH exposure until 56 days is the high-
est in paste S0 and the lowest in paste S100. In alkali-activated FA materials, a much
higher Na2O concentration and curing temperatures (> 40◦C) are required for a com-
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plete dissolution of FA [193]. In the present study, due to the low Na2O concentration
of the alkaline activator and the applied curing conditions (ambient temperature), paste
S0 has a limited degree of reaction. This is supported by the low strength development
(see Chapter 3, Figure 3.13).

Figure 6.4: Unsealed samples first 28 days; mass loss measured from 28 days in laboratory conditions (55% RH,
20◦C).

Figure 6.5: Sealed samples first 28 days; mass loss measured from 28 days in laboratory conditions (55% RH,
20◦C).

This low reaction degree implies the existence of free water in the pores as experi-
mentally measured here (see Figure 6.4 and Figure 6.5). On the other hand, based on
the measurements of the evaporable water content at 105◦C, it can be seen that with
increasing GGBFS content more evaporable water is measured at 105◦C than is lost in
the curing step at 55% RH. This suggests that GGBFS-rich pastes have more chemically
bound water than FA-rich pastes. Another effect that can be observed is that with in-
creasing GGBFS the total free water (sum of evaporated at 55% RH + mass loss at 105◦C)
decreases, implying that some water must become structurally bound in the samples.

The mechanisms affecting the transport of free water in unsealed cured samples are
illustrated in Figure 6.6a. The loss of alkalis in case of unsealed samples exposed to 99%
RH is due to several counter-affecting phenomena (Figure 6.6b).
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Table 6.2: Water loss (in mass percentage) and internal RH of the pastes*.

Sample mass [g] Water loss [wt.%] Internal RH [%]
Stored in lab RH

At age of 28d 55% conditions Heating at Total water loss 1d ** 28d 56d
from age of 28d 105◦C (at 56d)
to 56d

sealed unsealed sealed unsealed sealed unsealed sealed unsealed sealed sealed unsealed sealed unsealed
S0 349.5 359.8 19.13 23.15 5.05 3.08 24.18 26.23 >95.00 >95.00 >95.00 64.1 64.3
S30 376.6 379.4 6.05 8.78 14.45 13.87 20.50 22.65 >95.00 >95.00 >95.00 64.6 65.0
S50 382.0 381.7 2.63 4.20 16.90 17.00 19.53 21.20 91.88 90.30 94.00 64.1 65.0
S70 401.0 397.4 1.10 2.22 17.81 17.80 18.91 20.02 88.12 80.80 80.00 63.8 64.0
S100 413.0 413.9 0.55 1.42 16.73 17.12 17.28 18.54 87.07 71.50 73.00 62.3 62.0
CEM III/B 365.0 358.2 4.32 5.36 19.96 20.39 24.28 25.75 >95.00 >95.00 >95.00 78.9 80.0
CEM I 353.0 342.9 5.72 6.08 22.00 22.10 27.72 28.18 >95.00 >95.00 >95.00 70.4 73.0

* ‘Sealed’ are the samples that were cured in sealed conditions first 28 days and then demoulded and exposed to lab conditions until 56 days.
‘Unsealed’ are the samples that were cured in 20◦C, ∼99 % RH conditions during the first 28 days and further exposed to lab conditions until 56 days.
** The 1d internal RH presents the time zero when the samples were removed from moulds to curing room (all samples were kept in moulds for 1 day before curing in
the fog room). The RH of the activation solution (NaOH+WG) before mixing with raw FA and GGBFS was 92.03%.
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Figure 6.6: (a) Illustration of the water transport during the unsealed curing (1-28 days) and drying of the
pastes (28-56 days); (b) illustration of the boundary conditions during the water transport and Na+ loss in the
unsealed curing conditions of the pastes (1-28 days).
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The RH of the activation solution (NaOH+waterglass) before mixing with raw FA and
GGBFS was 92.03%, while the RH of the pastes S30, S50, S70 and S100 at 1 day (when
99% RH curing initiated) was 95.86%, 91.88%, 88.12%, 86.98%, respectively (see Table
6.2). This difference in the RH of the environment and the specimen causes a capillary
flow from the surface to the interior of the samples and, therefore, an inward movement
of the ions (advection). Meanwhile, condensation of water on the surface of the samples
leads to dilution of the ions at the surface compared to the interior of the specimens.
This causes a diffusive movement of ions from the interior towards the surface of the
sample. There is, therefore, a clear competition between both phenomena. Based on
the observed [Na+] difference in the pore solution in sealed and unsealed curing condi-
tions (see Table 6.3), the second mechanism is dominant in the studied samples. Both
advection and diffusion are governed by the microstructure of the paste and, for that
reason, the alkali loss between the studied alkali activated pastes is different (see Figure
6.11).

On the other hand, when samples are moved from the curing room subsequent dry-
ing of the surface causes efflorescence (see Figure 6.6a, drying 28-56 days). The product
of efflorescence is calcite as will be shown in Figure 6.10a. Calcite was formed already in
the curing room on the wet outer surface of the samples. In the high pH fluid, CO2 will
be present as CO2−

3 and together with Ca2+ it forms calcite. The calcium carbonate ef-
florescence is promoted even at smaller amounts of alkali dissolved in the aqueous film,
such as in cement based pastes [226], compared to alkali activated pastes.

(a) Samples were kept one day in a mould. Then de-
moulded and cured unsealed in fog room (at 20◦C,
99% RH) until 28 days. After 28 days, samples were
removed from fog room and preconditioned in the
laboratory conditions (at 20◦C, 55% RH) for addi-
tional 28 days.

(b) Samples were kept sealed for 28 days. After 28
days, samples were demoulded and preconditioned
in the laboratory conditions (at 20◦C, 55% RH) for
additional 28 days.

Figure 6.7: Measured internal RH for unsealed (A) and sealed (B) cured samples after 1 day, 28 days and 56
days.

Note that standard solution for calibration of machine for RH measurements was 95% RH. Therefore, RH of
samples could be measured up to 95%. It should be bear in mind, that some of the samples have higher
internal RH than 95% at 1 day and 28 days.
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Internal RH
The internal RH of the pastes was also measured at the age of 28 days (before stor-

age in the laboratory conditions) and at the age of 56 days (after 28 days of storage in
the laboratory conditions) as shown in Table 6.2 and Figure 6.7. The RH of the unsealed
samples is generally higher than that of the sealed samples, which is consistent with the
pore fluids being more diluted in the unsealed samples, thus having a higher water activ-
ity. The results, presented in Table 6.2, show that the internal RH of the pastes at 28 days
decreases with increasing GGBFS content (from paste S0 to S100). This phenomenon
can be attributed to the self-desiccation in these mixtures [153] and it has a similar effect
on the sealed and unsealed samples. The RH of the samples after 56 days show that the
samples have not reached the equilibrium condition with the environment yet. The in-
ternal RH of alkali-activated pastes is around 62-65% RH at this age. As the accelerated
carbonation tests are performed at 60% RH, it is expected that the RH of the samples
was equilibrated with the RH of the exposure site in a short time after the start of the
experiment. The pastes CEM I and CEM III/B showed a higher internal RH compared to
alkali-activated pastes showing that drying is slower in these materials. The internal RH
of CEM I paste with water-to-cement ratio 0.5 at 28 days is in agreement with literature
[227].

6.3.1.2. PH AND COMPOSITION OF THE PORE SOLUTION

The pore solution analysis was performed on both groups (sealed and unsealed) of sam-
ples after 28 and 56 days curing before exposure to carbonation. Additionally, the pore
solution analyses were performed after 1 year only for sealed cured samples. These anal-
yses enabled the quantification of the concentration of the main ions (Na+, K+, Ca2+,
S2−) in the pore solution and measurement of the pH. Results of pH and composition of
the pore solution are presented in Table 6.3, Table 6.4 and Table 6.5.

Table 6.3: pH values and main element composition of pastes pore solutions analyzed with ICP-OES (28 days).
The pore solutions were extracted with high pressure method.

pH [Na] [K] [Ca] [S] Porosity
Curing room (99% RH) [-] [mmol/L] [mmol/L] [mmol/L] [mmol/L] [%] [174]

S0
Sealed 13.40 1336 20 21.73 298 -
Unsealed 13.02 101 4 33.08 <1.5 43.71

S30
Sealed 13.45 1004 23 19.40 375 -
Unsealed 13.16 150 3 8.63 51 26.04

S50
Sealed 13.70 1078 26 8.48 292 -
Unsealed 13.30 211 4 3.35 79 9.4

S70
Sealed 13.80 1116 27 23.10 378 -
Unsealed 13.40 326 7 10.23 172 6.54

S100
Sealed 14.00 1556 36 29.50 573 -
Unsealed 13.60 551 11 19.63 326 3.57

CEM III/B
Sealed 13.08 61 58 44.08 - -
Unsealed 13.00 56 45 12.80 5 48.87

CEM I
Sealed 13.62 193 230 39.28 - -
Unsealed 13.28 105 85 4.75 <1.5 46.48
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Table 6.4: pH values and main element composition of pastes pore solutions analyzed with ICP-OES (56 days).
The pore solutions were extracted with high pressure method.

pH [Na] [K] [Ca] [S]
[-] [mmol/L] [mmol/L] [mmol/L] [mmol/L]

S0 Sealed *
Unsealed L **
Unsealed C *** 12.90 29 1 3.80

S30 Sealed *
Unsealed L **
Unsealed C *** 13.00 106 2 3.15

S50 Sealed * 13.72 1233 18 10.85
Unsealed L ** 13.58 424 6 54.68
Unsealed C *** 13.25 187 4 3.45

S70 Sealed * 13.80 1363 32 29.55 0.42
Unsealed L ** 31.60 426 6 3.50 0.26
Unsealed C *** 13.34 368 6 5.58

S100 Sealed * 14.00 1544 36 5.73 0.55
Unsealed L ** 13.60 557 10 12.88 0.32
Unsealed C *** 13.53 463 10 2.65

CEM III/B Sealed *
Unsealed L **
Unsealed C *** 13.05 59 53 1.95

CEM I Sealed *
Unsealed L **
Unsealed C *** 13.29 116.13 79 15.58

* Samples that were sealed cured for 28 days, demoulded at 28 days and further kept in unsealed laboratory
conditions (55% RH) until 56 days.
** Samples that were unsealed cured for 28 days, and further kept in unsealed laboratory conditions (55% RH)
until 56 days.
***Samples that were unsealed cured for 28 days, and further kept in unsealed curing conditions (99% RH)
until 56 days.

Table 6.5: pH values and main element composition of pastes pore solutions analyzed with ICP-OES (1 year
sealed, reference, noncarbonated samples). The pore solutions were extracted with high pressure method.

pH [Na] [K] [Ca] [Mg] [Si] [Al]
[-] [mmol/L] [mmol/L] [mmol/L] [mmol/L] [mmol/L] [mmol/L]

S0

Sealed

11.99 Not measured
S30 12.07 741.09 22.67 8.13 1.88 27.79 7.07
S50 12.10 715.30 28.23 1.83 0.36 16.11 5.19
S70 12.48 1249.39 48.08 5.53 1.33 16.89 11.48
S100 12.63 1570.22 43.25 31.28 7.86 35.82 18.41
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Figure 6.8 shows that the pH of all sealed alkali-activated pastes is in the range of 13.5
to 14.0 at 28 days of curing, as expected. This value is lower in unsealed pastes (but still
higher than 13.0), which is due to Na-hydroxide loss from these specimens as shown in
Section 6.3.1.3. Additionally, no specific change of pH is observed at 56 days of curing
compared to 28 days (Figure 6.8b). A similar effect is also observed in CEM I pastes. The
pH in the sealed samples is always higher than in unsealed pastes. This difference is
smaller in CEM III/B pastes (Figure 6.8a).

(a) 28 days (b) 56 days

Figure 6.8: The effect of sealing on the pH in the pore solution of the pastes at 28 days (a) and 56 days (b).

Table 6.5 shows that the pH of all pastes after 1 year of sealed curing is lower than the
pH of pastes at 28 days (Table 6.3) and 56 days (Table 6.4). Since the formation of the
reaction products is a continuous process, the OH− consumption is too, as long as the
pore solution is available. Therefore, the main reason for pH drop of the pore solution of
sealed cured samples after 1 year, is the continuous evolution of the gel phases.

The [Na+] in the alkaline activator before mixing with raw materials was 4026 mmol/L.
After 28 days curing in sealed conditions, it can be seen that this value, in pastes (S0-
S100), is reduced to the range of 1004 mmol/L to 1556 mmol/L (Figure 6.9a). It is clear
that a part of Na+ is taken up by reaction products during the formation of the reaction
products of FA and GGBFS pastes, while the other part of Na+ is present in the pore so-
lution (or leached in the unsealed cured samples).
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(a) 28 days (b) 56 days

Figure 6.9: The effect of sealing on the Na+ content in the pore solution of the pastes at 28 days (a) and 56 days
(b).

The effect of the FA/GGBFS ratio on the [Na+] in the pore solution is not clear at 28
days. The pastes S0 (100% FA) and S100 (100% GGBFS) have the highest [Na+], while
in pastes S30, S50 and S70 the [Na+] increases with increasing the content of GGBFS.
On the other hand, the [K+] always increases with increasing GGBFS content (see Table
6.3). A relatively high [S2−] is found in the pore solutions with no specific correlation
with the FA/GGBFS ratio. Compared to CEM I and CEM III/B pastes, the pore solution in
alkali-activated pastes contains a significantly higher amount of Na+, but a comparable
[K+].

In contrast to CEM I and CEM III/B pastes, the [Na+] of pore solutions of unsealed
alkali activated pastes is still decreasing in all the pastes until 56 days in the curing room
(Table 6.4). This decrease is higher in pastes with higher percentage of FA. This can be
explained by the higher porosity of FA-rich specimens compared to GGBFS-rich ones,
measured at 28 days (S0>S30>S50>S70>S100) (see Table 6.3). It can be also observed that
the [Na+] of the pore solutions of unsealed samples in laboratory conditions is higher
than in the unsealed samples in curing room (see Figure 6.9b). This was expected, as the
high relative humidity in the curing room promotes the loss of Na+ in these specimens
as explained in Section 6.3.1.1.

Table 6.5 shows that the [Na+] in sealed cured samples after 1 year is lower in pastes
S30 and S50 compared to the values at 28 days or 56 days (see Table 6.3 and Table 6.4).
On the other hand, the [Na+] is not significantly changed in pastes S70 and S100 for
curing period of 1 year compared to 28 days or 56 days. This is likely due to a higher Na-
binding capacity of gel phases in pastes with high FA content. This is consistent with the
PARC results (Chapter 4), where a higher Na/Si ratio is obtained in paste S50 (Na/Si=0.4)
compared to paste S100 (Na/Si=0.29) after 1 year of sealed curing.

A comparison between [Na+], [K+], [Ca2+] and [S2−] in all samples clearly shows a
significant effect of curing on the pore solution chemistry. A significant drop of ion con-



6

130 6. CARBONATION OF THE PORE SOLUTION

centration can be observed in the pore solution in the unsealed pastes. Figure 6.9 shows
the difference between [Na+] in these specimens at 28 days and 56 days, respectively. It
can be seen that these values are significantly lower in unsealed alkali-activated pastes,
but still remain at a higher level compared to CEM I and CEM III/B pastes. The effect of
leaching on the [Na+] in cement-based pastes is also significant, but seems negligible in
CEM III-B pastes. Alkali activated pastes, in direct contact with water during unsealed
curing, show Na+ leaching. There is, therefore, a competition between the Na+ con-
sumption for the reaction of FA and GGBFS and the Na+ loss due to leaching.

6.3.1.3. ALKALI LOSS

The alkali content in the pore solution can vary depending on the curing conditions, as
shown in Section 6.3.1.2. Significant alkali loss was observed for unsealed cured sam-
ples. The mechanism for alkali loss was explained in Section 6.3.1.1. The main role of
the alkalis is to provide the right environment for dissolution of the FA and GGBFS. In
addition, the alkalis content in the pore solution of AAMs is highly important as they
are the main buffer for alkalinity during carbonation. Beside alkalis (Na), calcium ions
may also contribute to maintaining a high pH of the pore solution. This is supported
by the findings from Chapter 5, where it was shown that not all the CaO was consumed
by carbonation of studied alkali activated pastes (see Table 5.2). This implies that, after
NaOH carbonation, the remaining CaO can act as a buffering agent for the pH of the pore
solution.

Beside alkali loss, the efflorescence occurred in all samples cured in unsealed condi-
tions, except for pastes CEM I, CEM III/B and S0 as was observed when they were moved
from the fog room to the laboratory environment (55-60% RH). The beneficial effects of
soluble silicate and GGBFS addition to mitigate or delay efflorescence [228] cannot be
supported nor rejected by the current study. The presence of water with water-soluble
salts and exposure to moisture gradients or wet/dry cycles are main conditions for ef-
florescence. Evaporation of aqueous salt solution may occur at the surface or in regions
near the surface when a moisture gradient between the ambient atmosphere and the
material exists. This resulted in the appearance of efflorescence on the surface of the
unsealed cured specimens with GGBFS (see Figure 6.10a). The efflorescence powder
was collected carefully from the sample’s surfaces for further chemical analysis.

SEM-EDX analysis showed that the product of efflorescence was calcite (CaCO3),
with the particle size of about 10-20 µm (Figure 6.10b). Similar morphology was also
observed in the study by García-Carmona et al. [200], where the calcite particles were
obtained by carbonation of slaked lime in a semicontinuous process. The CaCO3 for-
mation in this study resulted from Ca2+ and OH− carbonation when the CO2 and H2O
are simultaneously present and when the solubility of calcite is exceeded. The Ca2+ and
OH− ion pair from solution is transported towards the surface of the hardened paste
where it reacts away to carbonate at the cylinder surface. Since the precipitation takes
Ca2+ out of solution, it is replenished by diffusion through the fluid and re-equilibration
(Ca-release) from the gel. The final result of the subsequent steps through which the
carbonates are formed can be described by the following reaction similar to [144]:

CO2(aq)+C a2+(aq)+2OH−(aq) →C aCO3 +H2O (6.1)
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Meanwhile, the deposits from the plastic container in which the moisture from the
surface of the specimen S100 was collected after 1 day of unsealed curing, were also an-
alyzed. The carbon together with oxygen, sodium, calcium and traces of aluminium, sil-
icon, sulfur and potassium were detected as demonstrated by the EDX spectrum (Figure
6.10c). The anhedral crystals (Figure 6.10c) are identified as gaylussite (Na2Ca(CO3)2·5H2O).
They are formed mostly of Na and Ca (EDX spectrum, Figure 6.10c), similar to the gay-
lussite identification by Jones et al. [229]. The mechanism of the Na, Ca-carbonate for-
mation can be described by the following reactions:

CO2(g )+2OH−(aq) →CO2−
3 (aq)+H2O (6.2)

2CO2−
3 (aq)+2N a+(aq)+C a2+(aq)+5H2O → N a2C a(CO3)2 ·5H2O (6.3)

The ICP-OES results for Na+ from alkali loss experiments of the pastes S50 and S100
are presented in Figure 6.11. It should be noted that this figure shows the cumulative
amount of the Na+ in the solutions collected in the plastic containers and for each stage
the new measured absolute amount of Na was added to the previous. The containers
were removed for the Na+ measurement and a new empty container was placed for the
collection of the fluid in the next time segment to avoid saturation of the solutions with
the solids precipitating in the containers as shown in Figure 6.10a, c. The results clearly
show the continuous loss of Na from the samples with time. It seems that the highest
amount of alkali loss occurred between 7 and 28 days. The leached Na amount is lower
in specimen with higher GGBFS content (Figure 6.11). The higher alkali loss in pastes
S50 compared to pastes S100 is due to a more porous microstructure of paste S50 com-
pared to paste S100 as shown in Table 6.3, column 8. This facilitates the Na-leaching
process. Water from the curing atmosphere can more readily enter the gel and become
self-expelled in paste S50 compared to paste S100. The absolute mass of leached Na+
was measured from the total solution volume, which was collected in the plastic con-
tainer during 28 days of unsealed curing of the samples S50 and S100. It is found that 0.8
g and 0.65 g of Na+ was leached from the samples S50 and S100, respectively. The abso-
lute amount of Na, initially used for the activation, was 4.62 g. This implies that 17.3%
and 14% of this initial Na amount was leached from the samples S50 and S100, respec-
tively. It should be noted that the ICP-OES analysis enabled the quantification of [Na+]
in solution but not of the [Na+] which had already reacted with carbonate ions forming a
solid during alkali loss as found from SEM-EDX analysis (Figure 6.10c). This implies that
a higher amount of Na was expelled than measured in the experiments.
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(a) Pastes S100 at 56 days (left, (1)-unsealed cured sample, (2)-sealed cured sample), the plastic container
in which the fluid, condensed on the surface of the specimen S100, was collected after 4 days of unsealed
curing (right).

(b) ESEM-BSE image and EDX spectrum of the deposit from the surface of the cylindric sample labelled
as (1) shown in Figure 6.10a.

(c) ESEM-BSE images and EDX spectrum of the deposit from the plastic container shown in Figure 6.10a
(Gaylussite-G, Calcite-C).

Figure 6.10: ESEM-EDX analyses of the leaching products
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Figure 6.11: Cumulative Na leached from the unsealed pastes (S50 and S100) during 28 days of curing in 99%
RH.

6.3.2. EFFECT OF EXPOSURE CONDITIONS

6.3.2.1. CARBONATION DEPTH: ACCELERATED CARBONATION

The carbonation depths were measured for both sealed and unsealed cured samples and
the results are presented in Figure 6.12.

(a) unsealed cured samples (b) sealed cured samples

Figure 6.12: Carbonation rate for the unsealed cured samples (a), and for the sealed cured samples (b). R2 is
the correlation coefficients from the least-squares linear fits.

Carbonation of the pore solution was observed in the pastes S0, S30, S50 even after 1
day of exposure. It can be seen that in general the propagation rate of carbonation front
is faster in the unsealed cured samples. The reason is that Na+ leaching in unsealed
samples leads to modification of composition of reaction products and the degree of
reaction (compared to sealed cured samples), all of which have a strong influence on
the carbonation resistance. These results are indirectly supported by the previous study
of the author where it was shown that paste S100 has a different compressive strength
development in sealed and unsealed curing conditions [189].
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It can also be observed that, in unsealed samples, carbonation depth lines do not
pass through the origin. While a positive intercept as a result of early carbonation of
the paste during curing and preconditioning period can be observed in the paste S0,
the other pastes show delayed carbonation. The latest is related to the paste S100 in
which the carbonation was only detected after t=180 days of exposure. On the other
hand, in sealed samples, all the curves pass through the origin besides the paste S100
in which carbonation was not observed. It can also be seen that the propagation rate
of carbonation front (slope of the curves) significantly decreased with increasing GGBFS
content.

The carbonation depth seems to be linearly proportional to the square root of time
(Figure 6.12), that is similar to cement-based materials [106]. This relation is usually de-
scribed by the Fick’s 1s t law of diffusion, whereas the slope of these curves corresponds
to the diffusivity constant or carbonation coefficient K (x=K·t0.5, where x, carbonation
depth; t, time in days). It should be noted that here Fick’s 1s t law of diffusion describes
the reactive transport in a porous medium and not the pure CO2 diffusion.

The role of curing conditions on the carbonation coefficient K is clear in Figure 6.13.
This shows the importance of calcium from GGBFS and shows when the system is rich
in GGBFS, alkalis play a less important role in carbonation resistance of the samples in
the studied carbonation conditions.

Figure 6.13: The relationship between carbonation coefficients (K) and GGBFS content for the unsealed and
sealed cured samples. The carbonation coefficients are calculated using the data in Figure 6.12, from linear fits
of the carbonation depths as a function of the square root of time (x=K·t0.5).

6.3.2.2. CARBONATION DEPTH: NATURAL VS ACCELERATED CARBONATION

The carbonation depth was measured in accelerated conditions as well as in natural in-
door and outdoor conditions (see Figure 6.3). The measurements taken at 1 year of expo-
sure are shown in Figure 6.14. A substantial difference can be seen between carbonation
depths in accelerated and natural conditions as function of binder composition. The
carbonation depths in samples with high FA content (GGBFS/(GGBFS+FA)= 0, 0.3, 0.5)
were higher than in samples with high GGBFS content (GGBFS/(GGBFS+FA)= 0.7, 1.0),
for both accelerated and natural exposure conditions.
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Figure 6.14: Carbonation depth of alkali activated pastes after 1 year of exposure under different conditions.

Table 6.6: Summary of different properties of studied samples under carbonation (specimens were cylindrical
with 54 mm diameter and 100 mm height). All samples were first sealed cured for 28 days. Subsequently,
samples were unsealed after 28 days of curing when all the samples were placed in the laboratory conditions at
55-60% RH (0.04% v/v CO2, 20◦C) for additional 28 days (preconditioning of the samples prior to carbonation).

Accelerated carbonation conditions (1% v/v CO2, 60% RH, 20◦C, 500 days)
Mixture Cracking Carbonation depth [mm] pH at the carbonated layer

(microscopic observation) (studied depth = 27 mm)
S0 not observed 27 10.10

S30

observed prior exposure (surface

27 10.50
microcracking) and magnified
after carbonation;
larger spacing between microcracks

S50
observed prior exposure and

27 10.89magnified after carbonation
larger spacing between cracks

S70
observed slower development

1-3 12.56microcracks
smaller spacing between cracks

S100
observed slower development of

0 12.61microcracks
smaller spacing between cracks

Natural indoor laboratory conditions (0,04% v/v CO2, 50-60% RH, 20◦C, 1 year)
Mixture Cracking Carbonation depth [mm] pH at the carbonated layer

(microscopic observation) Studied depth = 27 mm
S0 Not observed 27 10.64
S30 slower development of microcracks 14.7 10.96
S50 slower development of microcracks 10.3 10.96
S70 slower development of microcracks 1-2 11.54
S100 None 0 12.42
Natural outdoor unsheltered conditions (0,04% v/v CO2, 80-98% RH, 0-20◦C, 1 year
Mixture Cracking Carbonation depth [mm] pH at the carbonated layer

(microscopic observation) Studied depth = 27 mm
S0 Not observed 27 11.11
S30 Samples were severely cracked 7-10 11.34
S50 Samples were severely cracked 5-8 11.95
S70 Samples were severely cracked 2-8 11.81
S100 Samples were severely cracked 1-2 12.18
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The low carbonation depth in high GGBFS pastes suggests that the GGBFS content
plays a significant role in the carbonation process. It seems that 50 wt. % GGBFS is a
threshold GGBFS content. In pastes with lower GGBFS content than this threshold value,
the carbonation resistance is significantly lower. The difference in carbonation depth
measured in pastes exposed to natural indoor and natural outdoor conditions, could be
explained by comparing the different RH in those two exposure conditions. The high
RH (80-95%) in natural outdoor unsheltered environment (Table 6.2), resulted in slower
CO2 diffusion into the pastes. In contrast, the moderate RH (55%) in natural indoor con-
ditions enabled faster CO2 diffusion assuming that the samples are partially saturated.
As earlier discussed, this CO2 diffusion rate is also dependent on GGBFS content (Sec-
tion 6.3.2.2). In Table 6.6, it can also be seen that samples in natural outdoor conditions
were severely cracked, except for sample S0. The weathering conditions, which include
cycles of wet and dry conditions (see additions to Table 6.1 for RH changes), resulted in
cracking of the samples. The cracking path, unless saturated with water, is considered as
one of the main path for carbonation in the pastes, except sample S0.

6.3.2.3. PH OF THE PORE SOLUTION: ACCELERATED CARBONATION

The pH of the suspensions of the 500 days sealed cured reference and 500 days carbon-
ated samples are presented in Figure 6.15.

Figure 6.15: pH of suspensions of alkali-activated pastes as a function of GGBFS content in the paste and curing
conditions:

- sealed cured pastes for 500 days (noncarbonated, reference),
- S: samples which were sealed cured for 28 days, preconditioned for 28 days and exposed to accelerated car-
bonation up to 500 days,
- U: samples which were unsealed cured for 28 days at curing conditions 20◦C and 99% RH, preconditioned
for 28 days and exposed to accelerated carbonation up to 500 days.

At a first glance, it is clear that the pH of the noncarbonated sealed cured pastes de-
creased from 13.40 ∼ 14.00 at 28 days (see Table 6.3) to 11.99 ∼ 12.63 at 500 days (see
Figure 6.15). This reduction can be attributed to the consumption of Na+ and OH− with
the continuous gel formation, as schematically presented in Figure 6.16. A major part
of Na+ and OH− is consumed for breaking up the alumino-silicate network of the FA
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glass (during gel formation). In contrast, breaking up the GGBFS glass requires a lower
amount of alkalis. For this reason, the reduction of pH is higher in FA-rich pastes com-
pared to GGFBS-rich pastes. A similar change of pH after 1 year of sealed curing was also
reported by Pouhet and Cyr [230] for alkali activated metakaoline and by Zuo et al. [231]
for alkali activated GGBFS.

As schematically shown in Figure 6.16, a larger reduction of pH is expected in the
unsealed cured samples due to the leaching of Na+ from the pore solution. In contrast,
the pH buffering agent in cement-based materials (that is calcium from Ca(OH)2 and
C-S-H) increases until reaching the maximum degree of hydration and then it remains
constant through time. This ensures a longer passivation of the reinforcing steel surface
when carbonation starts in cement-based materials [232] compared to alkali activated
pastes.

Figure 6.16: Schematic illustration of the content of alkali sources in cement paste (grey line, alkali source:
Ca(OH)2) versus alkali activated paste, sealed (red line, alkali source: NaOH) and unsealed cured (blue line,
alkali source: NaOH) during the hydration process.

In carbonated sealed-cured alkali activated pastes, a clear reduction of pH is ob-
served in S0, S30 and S50 samples (for example this value is reduced from 11.99 to 10.10
in paste S0). Meanwhile, the change of pH is negligible in the pastes with high GGBFS
contents (S70 and S100). In S100, this was expected because the paste was not carbon-
ated. In paste S70, however, a reduction of pH was expected. As the carbonation oc-
curred only in the microcracks of the sample S70, the carbonation front was not uniform
and thin. The obtained powders were, therefore, a mix of carbonated and noncarbon-
ated parts that led to a high pH. The role of Na+ consumption is also insignificant in this
paste due to the small portion of FA.

In unsealed samples, the reduction of pH after carbonation is much more than that
of the sealed cured samples. The pH of carbonated unsealed pastes reaches a value of
9.24 in S0 and a value of 9.84 in S100. Note that all these pH values are related to the
strongly carbonated outer surface material (for pastes S0, S30 and S50). This larger pH
reduction is the result of three concurrent mechanisms: continuous FA and GGBFS dis-
solution, Na+ leaching, and carbonation of NaOH in the pore solution. Carbonation of
NaOH is followed by dissolution of the calcium from the Ca-Na-Al-Si-H gel, which acts
as a pH buffering agent. In samples with lower GGBFS content, the amount of available
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calcium is less and thus the buffering capacity is less. Therefore, the pH of these samples
after carbonation shows a larger reduction. It is assumed that for the GGBFS containing
pastes a combination of CaCO3 and gel phases with remaining Na+ buffers the pH above
9. On the other hand, it is likely that for carbonated paste S0 the NASH gel and remaining
Na+ buffer the pH. The obtained pH values in all carbonated unsealed cured samples are
lower than the pH values predicted by Bernal et al. [62] for the same NaOH content and
CO2 concentration.

It is clear that the pH decreases faster in carbonated alkali activated pastes compared
to cement-based pastes. The combination of a low [Na+] with an eventual Na+ loss in
unsealed curing conditions, leads to a lower pH. This could accelerate corrosion of rein-
forcing steel in carbonated samples unless the concentration of alkalis in the pore solu-
tion remains high at both early and later ages. This latter can be achieved when appro-
priate curing conditions are followed and the permeability of the material is sufficiently
low. The obtained pH values in carbonated unsealed samples (see Figure 6.15) are very
low and near the limit of depassivation of the steel [47]. It should, however, be noted that
these results are obtained from alkali activated pastes. The effect of carbonation on the
pore solution of alkali activated concrete will be presented in Chapter 10.

6.3.2.4. PH OF THE PORE SOLUTION: NATURAL VS ACCELERATED CARBONATION

It has already been reported in literature that the sodium carbonates precipitate in car-
bonated and highly concentrated NaOH solution [62]. The amount of physically ab-
sorbed CO2 is estimated at approximately 16.6 g CO2/L of solution at ambient condition
[230]. In this study, direct accelerated carbonation of the pore solution was performed
in order to determine carbonation products. The pore solutions were extracted from
the sealed cured pastes at 28 days of curing prior to carbonation. Figure 6.17 shows FT-
IR spectra of synthesized chemical compounds, Na2CO3 and NaHCO3. Besides, Figure
6.17 also shows the FT-IR spectra of the carbonated pore solutions of paste S0. It is clear
that the sodium carbonates (mainly NaHCO3) (Figure 6.17), were the main carbonation
products of the pore solution carbonation consistent with the literature [230]. The car-
bonation of the pore solution of other pastes was also performed, however, results are
not shown, since similar spectra were obtained as for paste S0.

Figure 6.17: FT-IR spectra of synthesized chemical compounds NaHCO3 and Na2CO3 (left). FT-IR spectra of
pore solution of paste S0, before and after carbonation (right).
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The effect of exposure conditions on the pH of the pore solution of alkali activated
pastes is presented in Figure 6.18 b, c, d. All pastes were sealed cured before exposure to
carbonation.

(a) noncarbonated (28 days, 180 days and 365 days) (b) exposed to accelerated carbonation

(c) exposed to natural indoor carbonation (d) exposed to natural outdoor carbonation.

Figure 6.18: pH of the pore solutions of alkali-activated pastes
Note that all samples before carbonation were sealed cured.

In Figure 6.18a the pH values of reference samples are shown which were sealed
cured for 28 days, 180 days and 1 year. Irrespective of the GGBFS content in the pastes,
the pH at 28 days of the pore solutions for all five mixtures is beyond 13. The pH beyond
13 had been reported earlier [31], even after shorter period of time, i.e. 3h, 24h, 48h to
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7d for alkali activated GGBFS, either activated with sodium silicate or sodium hydroxide.
According to these findings, the pH of pore solutions undergoes slight variations with
the reaction time compared to original alkaline solution. In the period between 28 days
and 180 days of continuous formation of the gel phases, the pH decreased, while this
decrease of the slope between 180 and 365 days was moderate (see Figure 6.18a). After 1
year of sealed curing, pH of all pastes was beyond 12.

The pH level for pastes S70 and S100 was similar for all exposure conditions (Figure
6.18b, c, d) including reference samples (Figure 6.18a). This is consistent with measured
carbonation depths in these pastes (Figure 6.14), which were less than 2 mm regardless
the exposure conditions. The high pH values suggested strong alkaline media under all
exposures after 1 year, indicating slightly carbonated or noncarbonated pore solution of
pastes. Similar to S70 and S100 pastes, the pH of paste S50 is maintained above pH 12 in
natural indoor and natural outdoor conditions.

In Figure 6.18b the pH for pastes S0, S30, S50 exposed to accelerated carbonation is
lower than in pastes cured under sealed conditions (Figure 6.18a). The highest drop can
be seen in paste S0, from pH 13.5 to pH 10. This drop is lower under natural outdoor
and natural indoor conditions, respectively. For samples S30 and S50, the pH of the
carbonated depth was beyond 11, most likely due to free alkali which remained in the
carbonated pore solution.

6.3.2.5. RELATIONSHIP BETWEEN NA+ IN THE PORE SOLUTION AND NA-BINDING BY THE

GEL

In the noncarbonated specimens, calcium sodium aluminosilicate hydrate (Ca-Na-Al-
Si-H) gel is the main gel phase in alkali activated GGBFS containing pastes (Chapter 4,
Figure 4.25, Table 4.4). According to Hong and Glasser [233], Ca-Na-Al-Si-H can adsorb
large amount of alkalis, up to 20% of the Na or K content that was added [233, 234]. Fur-
thermore, in alkaline activation of aluminosilicate precursors, cations (Na, K) neutralise
the electrical charge which is produced when SiO4 tetrahedron is replaced by AlO4

−
tetrahedron [41]. Additionally, the comparison of alkali binding between synthetic gel
and gel in “real” pastes must be considered. The gel in “real” cement pastes is C-S-H,
where the silicon may be substituted by Al. Hong and Glasser [233] assumed, by anal-
ogy with zeolites, that this will increase the acidity of Si-O and Si-OH and, therefore,
the strength of alkali binding [233]. For this reason, it is believed that the gel phases in
pastes will have higher Na+ binding capacity than pure synthesized gel phases. In hard-
ened alkali activated pastes, as studied here, Na+ can be present in the pore solution and
adsorbed by the gel phases such as by the Ca-Na-Al-Si-H type gel.

In Figure 6.18 the evolution of the pH indicates that the formation of the gel phases
has reduced the pH of the alkali activated pastes S30, S50 and S70 during 1 year of sealed
curing. In Figure 6.19 the evolution of [Na+] indicates that the formation of the gel
phases reduces the [Na+] of the pore solution of the pastes S30, S50 and S70 during 1
year. This explains the pH reduction, shown in Figure 6.18. The pH reduction took place
due to the [OH−] and [Na+] reductions in the pore solution, since [OH−] and [Na+] were
consumed for the formation of the gel phases.
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Figure 6.19: Na+ in the pore solution of the sealed cured alkali activated FA/GGBFS pastes at 28, 56 and 365
days.

Figure 6.20 shows the relationship between [Na+] in the pore solution and Na+ ab-
sorbed by the gel phases for two pastes, S50 and S100. Different types of Na+ binding
isotherms have been obtained. In paste S50, [Na+] decreased in the pore solution be-
tween 28 days and 1 year, while Na/Si in the gel increased between 28 days and 1 year.
On the other hand, no significant change was observed regarding Na+ amount for paste
S100. This observation is consistent with Na/Si change in the gel composition between
28 days and 1 year for paste S100 (see Figure 6.20, S50, S100, dash lines).

Figure 6.20:
- [Na+] in the pore solution in pastes S50 (solid red line) and S100 (solid black line), data obtained from Table
6.3, 6.4 and 6.5, and
- Na+ adsorbed by the gel phases such as by the C-(N)-A-S-H type gel in pastes S50 (dash red line) and S100
(dash black line), data obtained from Table 4.3, Chapter 4.
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The results from this study are in accordance with a previous study regarding Na+
uptake by gel phases [235]. In that study, the silanol groups were the main adsorbing
sites for alkalis. The lower the Ca/Si ratio, the higher the amount of silanol groups in
the gel. This further implies that more alkalis will be incorporated in C-(N-)A-S-H with
lower Ca/Si ratio as shown by thermodynamic modelling [235] (see Figure 6.21). The
Na/Si ratios found in this study (see Figure 6.20) were consistent with Na/Si values shown
in Figure 6.21. This shows that samples with high GGBFS content will have lower Na+
uptake by the gel phases. This is in accordance with results in Figure 6.20, where it can be
seen that the uptake of Na+ by the gel phases increases as the Ca/Si ratio decreases. This
is in agreement with a higher [Na+] present in the pore solution of GGBFS-rich pastes
compared to FA-rich pastes prepared with the same initial amount of alkaline activator
(S30<S50<S70<S100), see Figure 6.19. Higher [Na+] in the pore solution provides higher
alkalinity to both noncarbonated and carbonated GGBFS-rich pastes, as shown in Figure
6.18. This suggest great importance of binder type on the alkalinity of the pore solution.

Figure 6.21: Comparison of the simulation results (25◦C, 1 bar, 0.25 M NaOH/solids mass ratio = 50) using the
thermodynamic model developed (CNASHss, bold red traces) to published solubility data in the CaO-Na2O-
SiO2-H2O system at alkali concentrations 0.1 M ≤ [NaOH] ≤ 0.3 M (Hong and Glasser, 1999 [233]; Kalousek,
1944 [236]; Macphee et al., 1989 [151]). mM = mmol/L. Adopted from [235].
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6.4. CONCLUDING REMARKS

The aim of this chapter was to study the carbonation of the pore solution of alkali acti-
vated pastes. The influence of mixture compositions and curing conditions on the prop-
agation of the carbonation front and on the pH of the pore solution was evaluated for
different exposure conditions. The following conclusions can be drawn:

• An alkali leaching mechanism was observed in the unsealed cured specimens.
This is most likely the result of several counter-affecting mechanisms. The RH dif-
ference between the environment and the specimen causes a capillary flow from
the surface to the interior of the samples and, therefore, an inward movement of
the ions (advection). Meanwhile, condensation of water on the surface of the sam-
ples leads to dilution of the ions at the surface compared to the interior of the spec-
imens. This causes a diffusive movement of ions from the interior towards the sur-
face of the samples. Here, the diffusive outward movement of ions governed the
inward advective water movement that in total led to a loss of the alkali from the
pore solution.

• A higher reduction of pH was seen in pastes containing 0, 30, 50 wt.% GGBFS in
comparison to pastes containing 70 and 100 wt.% GGBFS. The main reason is
larger consumption of Na+ and OH− during FA dissolution in pastes containing
a large content of FA. The binding of Na+ by the gel phases of the alkali activated
paste reduces the effective [Na+] in the pore solution and hence the pH of the pore
solution. The process continued up to 1 year. The GGBFS-rich pastes have a lower
Na+-binding capacity, hence there is a higher [Na+] in the pore solution. This en-
sures a larger alkalinity buffer of the pore solution once the carbonation occurs in
GGBFS-rich pastes.

• Alkali leaching led to a faster propagation rate of carbonation front in unsealed
samples. The replacement of FA by GGBFS significantly improved the carbonation
resistance, independent from the curing condition.

• There are two reasons of pH decrease at long-term:

– the pH of alkali activated pastes decreased due to ongoing gel formation
(from pH 13.40–14.00 after 28 days of sealed curing to the pH 11.99-12.63
after 500 days (see Figure 6.18)).

– the pH decreased due to carbonation of the alkalis in the pore solution of the
pastes.

As can be seen, curing may affect the long-term performance of AAMs not only in
view of carbonation, but also in view of gel formation at later ages. The availabil-
ity of alkalis is a first preventive measure for obtaining satisfactory carbonation
resistance of AAMs.
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• Regarding changes in pH of samples exposed to the natural and accelerated con-
ditions, it was shown that a lower pH is measured in the accelerated conditions of
carbonation. However, under studied conditions (1% v/v CO2) the accelerated car-
bonation seems not to reduce the pH for any paste from 100% FA to 100% GGBFS
to a level that might cause depassivation of the reinforcing steel (pH∼9.0).

From presented results in this chapter, it is clear that an early age Na+ loss has sig-
nificant effect on chemistry of the pore solution of unsealed cured samples (external RH
99%) and hence on the carbonation rate. Due to the susceptibility of the mixtures to an
early age loss of Na+, sealed curing conditions are recommended for practice. This is in
contrast to the traditional curing of OPC-based concretes. Curing under water favours
cement hydration, especially in the external layer of the OPC-based concrete specimens.

In practice, curing agents, such as commercially available products, can be applied
at the outer surface of alkali-activated concrete. This would prevent an early age loss of
Na+ from outer layers of alkali activated concrete. This is relevant only for structural ap-
plications of alkali activated concrete in environments where average RH is ≥ 85%. This
RH, with a demoulding at the age of 24 h, can be considered as the most representative
of the building sites in the Netherlands (outdoor RH is on average ∼90%, Table 6.1). In
contrast, Na+ loss may not to be an issue in conditions of moderate RH (∼60-75%).



7
CARBONATION OF THE GEL PHASES

“By the help of microscopes, there is nothing so small, as to escape our inquiry; hence
there is a new visible world discovered to the understanding.”

Robert Hooke

As a consequence of the pore solution car-
bonation in alkali activated pastes, alkalin-
ity became reduced as shown in Chapter 6.
Due to changes of the pore solution alkalin-
ity, the stability of solid phases in the mi-
crostructure is unknown. The reduction of
alkalinity usually increases the solubility of
gel phases in OPC-based materials. To
investigate the carbonation of the gel phases of alkali activated pastes, several techniques
were adopted. Scanning electron microscope/energy-dispersive X-ray (SEM-EDX) was used
for element zonation along the carbonation depth. Fourier transformed infrared spec-
troscopy (FT-IR) technique was used to investigate changes of the gel molecular structure.
The carbonation products and CO2 binding capacity were analysed with X-ray diffrac-
tion (XRD) and thermogravimetric analysis coupled with mass spectroscopy (TG-MS). The
changes of the gel phases were obtained with PhAse Recognition and Characterization
(PARC). It was shown that the carbonation mechanism involves element changes, mainly
of calcium and sulfur. Furthermore, the spatial distribution and chemical composition
of the gel phases were also changed due to gel decalcification. The carbonation products
were mainly calcium carbonates. They were intergrown with the gel phases. The changes
of the element distribution and gel phases resulted in overall microstructure change. The
microstructure deterioration was substantially lower in pastes with high slag content.

Parts of this chapter have been published in:
Nedeljkovic et al. (2017) New test method for assessing the carbonation front in alkali-activated fly ash and
slag binders: microscopic complementary techniques, Key engineering materials
Nedeljkovic et al. (2018) Element zonation in carbonated alkali-activated slag paste. Conference in honor of
centennial of laboratory of construction materials, Lausanne, Switzerland
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7.1. INTRODUCTION

I N ordinary Portland cement (OPC)-based concrete highly alkaline pore water is formed
in the pH range 13-14 after 0.5 to 1 day of cement hydration [237, 238]. The high al-

kalinity of pore water ensures the stability of the reaction products in the paste. Fur-
thermore, it forms a passivation layer around reinforcing steel in concrete. Carbonation
of OPC-based concrete, however, results in reduction of initially high alkalinity of the
pore water of the concrete cover to pH below 9 [47]. A reduction of pH breaks down the
passivation layer around the reinforcing steel, leading to its corrosion in concrete. In
Chapter 6 it was shown that pH of alkali-activated pastes decreases due to carbonation,
similar to OPC-based materials. However, the measured pH of alkali activated pastes
did not reach the value below pH 9. It is expected that the reduction of pH in carbon-
ated alkali activated pastes affects the stability of the gel phases and further affects the
microstructure. As schematically shown in Figure 7.1, CO2 diffuses gradually into the
sound microstructure due to concentration gradient. After a certain period, the carbon-
ation front is formed (red line). The carbonation front separates the whole section into
three different zones:

• carbonated microstructure,

• partially carbonated microstructure (carbonation front),

• noncarbonated sound microstructure.

In each of the zones in the middle part of Figure 7.1, the behaviour of elements and
gel phases are assumed to be different under the CO2 concentration gradient. For that
reason, several aspects are investigated in this chapter with the following sequence:

• element changes,

• distribution, identification and quantification of carbonation products,

• gel molecular structure change of carbonated pastes,

• distribution and chemical composition of the gel phases,

• microstructure deterioration.

Several testing methods have been used to accomplish these objectives. The FE-
SEM-EDX were used for extraction of element profiles. Optical microscopy was adopted
to characterize carbonation products and their distribution in carbonated pastes. The
identification and quantification of carbonation products and CO2 binding capacity were
obtained with XRD/QXRD and TG-MS. FT-IR method was followed to investigate changes
of the gel molecular structure. The chemical changes of the gel phases were obtained
with SEM-EDX and PARC. These methods are further discussed in the following sections.
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Figure 7.1: Top: diffusion of CO2 in the sample microstructure. Middle: distinction between carbonated part,
carbonation front and noncarbonated part. Bottom: overview of the carbonation mechanism.

7.2. MATERIALS AND METHODS

7.2.1. MATERIALS AND SAMPLE PREPARATION
The chemical compositions of the precursors FA and GGBFS and mixture design are
given in Chapter 3. Since in Chapter 6 it was shown that sealed curing conditions pre-
vent alkali loss and premature carbonation of the pastes, samples were cured sealed for
the first 28 days. After 28 days of sealed curing, samples were removed from the cylinder
moulds for preconditioning (additional 28 days at 55% RH, ambient temperature). After
preconditioning the samples were exposed to different carbonation conditions. There
is an exception for alkali-activated slag paste (S100) considering the curing method. In
Chapter 6 it was found that paste S100 was carbonated only when it was cured unsealed.
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Hence, it was decided to study the carbonation mechanism in paste S100 exposed to
natural laboratory conditions (0.04% v/v CO2 at 20◦C, and 55% RH) for 2 years. The
reference paste samples were kept in sealed conditions for 1 year.

Exposure sites and conditions were explained in Chapter 6. The exposure sites are
given in Figure 6.3 and the exposure conditions are listed in Table 6.1.

7.2.2. METHODS
To determine the effect of carbonation on the microstructure for different binder com-
position and exposure conditions, several parameters were selected for investigation:
element changes, the molecular change of the gel phases and their distribution, carbon-
ation products (distribution, type and quantity) and microstructure changes.

7.2.2.1. OPTICAL MICROSCOPY AND FE-SEM-EDX
The microstructure of pastes was characterized with an Optical Microscope (Zeiss Ax-
ioImager, transmitted light) and a Field Emission Scanning Electron Microscope (FE-
SEM) (JEOL JSM7001F, with operating conditions of 15 kV and 6 nA). The paste samples
were epoxy impregnated, polished and carbon coated. Optical images were made before
the samples were carbon coated for FE-SEM analysis. Element changes were studied
with energy dispersive X-ray spectroscopy (EDX, dual SDD and NSS 3.3). Extraction of
the element profiles was performed by segmentation (the process of partitioning a dig-
ital image into sets of pixels) of the profile brightness intensity of element maps, which
is related to the number of the counts collected with the EDX detector. The use of ele-
ment concentrations based on averaged brightness intensities of element maps instead
of widely used quantitative EDX analysis has three reasons:

• EDX analysis are standardless and normalized to 100% (unless analyses are cali-
brated with standards, which is rare),

• density differences caused by porosity or from CO2 addition remain unnoticed by
quantitative EDX analysis, except by deviant ZAF (correction software for average
atomic number, absorption and fluorescence) correction effects they cause,

• absolute amount of element characteristic X-rays per volume area is faithfully rep-
resented in element maps, showing effects of material loss and carbonation in low-
ered intensities.

For quasi-local averaging, the EDX map was cut in 250 pixels blocks (∼ 250×820 µm2)
and average intensity was measured per block (1, . . . , n) using Axiovision 4.8 software
(Zeiss), as illustrated in Figure 7.2. The unreacted GGBFS and FA particles, voids and
microcracks were eliminated by image segmentation and only counts from the reacting
part (gel) were used for EDX profiling. The examined length was 9.5 mm long and 0.82
mm wide.
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Figure 7.2: Top: schematic representation of the cylindrical paste specimen and core sample crosscutting with
characteristic carbonation front. Bottom: the segmentation of the paste “ribbon” for element zonation. Dis-
tinction is made between carbonated part (1+2+3), carbonation front (4) and noncarbonated part (n).

7.2.2.2. POLARIZED LIGHT MICROSCOPE (PLM)
The carbonation front was assessed under polarized light microscope (PLM). For this
purpose, thin sections were prepared by sawing small prisms from the samples. The di-
mensions of the prisms were 50 mm × 30 mm, with a thickness of about 10 mm. The
sawn prisms were impregnated under vacuum with an epoxy resin containing a fluores-
cent dye. The thickness of the final thin section samples was around 30µm to ensure suf-
ficient light transmission for optical microscopic examination of the carbonation front
and carbonates.

7.2.2.3. XRD, TG-MS AND FT-IR
The samples were tested for identification and quantification of carbonation products
(XRD/QXRD), CO2 binding capacity (TG-MS) and gel molecular structure change of car-
bonated pastes (FT-IR) according to the procedures as explained in Chapter 5.

7.2.2.4. PARC
The samples were tested for distribution and chemical composition of the gel phases
and microstructure deterioration according to the procedures as explained in Chapter 4.

7.3. RESULTS AND DISCUSSIONS

7.3.1. ELEMENT ZONATION

7.3.1.1. PASTE S50
In OPC-based materials the propagation rate of the carbonation front is mainly con-
trolled by diffusion of CO2 into the pore system, with a CO2 concentration gradient as
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a driving force [215]. It is assumed that the same mechanism governs carbonation in
AAMs. As soon as CO2 dissolves in the pore solution of the pastes, it forms a CO2 concen-
tration gradient between two areas of the material, one which is noncarbonated and one
which is carbonated. Subsequently, the CO2 concentration gradient causes the changes
of the sound part. The whole system (pore solution and solid phases) needs a long time
before the equilibrium between the components is again obtained. In this section, the
locations and shapes of the carbonation and dissolution front are investigated.

The element zonation is used for identification of the fronts. Pastes S30, S50 and S70
were examined after 1 year of natural laboratory carbonation. All the samples showed
similar type of zonation around the carbonation front. For that reason, the zonation is
demonstrated only for sample S50.

First, the microscopic investigation of paste S50 was done with optical polarization
(a) and fluorescent light microscope (b) in Figure 7.3. The colour difference enabled
distinction between the carbonated and noncarbonated area. Microcracks, voids and
pores were filled with epoxy resulting in higher intensities of fluorescent light in the car-
bonated area labelled as "2" compared to noncarbonated core of the sample labelled as
“1”. The presence of microcracks was more pronounced for the carbonated than for the
noncarbonated part. This proves that carbonation reduces the density of the sample.
Furthermore, the pore structure characterization of the carbonated and noncarbonated
part will be presented in Chapter 8.

The zone between part "1" (noncarbonated) and part "2" (carbonated) was mapped.
The changes of the individual elements were then distinguished.

Figure 7.3: Photo of paste S50 thin section under a) polarization, and b) fluorescent light at 40 times mag-
nification. Carbonation depth (from the sample top surface to the carbonation front) is 10.3 mm (nat lab
carbonation). (1) is the symbol for noncarbonated core of the sample, (2) is carbonated part.

Figure 7.4 shows the element maps for calcium, silicium, sodium and sulfur as a
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function of depth from the carbonated part "2" toward the noncarbonated part "1".
Based on BSE image and carbon profile, the carbonation front was identified. Figure
7.5 shows element changes as a function of the depth from the exposed surface. Based
on element maps (Figure 7.4) and element fluctuations (Figure 7.5) several fronts can be
distinguished (Figure 7.5):

• dissolution front: here the pH starts to drop from 12.6 to lower values (see Figure
6.18, Chapter 6). The Ca map shows lower intensity in this area as shown in Figure
7.4;

• carbonation front: here the pore solution starts to hit its saturation limit for CaCO3,
left area in Ca map in Figure 7.4;

• desulfurization front (see Figure 7.5): here the redox potential (Eh) of the pore so-
lution begins to be buffered by oxide from outside atmosphere.

Figure 7.4: Carbonation of S50 paste (ribbon shown in Figure 7.2) at the location of the carbonation front at 1
year. BSE image (a) and element maps (b-f). Ribbon length 1500 µm.
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Figure 7.5: Averaged brightness profiles of the extracted EDS element maps along the ribbon of S50 paste as
described in Figure 7.2. One pixel is 1 µm.

Calcium profile
A remarkable observation in Figure 7.5 is that calcium was not carbonated in-situ.

This implies that the actual calcium concentration changes at each spot. The gel dis-
solution (i.e. calcium loss) takes place at the point where carbon is reduced (see Figure
7.5). Namely, the gel of the noncarbonated part is affected by the CO2 concentration gra-
dient by change of the pH. The pH is believed to change gradually across the dissolution
part (see Figure 7.6, from pH > 12 to pH ≤ 10). Accordingly, calcium is leached gradu-
ally (see calcium profile in Figure 7.5 and microstructure changes in Figure 7.7) to the
pore solution in the dissolution part, where it exists together with carbonate ions. When
saturation of the pore solution with calcium and carbonate ions reaches a critical level,
CaCO3 precipitates at the carbonation front. Consequently, the pore solution is locally
buffered and the local composition does not change.

Figure 7.6: pH change under carbonation in alkali activated paste.
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Sulfur profile
The profile of sulfur is different from the profiles of other elements. Sulfur has a ma-

jor peak left to carbonation front (see Figure 7.5). The peak is remarkably wide. Sulfur
precipitates in both the carbonation part and dissolution part. It seems that sulfur is ac-
cumulating in the dissolution part due to change of pore solution alkalinity as illustrated
in Figure 7.6. It increases at the carbonation front, where the pore solution is saturated
with calcium and carbonate ions, whereas no accumulation of sulfur is observed in the
noncarbonated area. Sulfur profile can be explained by considering the relationship of
redox potential Eh and pH for sulfur species when the pH of the systems is changing from
a very high pH 12.6 to pH 10.6. It is known that S2− is stabilized at pH > 12.9. Below this
pH value, HS− formation and the eventual oxidation of the sulphur species to SO4

2− are
favoured [239]. For that reason, a higher pH of the pore solution is expected to retard the
oxidation of sulphides and the lower pH of the pore solution to accelerate this process,
consistent with literature [240, 241].

Silicium profile
There is a slight tendency for silicium to increase in the region of the dissolution

front. On the other hand, silicium is lower for both the noncarbonated part and the
carbonated part. It is likely that the local intensity of silicium increases in the dissolution
part because of silicate gel polymerization.

Observation of the dissolution front
Figure 7.7, in addition to Figure 7.5, shows that the gel dissolution front was gradual.

The gel dissolution occurs by lowering of the pH due to the presence of carbonate ions
in the pore solution. By dissolution of the gel, the gel porosity is also changing.

Figure 7.7: SEM image of paste S50 showing dissolution area between carbonated and noncarbonated areas.
The location is selected based on BSE image in Figure 7.4.
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This provides the pathway for transport of more ions over the dissolution area (see
Figure 7.7). Given Figure 7.5 and Figure 7.7, it can be said that the dissolution front and
the carbonation front do not exactly coincide. Gel dissolution and the precipitation of
the carbonates proceed at the same speed and the dissolution of the gel occurs before
precipitation of the carbonates. For precipitation of carbonates, the pore solution needs
to be saturated with carbonate ions, but also that calcium ions are present. This occurs
when a sufficient amount of CO2 molecules is dissolved and supplied to the reaction site.
For that reason, CO2 diffusion is the rate-limiting step of the carbonation mechanism of
alkali activated paste S50.

7.3.1.2. PASTE S100
The mosaic of unsealed cured paste S100 after 2 years of exposure is shown in Figure 7.8.
Red lines indicate the position of the EDS-mapped area (“ribbon” in Figure 7.10). Car-
bonation did not occur after 2 years in sealed cured paste (first 28 days sealing, and then
paste samples were unmoulded and kept 2 years in laboratory conditions), whereas it
did occur in unsealed cured paste S100.

Figure 7.8: Mosaic of unsealed cured paste S100 after
2 years of exposure to natural laboratory carbonation
determined with Optical Microscope. The red lines
indicate location of the extracted maps.

The gel in paste S100 was carbonated
only near the surface to 2.2 mm depths af-
ter 2 years, followed by the oxidized and
noncarbonated areas. The noncarbonated
and carbonated microstructures are shown
in Figure 7.9. The volume proportion of
the angular GGBFS particles seems clearly
higher in the carbonated area. The differ-
ence is attributed to processes which sub-
sequently occurred during the 2 years of ex-
posure, such as leaching of Na in the cur-
ing period (first 28 days), drying after sam-
ples were moved from the curing room to
laboratory conditions and natural carbon-
ation. Na+ leaching during curing and sub-
sequent ingress of CO2 changed the near
surface area of the sample, such that the
dissolution of GGBFS grains in that area
was restricted compared to the core of the
sample.

The microcracks visible in the noncar-
bonated microstructure are due to sample
preparation (Figure 7.9), although in Figure
7.8 under high magnification they were not present (not shown here). Carbonation was
sporadic, as can be seen in Figure 7.9. Depending on the local gel structure, i.e. Ca/Si
ratio and gel porosity, carbonation will be enhanced by microcracks as demonstrated in
Figure 7.8, where carbonation follows the microcrack paths. The oxidation area had less
apparent microcracks. However, those observed seemed induced by drying.
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(a) reference noncarbonated S100 paste at 1000 times magnification

(b) carbonated S100 paste after 2 years carbonation at 1000 times magnification

Figure 7.9: SEM-BSE images of noncarbonated (sample core) area and carbonated (surface) area.
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(c) reference noncarbonated S100 paste at 5000 times magnification

(d) carbonated S100 paste after 2 years carbonation at 4000 times magnification

Figure 7.9: SEM-BSE images of noncarbonated (sample core) area and carbonated (surface) area.
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The area where carbonation occurs (Figure 7.8) reflect the behaviour of individual
elements in these areas (Figure 7.10(a)) as presented by the change in colour intensity. In
the greyscale image (Ref), an abrupt density change corresponds to the transition from
the bright to the dark area, the noncarbonated area being denser than the carbonated.
The image brightness profiles shown in Figure 7.10(b) result from a combination of two
factors, the composition change and the material density change, together resulting in
the chemical profiles for Ca, S, Na, Si. Looking at the Ca changes along the profile, the
Ca intensity is reduced in the carbonated area compared to the noncarbonated area.
Several distinct reaction fronts are observed, showing independent behaviour of Ca, Na
and S in the carbonated area, oxidation area and noncarbonated area.

Figure 7.10(b) shows that S is accumulating just behind the local Na-peak in the Na
profile (indicated by the two characteristic S-peaks), being enhanced in the entire oxi-
dation area. Presumably, the pore solution in the oxidation area was saturated by sul-
phates which were intergrown with the microstructure. The S-depletion is from such a
large area that it cannot be noticed here, while the S-enrichment in a specific layer is
noticeable because the high levels it reached. It is not easy to explain why the sulphur
concentration has the same apparent level before and after the enrichment zone. For Na
it can be seen that it is strongly leached at the surface. However, it is enriched in the area
where Ca is decreasing. Although Na- and S-peaks are close, they are not coinciding,
with the Na-peak occurring shallower than S in the profiles (see Figure 7.10(b)).

(a) Element zonation of paste S100 after 2 years of exposure to natural carbonation.

Figure 7.10: Element zonation and profiles of paste S100.



7

158 7. CARBONATION OF THE GEL PHASES

(b) Averaged brightness profiles of the EDS element maps.

Figure 7.10: Element zonation and profiles of paste S100.

In general, C is difficult to analyse with the SEM-EDX due to its low characteristic
X-ray yield. It seems as if oxygen is less present in the surroundings of the microcracks.
This is difficult to explain since its profile combines several effects (sulphur oxidation,
carbonation, water loss). Si and Ca had similar behaviour along the profile, and they all
were affected by carbonation. Both have a large drop in the dissolution front (between
2000 and 2800 µm) and in carbonated areas. Mg was concentrated in the rim of the
GGBFS particle in the carbonated S100 paste as it was in the noncarbonated S100 paste,
suggesting none or very small change after carbonation (see Figure A.1 and Figure A.2,
Appendix A). The maps for Al and Mg reveal the smallest changes.

It is assumed that along the ribbon there is one primary material transition front,
that is where all the element image brightnesses drop down, between 2200 and 2800
µm. At this front, the primary change is that material density in the matrix (not includ-
ing the segmented-out unreacted grains) is significantly lowered. Taking the relatively
immobile Al as a reference, compositional changes in other elements can be evaluated,
but only within either the region below or above 2200 µm. Above and below this depth,
the image intensities are offset by the material density change, as reflected in the com-
parison between image brightness. Thus, the profiles show two major horizons, one
representing the beginning of mass leaching of Ca and Na, and second representing the
beginning of the reprecipitation of these elements, i.e. the carbonation horizon, where
the material density significantly decreases. The two horizons are coupled as a disso-
lution – precipitation pair, where elements are transported from the inner dissolution
zone to the outer reprecipitation zone (carbonated area). The reduced material den-
sity in the carbonated area may have involved net material growth, i.e. expansion of the
outwardly unconfined sample. Unfortunately, dimensional changes of the sample were
not accurately recorded. In principle, a bulk volume expansion of the carbonated zone,
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compared to the core, could be demonstrated by measuring the average interparticle
distances between inert GGBFS grains assuming they are homogeneously distributed
throughout the sample. However, there is a considerable difference in the degree of re-
action of GGBFS grains in core and rim (Figure 7.9). Hence it is difficult to establish how
distances between remaining grains should be compared and this concept has not been
implemented.

Discussion
Based on the results of element zonation, for both pastes S50 and S100, it can be in-

ferred that the gel dissolution was gradual under natural exposure conditions. The gel
dissolution was initiated by lowering the pH due to the presence of carbonate ions in the
pore solution. The dissolution front and carbonation front did not coincide. The main
medium for carbonation reactions was the pore solution. The precipitation of CaCO3 re-
sulted from oversaturation of the pore solution. Therefore, the carbonation mechanism
is not a simple transformation of CaO and Na2O to CaCO3 and Na2CO3. If this would
be the case, carbonation would be a reaction driven mechanism. That means that ev-
ery slice would have nearly the same composition. Actually, the local bulk composition
does not remain constant, as shown by element profiles in Figure 7.5 and Figure 7.10.
Furthermore, the mass balance for carbonation is not possible, since it can be clearly
seen that there are coupled reactions, where pore solution is mobilizing material at the
point of dissolution and depositing it back to the carbonated area. This profile is grad-
ually moving forward. It leaves in its wake a constant composition. That means that all
peaks, which are measured in Figure 7.5, also move with profile forward.

Based on presented analysis, two length scales are distinguished in the reactions:

• the length scale of the surfaces of pores, grains and gels, at which actual reactions
start. However, this is a very short local length scale. If the reactions occur only
at this length scale then the bulk composition at larger length scale would not be
affected when carbon and oxygen are added,

• the length scale of pore solution, where all reactions are taking place. This is a
larger length scale at which the effect of carbonation is dominant.

7.3.2. CARBONATION PRODUCTS

7.3.2.1. OPTICAL MICROSCOPY

Figure 7.11 shows paste S50 under cross-polarized transmitted light, with a distinct car-
bonation front. Furthermore, the magnified carbonated and noncarbonated parts are
given for closer distinction. In the noncarbonated part the amorphous phase is isotropic
and black-coloured, while the crystalline phases show different colours. The phases are
different from the surrounded microstructure which remains intact. These features are
present all over the carbonated microstructure. The type of the carbonates could not be
determined with optical microscopy. Therefore, XRD was used in the next section.
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Figure 7.11: Noncarbonated (black) and carbonated alkali-activated paste S50 microstructure (bright). Image
is obtained under cross-polarized transmitted (XPT) light at 25 times magnification. Close view of noncarbon-
ated area (1) and carbonated area (2) at 100 times magnification, XPT, image width 0.75 mm. The exposure
time was 1 year.

7.3.2.2. CRYSTALLINE CARBONATION PRODUCTS

Identification of crystalline carbonation products was obtained with X-Ray diffraction.
Figure 7.12 shows an example of the phase identification for reference paste S50 (sealed
cured paste for 1 year, noncarbonated) and carbonated paste S50 in lab conditions. The
major phases of reference paste S50 were the amorphous phase and crystalline phases
such as quartz (SiO2), mullite (Al4.75Si1.25O9.63), hematite (Fe2O3), magnetite (Fe3O4) and
traces of calcite (CaCO3) (Figure 7.12). The presence of the amorphous phase in Figure
7.12 can be recognized by the broad hump beneath the diffraction peaks of the crys-
talline phases centred around 34 2theta (red magnified offset diffractogram visible in
the same graph).

Table 7.1 compares the carbonation products and their quantities for carbonated
pastes under different exposure conditions. In general, two different types of carbonates
were identified in carbonated pastes, sodium-based (minor) and calcium-based carbon-
ates. Nahcolite (NaHCO3) and natron (Na2CO3·10H2O) were identified as sodium-based
carbonates, which originated from the carbonation of Na+ from the aqueous solution.
On the other hand, calcium carbonates, i.e. vaterite, aragonite and calcite, were formed
due to carbonation of Ca containing gel phases which were defined in Chapter 4.
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Figure 7.12: Comparison of the XRD diffractograms with respect to the phases in reference and natural car-
bonated pastes (sample age: 1 year).

The quantitative phase analysis shows that the dominant phase is amorphous (> 70
wt.%) for both the reference sample and samples exposed in different conditions (see
Table 7.1). The amorphous phase content decreased for the carbonated samples com-
pared to the reference samples. For paste S100, no other phases except minor traces of
calcite (< 0.5 wt.%) were identified for both reference and exposed samples, indicating
that reaction products (gels) were not carbonated. Similarly, analysis of paste S0 did not
show a significant difference between carbonated and reference paste S0, except some
traces of natron (Na2CO3·10H2O) (around 0.1 wt.%) in natural indoor conditions.

Vaterite was dominant in both accelerated and naturally indoor and outdoor car-
bonated S30, S50 and S70 pastes (see Table 7.1). Vaterite is well-known as unstable pre-
cipitate in supersaturated solutions caused by nonstoichiometric reaction conditions as
shown by Jung et al. [242]. The nucleation of different calcium carbonates is reported to
be dependent on the supersaturation level, ionic ratio of [Ca2+]/[CO2−

3 ] in solution and
the pH of the solution [199, 242, 243]. According to Hostomsky et al. [244], precipitation
of vaterite in the reaction of calcium nitrate and sodium carbonate occurs at pH ≥ 9.5,
but calcite is obtained at pH ≤ 8.5. In addition, Kralj et al. [199] reported precipitation
of pure vaterite from the solution of calcium chloride and sodium carbonate at decreas-
ing pH below 9.3, the unstable vaterite might recrystallize into stable calcite if there is a
sufficient moisture [245]. The re-crystallization of vaterite in this study was not the case
and it was most probably inhibited by the intermediate moisture content (50-60% RH),
but also due to the pH level of the pore solution. The pH of the pore solution in pastes
after carbonation was maintained above 9, as shown in Chapter 6.

In contrast to vaterite and low amount of calcite identified in this study, calcite is
the main carbonate beside aragonite and vaterite, formed from the accelerated and nat-
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ural indoor carbonation of OPC-based paste as found by Hidalgo et al. [246]. Accord-
ingly, the formation of more vaterite than calcite in this study can be partially attributed
to the nanostructural ordering and thermodynamic stability of the C-(N)-A-S-H gel in
alkali-activated pastes, which is different from C-S-H gel in OPC-based pastes. White
et al. [196] showed large intrinsic differences of nanoscale ordering between C–S–H de-
rived from C3S and alkali-activated GGBFS pastes using X-ray total scattering. Authors
showed that C-(N-)A-S-H gel is mostly amorphous and intrinsically less thermodynam-
ically stable than (nano)crystalline C3S-based gels. This implies a different phase dis-
solution mechanism of carbonation of AAMs compared to OPC-based materials. This
leads to precipitation of different CaCO3 polymorphs as shown in Chapter 5.

7.3.2.3. AMORPHOUS CARBONATION PRODUCTS AND CO2 BINDING CAPACITY

The GGBFS-rich pastes S30, S50, S70 and S100 predominantly form a Ca-Na-Al-Si-H gel
with different Ca/Si ratio, while paste S0 consists of Na-Al-Si-H type gel (see Chapter
4). Depending on the Ca/Si ratio of the reaction products, the actual type and quantity
of carbonate will differ. For that reason, different quantities of different carbonates are
found with XRD analysis (Table 7.1). Otherwise than XRD analysis, thermogravimetric
(TG) analysis helps to quantify the CO2 binding capacity of alkali activated pastes and
distinguish the amorphous carbonates from crystalline carbonates (vaterite, aragonite,
calcite, natron and nahcolite). Based on TG curves, the first derivative of TG curves (DTG
curves) and mass spectroscopy (MS) curves, all plotted in Figure 7.13, the cut-off tem-
peratures for decomposition of water and CO2 were determined accordingly:

• mass loss from 45◦C to 105◦C is mainly attributed to the evaporable water from
the pastes;

• mass loss from 105◦C to 245◦C is mainly due to the loss of bound water in Ca-Mg-
Na-Al-Si-H/Ca-Na-Al-Si-H/Ca-Al-Si-H/Na-Al-Si-H gels;

• mass loss between 105◦C and 180◦C: dissolved carbonates in the pore solution
(with lower release temperature in TG-MS, such as sodium bicarbonates/carbonates);

• CO2 emission between 245◦C and 950◦C: CO2 in low-crystalline and high-crystalline
CaCO3.

According to aforementioned distinction and results presented in Figure 7.13, it can
be seen that the release of H2O and CO2 are two independent processes. This demon-
strates that the gel phases and carbonation products are not structurally bound as one
compound, but rather physically intergrown as independent phases. Furthermore, MS
curves for CO2 show that CO2 starts releasing in the temperature range around 245◦C.
This is the characteristic temperature for decomposition of amorphous carbonates in
the structure of the carbonated pastes.

The decomposition of crystalline CaCO3, such as vaterite, aragonite and calcite oc-
curs at temperatures higher than 500◦C, as shown by Kralj et al. [199]. For most of the
pastes, except paste S0, both amorphous and crystalline carbonates were identified.
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Table 7.1: Quantitative phase analysis by Rietveld method for reference pastes and for the pastes exposed in the natural laboratory, natural outdoor and accelerated
carbonation for 1 year. For comparison to bulk samples minerology, the results for minerology of the carbonated crushed pastes from Chapter 5 are presented.

Phases Amorphous Quartz Mulite Magnetite Hematite Hydrotalcite Vaterite Aragonite Calcite Natron Nahcolite
Reference Bulk paste samples
S0 75.2 8.6 12.7 2.3 0.6 - 0.6
S30 82.8 5.9 8.7 1.6 0.6 0.1 0.3
S50 91.7 3.0 4.2 0.8 0.2 - 0.1
S70 94.1 2.1 3.1 0.4 0.1 - 0.2
S100 99.8 0.0 0.0 0.0 0.0 - 0.2
Natural laboratory Bulk paste samples
S0 71.1 10.0 15.5 1.9 0.7 0.0 0.7 0.1 0.0
S30 72.7 6.8 10.3 1.1 0.8 5.9 1.9 0.5 0.0
S50 77.2 5.0 8.2 0.7 0.8 5.6 2.0 0.4 0.1
S70 82.9 3.3 4.7 0.3 0.6 4.6 3.2 0.3 0.1
S100 99.9 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Natural outdoor Bulk paste samples
S0 76.2 8.9 11.2 2.2 0.3 - 0.0 1.2
S30 77.0 6.5 7.5 1.5 0.5 - 2.4 4.6
S50 81.4 4.4 5.1 1.2 0.3 - 4.5 3.1
S70 85.5 2.8 3.9 0.6 0.2 - 4.9 2.1
S100 95.2 0.0 0.0 0.0 0.0 0.3 2.5 2.0
Accelerated Bulk paste samples
S0 74.2 10.0 12.3 2.3 0.5 - 0.0 0.7 -
S30 73.6 6.7 8.0 1.5 0.5 - 8.9 0.8 -
S50 77.0 4.7 5.6 1.0 0.4 - 10.2 1.1 -
S70 85.0 3.2 4.2 0.6 0.3 - 5.9 0.5 0.3
S100 99.3 0.0 0.0 0.0 0.0 0.7 0.0 0.0 -
Accelerated Crushed pastes (Ch. 5)
S0 71.1 8.9 14.5 3.3 0.8 - 0.0 0.4 1.0
S30 70.1 5.9 9.8 2.1 0.7 0.1 3.2 7.8 0.3
S50 69.3 4.7 6.7 1.4 0.5 - 14.6 2.7 0.1
S70 71.9 2.9 4.2 0.8 0.2 - 18.8 1.0 0.2
S100 72.2 0.5 0.2 0.0 0.1 0.6 25.3 1.0 0.1
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The temperature for CO2 decomposition in carbonated paste S0 was 105-180◦C (see
Figure 7.13). This narrow shoulder suggests the presence of nahcolite or natron. A simi-
lar observation was made by Bernal et al. [63] for carbonated alkali activated FA. The ap-
pearance of this shoulder in the MS curve indicates a rather low amount of these phases
in carbonated paste S0 compared to MS curves for CO2 of other pastes.

The TG-MS curves for pastes S100 exhibited a one-stage thermal degradation pro-
cess during raising temperature, suggesting a homogeneous reaction product (Figure
7.13). The mass loss at 105–345◦C corresponds to the emission of chemically bound
water in the Ca-Na-Al-Si-H/Ca-Mg-Na-Al-Si-H gels (with defined chemistry in Chapter
4) and hydrotalcite (found in traces, accelerated and outdoor conditions, Table 7.1). In
natural outdoor conditions CO2 was released from paste S100, suggesting slight paste
carbonation.

Figure 7.13: TG-DTG-MS curves for bulk paste samples after 1 year in different exposure conditions.
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Figure 7.13: TG-DTG-MS curves for bulk paste samples after 1 year in different exposure conditions.

The maximum CO2 binding capacity, according to Steinour [218], was determined
from the total oxide content (Ca+Mg+Na+K) of raw FA and GGBFS powders. The real
CO2 binding capacity of alkali activated pastes is measured according to the procedure
described in Chapter 5, Section 5.2.3.1. Overall, the measured CO2 binding capacity of
alkali activated pastes is much lower than the theoretical CO2 binding capacity (see Table
7.2).

Table 7.2 also shows that the CO2 binding capacity of alkali activated pastes is the
lowest for natural outdoor conditions. This is attributed to outdoor weathering of the
samples, where the average RH over the year is higher than 80% (for RH values, see Figure
6.3, Chapter 6). Moreover, the range for the temperature of CO2 release for the samples
which have been exposed in the natural outdoor conditions was different from the natu-
ral laboratory conditions. The difference in the conditions considered the RH, where for
natural outdoor the RH was 80-99% and for indoor laboratory conditions it was around
50% RH. This demonstrates the role of RH on the type of CaCO3 that is precipitating due
to carbonation of alkali activated pastes. At low RH (50%, natural laboratory conditions)
mainly low crystalline CaCO3 was formed, while at high RH (80-90%, natural outdoor
conditions) the high-crystalline CaCO3 was formed, as shown by QXRD analysis (see Ta-
ble 7.1, natural outdoor vs natural indoor conditions).

The CO2 binding capacity of alkali activated pastes was different in accelerated and
natural laboratory exposure conditions. Furthermore, the proportion of crystalline and
amorphous CaCO3 was different too. In accelerated exposure conditions, crystalline
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CaCO3 was dominant. When comparing the CO2 binding capacity of carbonated bulk
paste samples and carbonated powdered pastes under accelerated exposure conditions,
powdered pastes have a higher CO2 binding capacity. Hence, the pore structure plays an
important role in the carbonation of bulk paste samples. It is likely that the bulk pastes
have lower micropore volume or specific surface area than that of powdered pastes.

Table 7.2: The measured CO2 binding capacity compared to the theoretical CO2 binding capacity of water-free
paste (expressed as values normalized to 100%).

CO2 binding capacity
Theoreticala QXRDb (1 year) TG-MSc (1 year)
[wt. %] [wt. %] [wt. %]

Natural laboratory Bulk paste samples
S0 11.36 0.32 7.14
S30 17.33 3.51 10.79
S50 21.59 3.46 11.89
S70 24.05 3.53 16.34
S100 28.34 0.04 5.78
Natural outdoor Bulk paste samples
S0 11.36 0.53 4.88
S30 17.33 3.08 7.16
S50 21.59 3.34 9.50
S70 24.05 3.08 10.59
S100 28.34 1.98 10.67
Accelerated Bulk paste samples
S0 11.36 0.31 4.72
S30 17.33 4.27 8.27
S50 21.59 4.97 13.80
S70 24.05 4.97 16.30
S100 28.34 0.00 1.31
Accelerated Crushed powders (Ch. 5)
S0 11.36 0.70 5.3
S30 17.33 5.04 14.68
S50 21.59 7.66 16.09
S70 24.05 8.82 15.00
S100 28.34 11.88 14.36

a The theoretical CO2 binding capacity is the sum of the individual (earth) alkaline oxide CO2 binding capaci-
ties (the amount of CO2 bound as CaCO3, MgCO3, NaHCO3, KHCO3), calculated as shown in equation % CO2
= 0.785(% CaO - 0.56% CaCO3 - 0.7% SO3) + 1.091% MgO + 1.42% Na2O + 0.94% K2O of Steinour [218]. The
weight percent of oxides [%] was used from Table 3.1, Chapter 3. It should be noted that Na2O weight was
accounted from both the raw material and from alkaline activator.
b CO2 binding capacity from the quantitative phase analysis by Rietveld method for paste carbonated powders
after 1 year of carbonation (Figure 7.12 and Table 7.1), i.e. the amount of CO2 bound as crystalline CaCO3 and
NaHCO3, which were detected with XRD analysis.
c CO2 binding capacity from Figure 7.13, quantified with TG-DTG-MS method from the powders after 1 year
of carbonation, i.e. the amount of CO2 bound as amorphous and crystalline CaCO3 and NaHCO3, which were
detected from the TG-DTG-MS analysis.
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7.3.3. GEL MOLECULAR CHANGES WITH FTIR
It is well-known that carbonation changes the molecular structure of the C-S-H gel of
the OPC-based pastes [212]. This change is a result of gel decalcification, silicate gel
polymerization and formation of different types of carbonates in cement-based pastes.
Since all alkali activated pastes in this study underwent carbonation, it is expected that
their gel molecular structure has changed too. For that reason, FTIR is used to investigate
these changes.

First, Figure 7.14 provides evidence of microscopic deterioration of the gel in paste
S50. The carbonated paste consists of unreacted GGBFS and FA particles, silicate gel and
remaining Ca-Na-Al-Si-H gel. Carbonation clearly modified the gel chemical composi-
tion by forming calcium carbonates as shown by QXRD (see Figure 7.12) and TG-MS (see
Figure 7.13) and results in loss of the initial gel cohesion as shown in Figure 7.14.

Figure 7.14: Gel morphology in carbonated paste S50 after 1 year of natural laboratory exposure. The right BSE
image corresponds to the left image but magnified for observations of gel features.

To investigate gel molecular changes in depth, the FT-IR analysis focussed on differ-
ence between reference and carbonated alkali-activated pastes by following changes of
silicate and carbonate groups. The Si-O stretching modes for the SiQn units show in-
frared absorption bands localized around 1100, 1000, 950, 900 and 850 cm−1 for n=4, 3,
2, 1 and 0, respectively [247]. These values shift to higher wavenumbers when the degree
of silicon polymerization increases as shown in carbonated paste powders (see Chapter
5). In Figure 7.15 the change of primary bands due to carbonation were evaluated at 1
year of exposure, while reference spectra were recorded after 1 year of sealed curing.

The reference spectra of pastes S30, S50, S70 have the main band assigned to Si-O
stretching vibrations of the SiQ2 tetrahedra located at 960, 953, 947 cm−1, which shifts to
lower wavenumbers with increasing GGBFS content, i.e. with increasing Ca/Si ratio in
the gel phases. This indicates depolymerisation of the silicate chains as shown by Yu et
al. [204].

Figure 7.16 presents an overview of changes of the main Si-O-Si(Al) band position
depending on the exposure conditions. For pastes S30, S50, S70 exposed to accelerated
carbonation, the position for SiQ2 appeared at higher wavenumber (1008 cm−1, 1012
cm−1, 1015 cm−1) compared to reference spectra of pastes S30, S50, S70 (960 cm−1, 953
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cm−1, 947 cm−1) or to pastes which were exposed to natural conditions. The mecha-
nism responsible for this change is polymerization of silicates due to water and calcium
removal from the gel interlayer and surface spaces.

Figure 7.15: FT-IR spectra of alkali-activated pastes after 393 days of sealed curing (no carbonation) and FT-IR
spectra of alkali-activated pastes subjected to different exposures for 1 year.

Subsequently, rearranging of the gel globules causes gel shrinking as demonstrated
in Figure 7.14. The evidence of gel rearrangement is also inferred from nitrogen sur-
face area measurements, which show variation of gel pore sizes and surface area with
carbonation (see further Chapter 8). The excess of negative charge in the gel due to cal-
cium removal is most likely balanced by adsorption of alkalis (OH−, Na+) in decalcified
Ca-Na-Al-Si-H gel and formation of Si-OH or Si-ONa groups. Condensation of neigh-
bouring groups Si-OH or Si-ONa into Si-O-Si moves the system towards the equilibrium,
forming silicate gel following proposed reactions 5.4-5.6 in Chapter 5. The presence of
Na can increase the content of non-bridging oxygen in the silicate structure. For that
reason, polymerization of silicates gives broader Si-O-Si(Al) peak in the spectra of car-
bonated pastes compared to reference spectra in Figure 7.15 (indicated by green arrows
for paste S50). This indicates the presence of molecularly coherent units of increasing
size in the gel structure.
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Spectra of the carbonated pastes S30, S50 and S70 contain also new features, which
are associated with formation of carbonates with different intensities indicated by the
presence of the large bands near 713, 856, 875, 1420 and 1490 cm−1 (Figures 7.15). The
intensity of the carbonate peaks varies depending on the exposure conditions. The same
positions of the carbonate groups were identified for carbonated powdered pastes in
Chapter 5 (Figure 5.10). Compared to standard FT-IR spectra for Ca-carbonates [202],
bands at 713 cm−1 and 875 cm−1 are characteristic for vaterite and calcite, as found
with XRD (Table 7.1). The bands at 1420 cm−1 and 1490 cm−1 correspond to amorphous
CaCO3. The amorphous CaCO3 is identified in all pastes, which supports TG-MS results
(Figure 7.13).

Figure 7.16: Shift of the main Si-O-Si(Al) asymmetric stretching band of the alkali-activated pastes subjected
to different exposures (1 year) compared to reference samples, which were sealed cured for 1 year.

In reference paste S0, the main band Si-O-Si(Al) is observed at 979 cm−1 due to ab-
sence of calcium from the Na-Al-Si-H gel. In carbonated pastes S0 (accelerated and nat-
ural carbonation), this band is shifted to 1007 cm−1 due to polymerization of the silicate
gel. The increased extent of gel polymerization (979 cm−1 → 1007 cm−1) in pastes S0 un-
der different exposure conditions is not due to carbonation of Na-Al-Si-H gel since Na-
carbonates were not identified with XRD, consistent with findings of Bernal et al. [63].
It is believed that the pore solution carbonation of paste S0 can influence the extent of
gel polymerization, i.e. rearrangement of the silicate units, but not in view of gel deteri-
oration. This means that carbonation is less detrimental to the microstructure of paste
S0, as observed later, and more detrimental to the pore solution of paste S0 as shown in
Chapter 6.
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Paste S100 did not carbonate under accelerated and natural indoor conditions as can
be seen in Figure 7.15 (944 cm−1 → 957 cm−1). The absence of capillary pores and re-
duced gel porosity (supported by MIP and N2 adsorption results in Chapter 4) did not
allow CO2 molecules to diffuse in paste S100. Only slight carbonation took place for
paste S100 in natural outdoor carbonation in agreement with TG-MS results, due to mi-
crocracking of the samples under weathering.

Concerning the role of CO2 concentration, it can be seen that the extent of gel poly-
merization increased with CO2 concentration (from 0.04% v/v to 1% v/v CO2, it increases
from 995 cm−1 → 1015 cm−1, see Fig. 7.16). Comparing the extent of gel polymerization
of alkali activated pastes from this study (1% v/v CO2) and from Li et al. [209] (20% v/v
CO2) and Palacios et al. [59] (100% v/v CO2), the extent of polymerization of alkali acti-
vated pastes is lower than in the latter two studies. This implies a much higher degree of
deterioration of alkali activated pastes exposed to elevated concentrations of CO2.

7.3.4. DISTRIBUTION AND CHEMICAL COMPOSITION OF GEL PHASES
Figure 7.17 shows the microstructure in both the core and the rim of S50 paste and cor-
responding domains separation with PARC (blue: mullite+AlSi glass; yellow: quartz; slag
grain: purple; CaNaAlSi gel: green; NaMgAlSiCa gel: cyan; NaAlSi gel: light pink). The
microcracking in Figure 7.17 originates from sample preparation, but also from carbon-
ation (microstructure labelled as 2). The influence of carbonation on the domain pro-
portions will be discussed by comparing microstructures in pastes S30 (Figure 7.18) and
S50 (Figure 7.17).

Figure 7.17: SEM-BSE images and compositional domains of S50 paste: core (a) and rim (b), obtained after 1
year of exposure to natural laboratory carbonation (0.04% v/v CO2).
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It was found that paste S30 was less resistant to carbonation compared to paste S50
(Chapter 6, see Figure 6.12). Both rim and core of paste S30 were carbonated (see Figure
7.18), and only the rim in paste S50 was deteriorated. Higher porosity of sample S30 as
shown in Chapter 4 (Figure 4.30) and a lower Ca/Si ratio than in paste S50 explains the
higher carbonation rate in this paste. Therefore, the pore structure turns out to be the
governing factor which limits the propagation of the carbonation front.

Figure 7.18: SEM-BSE images and compositional domains of S30 paste: core (a) and rim (b) obtained after 1
year of exposure to natural laboratory carbonation (0.04% v/v CO2). Note that both core and rim of paste S30
were carbonated.

The carbonation of the pastes occurred predominantly around GGBFS particles (Fig-
ure 7.17 and Figure 7.18) (carbonation of Ca-Na-Mg-Al-Si-H gel) and throughout the gel
(Ca-Na-Al-Si-H and Ca-Na-Si-H). The gel phases were partially decalcified. The car-
bonate phases were not detected with PARC, implying that the carbonates must be of
nanometer size and intergrown with the gel (see Figure 7.14). This is consistent with op-
tical microscopy observations and TG-MS results. The difference in gel contents (Ca-Na-
Al-Si-H, Ca-Na-Mg-Al-Si-H) in Figure 7.19 between rim and core of S50 paste is appar-
ently due to both a higher degree of reaction in the core compared to rim and an increase
of the gel porosity after carbonation in the rim (because the total measured area remains
100%). Furthermore, a different reaction degree is also a reason for a higher fraction of
AlSi grains in the rim than in the core. The result of gel decalcification in pastes S30 and
S50 was formation of vaterite and calcite as shown with QXRD (Table 7.1).
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Figure 7.19: Weight proportions of compositional domains in core and rim of pastes S30 and S50, obtained
after 1 year of exposure to natural laboratory carbonation (0.04% v/v CO2).

7.3.5. OBSERVATIONS OF MICROSTRUCTURE

7.3.5.1. MORPHOLOGY

The change of the microstructure morphology of the pastes due to carbonation is pre-
sented in Figure 7.20. The difference between microstructures of reference pastes (1
year) and pastes exposed to indoor laboratory and accelerated carbonation conditions
is clearly visible in blended pastes S30, S50 and S70. In reference pastes (1 year), a more
uniform and denser microstructure is formed with a higher GGBFS content.

The difference of gel greyscale levels in backscattered electron (BSE) images between
noncarbonated and carbonated areas can be seen in Figure 7.20. This difference is at-
tributed to their different nanoporosities in carbonated specimens (see Chapter 8) and,
therefore, to different densities and backscattered electron coefficients as found by Famy
et al. [169] in carbonated cement pastes. This is in agreement with a previous study of Si-
somphon et al. [248], who observed a similar morhology of the carbonated microstruc-
ture in GGBFS mortars (made by CEM III/B 42,5 N and CEM I 42,5 N) after 1 year of
carbonation in the natural atmospheric conditions.

The microstructure of pastes S0 and S100 was not deteriorated under carbonation.
This can be seen when the CO2 exposed microstructures are compared to the corre-
sponding reference microstructures. Paste S100 was very dense and hence it did not
carbonate. This is in agreement with XRD and FT-IR analyses, which showed that the
morhology of paste S100 is slightly or not at all altered. In contrast, paste S0 was car-
bonated only by pore solution carbonation. The reaction products in paste S0 were not
altered, as confirmed by FTIR and XRD results. Therefore, blended pastes S30, S50 and
S70 have been further studied with SEM-EDX for degree of decalcification.
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Figure 7.20: SEM-BSE images of the microstructures of reference samples (1 year), and the microstructures of
samples after 1 year of exposure in the natural laboratory and accelerated conditions.
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7.3.5.2. CHEMICAL CHANGES

The atomic ratios Al/Si, Ca/Si, Na/Si, Mg/Si of the noncarbonated and carbonated ar-
eas in pastes S30, S50 and S70 determined by SEM-EDX analysis are presented in Table
7.3. An example of distinction between carbonated and noncarbonated areas is given
in Figure 7.21. The corresponding map of decalcified spots in the microstructure S50
was extracted (cyan colour, see Figure 7.21). The map was used for point measurements.
The spot analysis was done in such a way that unreacted FA and GGBFS particles or the
rims between single particle and surrounding matrix were excluded from the analyses.
However, due to possible cross-contamination of the EDS spectra, the lowest atomic ra-
tios indicated by the extremity of the data cluster are reported in Table 7.3. Regardless
of the GGBFS amount, the Na/Si ratio in the carbonated gel did not change significantly
compared to the noncarbonated gel (Figure 7.22). The Mg/Si ratio showed significant
variations in the distribution for pastes S50 and S70 compared to the paste S30. Paste
S30 has the same Mg/Si ratio for both measured areas, i.e. carbonated and noncarbon-
ated, because its composition consisted of only 30 wt.% of GGBFS and the results sug-
gest that Mg has not formed other reaction products except being distributed in the gel.
The results of Mg/Si ratio for pastes S50 and S70 suggest that the Mg is sporadically dis-
tributed throughout the gel and that some other reaction products consisting Mg, such
as hydrotalcite showed by Haha et al. [185], are intermixed with the gel, causing the data
scattering.

Table 7.3: Atomic ratios determined for the two areas of samples in natural laboratory conditions by SEM-EDX
analyses.

Sample EDX area Na/Si Mg/Si Ca/Si
S30 Noncarbonated 0.1 0.05 0.7

Carbonated nat. lab 0.1 0.05 0.2
S50 Noncarbonated 0.25 0.03 0.9

Carbonated nat. lab 0.25 0.03 0.1
S70 Noncarbonated - 0.07 0.8

Carbonated nat. lab - 0.07 0.2

Figure 7.21: SEM-BSE image of carbonated paste microstructure S50 and the corresponding map of decalcified
spots in the microstructure after 1 year of exposure in natural laboratory conditions.
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Substantial decalcification (the last column in Table 7.3) have occurred in all blended
pastes. The Ca/Si ratio has been reduced for the carbonated areas compared to the non-
carbonated areas, but the gel was not completely decalcified. Instead, carbonation low-
ered the Ca/Si ratio. Although it was expected that the sample S70 has a higher decalci-
fication than S50 since it has a higher Ca amount, the findings show that the decalcifica-
tion degree was lower. This is most likely due to the finer pore structure of S70 sample
compared to S50 sample, which hinders the CO2 diffusion.

Figure 7.22: 2D scatter plots of EDX point analyses with different element atomic ratios in the carbonated and
noncarbonated areas of the samples that were exposed in the natural laboratory conditions.
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7.4. CONCLUDING REMARKS

In this chapter, the effect of carbonation on the gel element composition and gel phases
distribution in the microstructure of alkali activated pastes has been investigated. The
following conclusions can be drawn:

• Element changes. Element profiles (Figure 7.4 and Figure 7.10) indicated that Ca,
S and Na show the most distinct spatial distributions in pastes S50 and S100 due
to carbonation. From sample surface towards the noncarbonated core, several
fronts were identified: carbonation, dissolution and sulfurization fronts. The car-
bonation front does not exactly coincide with dissolution front. The sulfurization
front depends on oxidation extent, which in turn strongly depends on alkalinity of
pore solution.

• Distribution, identification and quantification of carbonation products. From op-
tical observations carbonates were present all over the paste microstructure. The
carbonate phases were intergrown with gel phases and hence their identification
was only possible with XRD/QXRD and TG-MS techniques. Based on XRD/QXRD
and TG-MS results, two types of carbonates in carbonated bulk pastes were iden-
tified:

1. crystalline carbonates (quantified with XRD, with known release tempera-
tures in TG-MS),

2. amorphous carbonates (quantified with TG-MS).

The amount of amorphous carbonates was higher than of crystalline carbonates.
CO2 binding capacity of carbonated bulk pastes was lower than of the carbonated
powdered pastes investigated in Chapter 5. Obviously, the pore structure plays
an important role in the rate of carbonation of bulk alkali activated pastes. Addi-
tionally, CO2 binding capacity of bulk alkali activated pastes is dependent on the
amount of GGBFS and hence amount of gel phases.

• Gel molecular structure. Pastes S30, S50 and S70 have similar polymerization de-
gree. In contrast, results showed that the alkali-activated FA (S0) was not carbon-
ated in the studied conditions except its pore solution. The higher degree of poly-
merization in paste S0 was mainly due to rearrangement of the sodium alumi-
nosilicate gel. Na-based carbonates were identified in very small amount. Hence,
it is believed that major amount of Na was consumed for balancing the excess of
negative charges in the gel due to Ca2+-removal through formation of Si-OH or Si-
ONa groups. Condensation of neighbouring Si-OH or Si-ONa groups into Si-O-Si
formed silicate gel as confirmed with FT-IR.

• Phase distribution and chemical composition. Gel phases (Ca-Na-Al-Si-H/ Ca-Mg-
Na-Al-Si-H/Ca-Al-Si-H, Ca-Si-H) were decalcified to varying degrees in pastes S30
and S50. The gel phases have a variable stoichiometry. That makes the kinet-
ics of the gel dissolution difficult to constitute since the process most likely be-
comes diffusion-controlled at the microscopic level. The carbonation reaction
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likely proceeds via interface pores 10-100 nm in size. Hence, the carbonation-
induced chemical deterioration mechanism in pastes is a multiscale process, i.e.
from nanoscale to microscale. Local microanalysis shows that carbonation of the
alkali-activated GGBFS pastes was occurring predominantly around GGBFS parti-
cles (carbonation of Ca-Mg-Na-Al-Si-H gel). The gel decalcification was the main
consequence of carbonation in studied pastes, accompanied by the microcrack-
ing.

• Microstructure deterioration. Finally, the effect of carbonation on the microstruc-
ture in alkali activated materials is different from that in the OPC-based materials.
In OPC-based materials, carbonation densifies the microstructure and deteriora-
tion is not of concern. Hence, the existing engineering models for carbonation
process assume implicitly that microstructure does not change after carbonation
in OPC-based materials. The proposed models use carbonation coefficients to
predict the propagation rate of carbonation front and focus only on the changes of
the transport properties. However, in AAMs, the carbonation process as such mod-
ifies the gel phases and chemical deterioration is explicitly shown to be critical for
mixtures S30 and S50. Based on the obtained effects of the carbonation on the mi-
crostructure of alkali activated FA/GGBFS pastes, the microstructure changes are
necessary to be considered in the future predictive models for carbonation.





8
EFFECT OF CARBONATION ON PORE

STRUCTURE AND MODULUS OF

ELASTICITY OF PASTES

“For scientific explanations we need right indicators not currently used standards.”

Marija Nedeljković

In Chapter 7, carbonation of the gel phases was investigated. The extent of chemical de-
terioration of the microstructure of alkali-activated pastes due to carbonation is shown
to be significant and dependent on the binder composition. In this chapter, the effect of
microstructure changes on the pore structure and modulus of elasticity is presented. The
changes of the pore structure are relevant for long-term performance of alkali activated
pastes. The pore structure and modulus of elasticity of the carbonated pastes were deter-
mined with mercury intrusion porosimetry (MIP), nitrogen (N2) adsorption and nanoin-
dentation. The results showed an increase of gel porosity of the pastes after carbonation.
Furthermore, the increase of pore volume and pore size in the samples resulted in the
weakening of cohesion within the paste. Consequently, the modulus of elasticity of car-
bonated blended pastes (S30, S50) was reduced. It is demonstrated that in addition to
testing the alkalinity of the pore solution, the deterioration of alkali-activated fly ash (FA)
and ground granulated blast furnace slag (GGBFS) pastes due to carbonation needs to be
evaluated also by considering changes of modulus of elasticity.

Parts of this chapter have been published in:
Nedeljković, M., Savija, B., Zuo, Y., Luković, M., Ye, G. (2017) Effect of natural carbonation on the pore structure
and elastic modulus of the alkali-activated fly ash and slag pastes, Construction and Building materials.
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8.1. INTRODUCTION

C ARBONATION creates changes in the microstructure of pastes as shown in Chapter 7,
which consequently can result in different pore size distributions and pore volume

of carbonated and noncarbonated parts of the samples. These differences can signifi-
cantly affect the transport and mechanical properties. Depending on the binder com-
position, the effect of carbonation on the pore structure can vary. For instance, carbon-
ation of the Ca(OH)2 in OPC-based pastes leads to a reduction in porosity of the pastes
due to the positive difference between the molar volumes of Ca(OH)2 and CaCO3. Con-
sequently, hardness and modulus of elasticity in cement paste increase [249, 250]. On
the other hand, micro-mechanical properties of blended OPC and GGBFS (such as CEM
III-B) pastes decrease due to carbonation, since they contain less Ca(OH)2 and have a
lower Ca/Si ratio in the C-S-H gel [219].

So far only a few studies have discussed pore structure changes and mechanical be-
havior of carbonated AAMs. For instance, Bakharev et al. [58] found that the alkali ac-
tivated slag (AAS) concrete had higher strength loss than OPC concrete in two investi-
gated exposure conditions, i.e. immersion in 0.352 molar (M) sodium bicarbonate so-
lution and exposure to an atmosphere with 10–20% v/v CO2 at 70% RH. Nevertheless,
both conditions were highly aggressive and the results cannot be used directly to predict
in-service behavior of AAS concrete subjected to natural carbonation.

Bernal et al. investigated accelerated carbonation of alkali silicate-activated GGBFS
mortars exposed to 3.0±0.2% v/v CO2, temperature of 20±2◦C and 65±5% RH [61]. Non-
carbonated specimens had compressive strengths of up to 63 MPa after 28 days of curing
when granulated GGBFS was used as a sole binder. The strength decreased by 40-50%
due to carbonation.

Puertas et al. [60] studied the effect of carbonation on the compressive strength of
AAS mortars. The carbonation tests were performed in CO2 saturated chamber. The al-
kaline activator was varied among the mortars. When sodium waterglass was used as an
activator, decalcification of the C-S-H gel prompted by carbonation led to a loss of cohe-
sion of the microstructure, increase in total porosity and reduction of the compressive
strength. On the other hand, when NaOH was used as activator, carbonation enhanced
the compressive strength of the mortar. The authors assumed that this was due to pre-
cipitation of calcium carbonates in the pores, causing a decline in the total porosity and
average pore size. In contrast, Li et al. [209] reported that the porosity of alkali activated
GGBFS pastes after accelerated carbonation (RH of 65 ± 5%, temperature of 20±2◦C,
20±0.2% v/v CO2) increased by 28.46%, 41.04%, 50.79%, and 60.20% when the modulus
(MS=SiO2/Na2O) of sodium silicate solution in pastes was 0, 0.5, 1.0 and 1.5, respectively.

Since the effect of carbonation in the previous studies was mainly investigated on
macro-mechanical properties of alkali-activated mortars or concretes, it is difficult to
understand its effects on the pore structure and local micro-mechanical properties of
the binder. Several parameters should be considered in order to come to correct in-
terpretation of the results. The most important are the material scale, sample size and
testing method.
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• Effect of the material scale: For studying carbonation, pastes are more suitable
than concrete. The presence of aggregates in the concrete encompasses the paste-
aggregate interface. This interface can carbonate faster due to its higher porosity
compared to the bulk paste. Therefore, the carbonation study on the paste sam-
ples is needed first for understanding the more complex carbonation mechanism
at the concrete scale.

• Effect of the sample size: Carbonation reaction is dominant at the concrete surface
and in the first millimeters from the surface. Testing the standard 150×150×150
mm3 concrete cubes [NEN 12390-3:2009] will be useless for evaluating the effect of
natural carbonation on the compressive strength if the carbonated concrete depth
is only a few millimeters. Therefore, testing of the micromechanical properties
provides a more reliable evaluation on local chemical deterioration of the paste,
compared to a bulk test such as the compressive strength test of a standard con-
crete cube. Moreover, with a local analysis on the same sample, testing of both
carbonated and noncarbonated areas is possible.

Considering these effects, the influence of carbonation on the pore structure and micro-
mechanical properties at the paste level is the first step towards understanding the prop-
erties of carbonated concrete. Therefore, assessment of the micro-mechanical prop-
erties, such as modulus of elasticity, is needed. This might be of great importance for
predicting the long-term performance and deterioration degree of AAMs under carbon-
ation. Hence, the aim of this chapter is to evaluate the effect of carbonation reactions in
the alkali-activated FA and GGBFS pastes on their pore structure properties and modulus
of elasticity. MIP, N2 adsorption, and nanoindentation were used to study the changes of
pore structure and of modulus of elasticity of carbonated alkali activated pastes.

8.2. MATERIALS AND METHODS

8.2.1. MATERIALS
The material and mixture compositions were shown in Chapter 3.

8.2.2. METHODS AND SAMPLE PREPARATION
An overview of the exposure conditions and testing methods in this chapter is given in
Table 8.1. The testing methods are described in following sections.

8.2.2.1. COMPRESSIVE STRENGTH

Compressive strength tests for alkali activated pastes were performed on cubes 40×40×40
mm3, according to NEN-EN-196-1. After demoulding, the samples were cured in un-
sealed conditions (at 20◦C and ∼99% RH) for 28 days. The evolution of strength was
monitored during 62 days in accelerated carbonation conditions (20◦C, 60% RH, 1% v/v
CO2) and in the laboratory conditions (20◦C, 55% RH, 0.04% v/v CO2). Then the mean
values and standard deviations were calculated for each set of the data. Compressive
strength results of reference samples (no CO2) were presented in Chapter 3, Figure 3.14.
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8.2.2.2. PORE STRUCTURE CHARACTERIZATION - MIP AND N2

Porosity and pore size distribution were investigated with MIP measurements combined
with N2 adsorption. The procedure for sample preparation was described in Chapter 4.
The cylindrical samples were cured under sealed conditions for 28 days. After 28 days the
samples were demolded and exposed to accelerated carbonation (20◦C, 60% RH, 1% v/v
CO2) and natural conditions (20◦C, 55% RH, 0.04% CO2) for 1 year. In addition, reference
samples were kept in sealed conditions (i.e. without CO2) until the characterization of
the pore structure was carried out.

Table 8.1: Exposure conditions and testing methods considered in this chapter.

Exposure
conditions

Compressive Mercury intrusion N2 adsorption Nano-
strength porosimetry indentation
Unsealed cured Sealed cured Sealed cured Sealed cured

Reference (no CO2)
p p p p

Natural laboratory
p p p p

Natural outdoor
p

Accelerated
p p p

carbonationp
stands for studied type of samples

8.2.2.3. MICROMECHANICAL PROPERTIES-NANOINDENTATION

Nanoindentation is a widely used technique for testing nano or micro-mechanical prop-
erties of cementitious materials [251–255] and also of AAMs [33, 85, 197, 256, 257]. It
consists of indenting a sample surface with a diamond indenter, followed by a loading-
unloading cycle while continuously recording the load and indentation depth. From
the load-displacement slope and calibrated contact area, the modulus of elasticity of the
material at the microscale can be determined. Here, nanoindentation was used to exam-
ine the modulus of elasticity for carbonated and noncarbonated areas. The cylindrical
samples were cured under sealed conditions for 28 days. After 28 days the samples were
demolded and exposed to laboratory conditions (20◦C, 55% RH, 0.04% v/v CO2) for 1
year. In addition, reference samples were kept in sealed conditions (i.e. without CO2)
until the characterization of the micromechanical properties was carried out.

Nanoindentation testing was conducted using Agilent Nano Indenter G200, equipped
with a Berkovich indenter. The samples for nanoindentation testing were first cut into
slices of approximately 10 mm thickness. Then they were ground and polished manually
following the procedure described in Table 8.2, to obtain a very flat and smooth (“mirror-
like”) surface. The tests were set in such a way that the loading was applied when the
indenter comes into contact with the surface of the sample until a specified maximum
penetration depth is reached. Afterwards, the load was maintained for 10 seconds fol-
lowed by the unloading cycle. A typical example of an indentation curve is shown in Fig-
ure 8.1. A series of load-indentation depth curves were obtained. The indentation depth
was 2000 nm. This depth was chosen because the scale of SEM analysis was ∼2000 nm.
This allows investigating correlation between chemical and micro-mechanical results,
as reported by Ulm et al. [258, 259].
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The measurements of the modulus of elasticity were performed on the top surface of
the specimens. The measurements were obtained from a matrix of 15×15 indents, with
a distance of 40 µm between individual indents. The indentation mesh for the noncar-
bonated sample S50 is visualized in Figure 8.2.

The modulus of elasticity of the selected points was determined based on the Con-
tinuous Stiffness Method developed by Oliver and Pharr [260]. The effect of non-rigid
indenter on the load-displacement behavior must also be taken in account. This is
achieved by defining a reduced modulus, Er , which is calculated from the experimen-
tally measured load-displacement slope (S=dP/dh) and calibrated contact area (Ac ):

S = dP

dh
= 2p

π
= Er

√
Ac (8.1)

S =
p
π

2

p
Sp
Ac

(8.2)

Finally, the modulus of elasticity of the sample, Es (GPa) is calculated from the Equa-
tion 8.3:

1

Er
= (1−υs )2

Es
+ (1−υi )2

Ei
(8.3)

where υs is the Poisson’s ratio of the sample, which was assumed to be 0.18 for all
measurements. Ei is the modulus of elasticity of the diamond indenter, and υi is the
Poisson’s ratio of the diamond indenter (Ei = 1141 GPa, υi = 0.07).

This method makes it possible that the modulus of elasticity is obtained as a continu-
ous function of the indentation depth. For each indent, the average modulus of elasticity
was determined from the loading range between 1000 and 1800 nm depth.

Table 8.2: Polishing procedure of the samples adopted in this study for SEM and Nanoindentation.

Step Sandpaper Grit (µm) Methods Duration (min)
1 P-grade 120 12.5 With ethanol 5
2 P-grade 320 46.2 With ethanol 5
3 P-grade 500 30.2 With ethanol 5
4 P-grade 800 25.8 With ethanol 5
5 P-grade 1200 15.3 With ethanol 5
6 Diamond paste 6 Ultrasonic bath with ethanol, air gun dry 5
7 Diamond paste 3 Ultrasonic bath with ethanol, air gun dry 5
8 Diamond paste 1 Ultrasonic bath with ethanol, air gun dry 5
9 Diamond paste 0.25 Ultrasonic bath with ethanol, air gun dry 5
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(a) (b)

Figure 8.1: Example of (a) load-time and (b) load-indentation depth curves by nanoindentation.

Figure 8.2: Light microscope photo of the area of indents in noncarbonated S50 sample.

8.3. RESULTS

8.3.1. COMPARISON OF THE PORE STRUCTURE BETWEEN THE NONCARBON-
ATED AND CARBONATED ALKALI ACTIVATED PASTES MEASURED WITH

MIP
MIP results for cumulative intrusion and corresponding pore size distributions obtained
for carbonated and reference samples are presented in Figure 8.3. The results show that
the incorporation of GGBFS in the pastes results in a refined microstructure with lower
threshold pore size, as observed for pastes at 28 days (Figure 4.31, Chapter 4). There are
two peaks in the differential curve for reference paste S30. The first peak at 10 nm is
representative for gel pores. The second peak at 200 nm is typical for capillary pores.

Due to carbonation the peaks corresponding to gel and capillary pores of paste S30
were shifted toward larger pore sizes, suggesting coarsening of the pore structure. This
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increase is due to carbonation-induced decalcification of C-(N-)A-S-H gel. The same
tendency is observed for pastes S50 and S70. This implies that the pore structure of
blended pastes becomes coarser after carbonation. Nevertheless, the peaks are not equal:
it seems that with higher amount of GGBFS (S50 and S100), pastes are less deteriorated
and, therefore, the pore size distribution is less changed than in paste S30. During 1 year
of exposure, pore structure of the paste S100 was not changed at all, suggesting that the
CO2 could not diffuse in this paste.

Figure 8.3: MIP capillary pore volume and pore size distribution (reference and exposed samples (natural lab-
oratory) after 1 year).

The determined pore structure properties of reference and exposed pastes are com-
pared in Table 8.3. Pastes with higher GGBFS content have low total porosity and thresh-
old pore diameter. The threshold pore size could not be determined for reference sam-
ples S30, S50, S70 and S100 due to their dense microstructures. However, paste S0 exhib-
ited an increase in total porosity, most probably due to reorganization of the gel molec-
ular structure during carbonation.
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Figure 8.4: Pore volume and pore size distribution of pastes S30, S50 and S70 after accelerated carbonation.
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Table 8.3: Capillary pore structure properties of reference and carbonated samples after 1 year determined
with MIP.

Threshold pore access diameter Total porosity
[µm] [%]

Paste Reference Exposed Reference Exposed
S0 0.11 0.134 37.40 43.72
S30 - 0.030 15.73 26.22
S50 - 0.028 7.50 17.09
S70 - 0.026 3.50 9.66
S100 - - 2.01 3.38

In Figure 8.4, the change of capillary porosity due to accelerated carbonation is shown
for samples S30, S50 and S70. Only carbonated pastes S30 have a distinct peaks in the
curves. These peaks are absent in the curves for pastes S50 and S70. This is because the
main change for these samples occurs at the pore size smaller than the testing limits of
MIP, as will be shown with N2 adsorption tests. MIP results showed that the pore struc-
ture of pastes S0 and S100 was not affected by the carbonation and, therefore, results are
not presented.

8.3.2. COMPARISON OF THE PORE STRUCTURE BETWEEN THE NONCARBON-
ATED AND CARBONATED ALKALI ACTIVATED PASTES MEASURED WITH

N2
In order to study the effect of carbonation on the gel pore structure, the N2 adsorption
method was used. In general, the shape of a N2 adsorption isotherm can be used to
determine whether the pores present in the sample are micropores (below 2 nm), meso-
pores (between 2 and 50 nm) or macropores (above 50 nm) [178, 191].

Based on Jennings’ colloid C-S-H model [261], there are two types of gel pores within
C-S-H that can be identified with N2 adsorption: the small gel pores (SGP, 1-3 nm) and
large gel pores (LGP, 3-12 nm). Figure 8.5 presents the gel pore size distribution and
differential curves of the studied pastes (S0-S100) as a function of exposure conditions:

• Sealed conditions (reference, no carbonation),

• Natural laboratory carbonation (0.04% v/v CO2, 55% RH),

• Natural outdoor carbonation (0.04% v/v CO2, 80% RH),

• Accelerated carbonation (1% v/v CO2, 60% RH).
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Figure 8.5: Pore size distributions determined with (Nitrogen adsorption) of pastes under different exposure
conditions. Age: 1 year. Note different values on Y-scale for cumulative intrusion.
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Figure 8.5: Pore size distributions determined with (Nitrogen adsorption) of pastes under different exposure
conditions. Age: 1 year. Note different values on Y-scale for cumulative intrusion.

Figure 8.5 shows no distinct peak in the red differential curves for pores of reference
pastes S30, S50, S70 and S100. This suggests a large reduction of pores during 1 year
of sealed curing (between 2 and 50 nm) compared to their volume in pastes at 28 days
(Chapter 4, Figure 4.33). Most likely the volume of pores (< 2 nm) contributes to a great
extent to pore volume in these samples. The pores < 2nm can not be detected with N2 ad-
sorption, since they are intraglobule pores inside the Ca-Na-Al-Si-H gel structure [261].
These pores are not of interest because CO2 diffusion takes place mainly in connected
mesopores and macropores.

The changes during 1 year of BET surface area, i.e. the increase of the gel pore sur-
faces of alkali activated pastes in different exposure conditions, is presented in Table
8.4. The largest differences between reference and CO2 exposed samples were found for
pastes S30 and S50. The results showed that the carbonated paste S50 has more than
20 times higher BET surface area after exposure to natural carbonation conditions com-
pared to the reference sample. The BET surface area is linked to the surface area of pores
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with diameter between 2-50 nm. This increase is attributed to the negative difference
between the molar volumes of Ca-Na-Al-Si-H gel and CaCO3.

Table 8.4: Evolution of BET surface area of pores with diameter 2-50 nm in alkali activated pastes in different
exposure conditions, at age of 1 year.

BETN 2 surface area (m2/g)
Exposure conditions S0 S30 S50 S70 S100
Reference (no CO2) 15.85 2.58 1.58 0.89 0.78
Accelerated (1% CO2) 7.95 33.42 32.45 4.94 0.03
Natural laboratory 6.71 27.91 34.89 25.00 0.25
Natural outdoor 11.76 41.71 16.65 12.99 1.72

For an explanation of the extremely low intrusion volume of paste S100, N2 adsorp-
tion isotherms are considered. Figure 8.6 shows N2 adsorption isotherms for four sam-
ples of S100 paste. The isotherm for the sample in the natural outdoor conditions has a
steady increase in the adsorbed volume at approximately p/p0=0.4 and a sharp increase
in adsorbed volume from 0.7 to around p/p0=0.96. This increase can be due to more
severe outdoor weathering of the material. Still, the comparison of the quantities of ad-
sorbed N2 between paste S100 in outdoor conditions (0.138 mmol/g) and of the pure C3S
paste which is supposed to be very dense (∼2 mmol/g) [262], indicated a much denser
microstructure of paste S100. Other curves in Figure 8.6 indicated almost nonporous
material, since the quantity of adsorbed N2 hardly exceeded 0.02 mmol/g. Furthermore,
Figure 8.5 shows that the pore size distribution (PSD) is in the range of pores with diam-
eter of 2 nm and maximum pore diameter of 15 nm. The transport mode for this range of
pores sizes conforms Knudsen diffusion, according to Houst and Wittmann [263]. This
means that the pore sizes are smaller than the mean free path of the gas molecules (O2

or CO2). Therefore, it is believed that this low accessibility of the gel pores for O2 or CO2

is the main reason for carbonation resistance of S100 bulk paste samples.

Figure 8.6: N2 adsorption isotherms for pastes S100. Age: 1 year.
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8.3.3. EFFECT OF CARBONATION ON THE COMPRESSIVE STRENGTH OF PASTES
The carbonation-induced coarsening of the microstructure, as demonstrated with pore
structure measurements, is also addressed from the point of view of mechanical perfor-
mance. The effect of accelerated carbonation (1% v/v CO2) on compressive strength of
alkali-activated fly ash and slag pastes cured in unsealed conditions shown in Figure 8.7
was evaluated by comparing the strength of these samples with those exposed to natural
carbonation (0.04% v/v CO2, Figure 8.8). Compressive strength results of reference cubic
samples (no CO2) were presented in Chapter 3, Figure 3.14. Complete carbonation of the
pastes exposed to accelerated carbonation leads to dramatic reduction of compressive
strength of pastes S30, S50, S70, as shown in Figures 8.7.

Figure 8.7: Effect of accelerated carbonation (1% v/v CO2) on the compressive strength of pastes S0, S30, S50,
S70. Samples (40×40×40 mm3) were unsealed cured for 28 days in fog room (at 20◦C and 99% RH) and af-
ter that preconditioned for additional 28 days in laboratory conditions at 20◦C and 55% RH. Subsequently,
samples were exposed to accelerated carbonation for 62 days.

Figure 8.8: Effect of natural carbonation (0.04% v/v CO2) on the compressive strength of pastes S0, S30, S50,
S70. Samples (40×40×40 mm3) were unsealed cured for 28 days in fog room (at 20◦C and 99% RH) and af-
ter that preconditioned for additional 28 days in laboratory conditions at 20◦C and 55% RH. Subsequently,
samples were kept exposed to natural laboratory carbonation for 62 days.

The compressive strength of pastes exposed to accelerated carbonation declines rapidly
with increasing time of exposure (see Figure 8.7). This decline is attributed to the dete-
rioration of Ca-Na-Al-Si-H gel. The decomposition of Ca-Na-Al-Si-H gel content was
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observed with TG-MS measurements presented in Chapter 7. Furthermore, the eroded
pastes shown in Figure 8.9 and Figure 8.10, left, marks several physical discontinuities
in the sample and results in weakening of the cohesion within the paste under accel-
erated carbonation. Here, it is demonstrated that accelerated carbonation conditions
are not appropriate for investigating carbonation effects on the compressive strength.
The samples crumble under hand pressure. Hence, testing bulk strength of the samples
in order to see the difference between carbonated and noncarbonated parts is not the
most appropriate way. Therefore, the local measurement of the mechanical properties,
such as with nanoidentation, would be more appropriate so that clear difference be-
tween properties of carbonated and noncarbonated part of the sample can be obtained
and not their average strengths. In addition, nanoidentation tests were done only for
natural carbonation conditions.

Figure 8.9: Cubic paste samples (40×40×40 mm3) splitted and tested for carbonation depth (on the left are the
samples before applying phenolphthalein indicator and on the right after applying the indicator).

Figure 8.10: Appearance of the sample S30 after compressive stength tests. Left: sample surface eroded by
accelerated carbonation, right: sample’s surface exposed to natural laboratory carbonation.

Figure 8.11 presents compressive strength development in S100 during 56 days of
curing and preconditioning. The strengths are higher than those reported in previous
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studies [159, 185]. This is mainly due to the difference in alkaline solution composition
(% Na2O, SiO2/Na2O modulus ratio). The relatively low Na2O concentration used in this
work (4.8% Na2O/100g of GGBFS compared to the 5, 10, 15 wt.% Na2O in [132]) favored
effective dissolution of GGBFS and formation of C-(N-)A-S-H gel, which is responsible
for the strength gain.

Figure 8.11: Compressive strength of pastes S100 during curing and preconditioning.

In Figure 8.12, the compressive strengths of pastes S100 exposed to natural labora-
tory and accelerated carbonation conditions are shown. There is no significant differ-
ence in strength results from two different exposure conditions. This is consistent with
N2 adsorption results, where it was shown that the pore size distribution stays unmodi-
fied regardless the exposure conditions.

Figure 8.12: Compressive strength of pastes S100 during carbonation exposure.



8

194
8. EFFECT OF CARBONATION ON PORE STRUCTURE AND MODULUS OF ELASTICITY OF

PASTES

8.3.4. MODULUS OF ELASTICITY OF ALKALI ACTIVATED PASTES BY

NANOIDENTATION
In OPC-based materials, carbonation mainly affects the alkalinity of the pore solution.
The change of (compressive) strength and modulus of elasticity upon carbonation of
OPC-based materials and CEM III/B were never a concern for material and structural
performance, although it was reported that the compressive strength of CEM III/B sys-
tems is decreasing under carbonation [219, 248]. It was demonstrated in previous study
[209] and in this study that the compressive strength of alkali activated FA/GGBFS pastes,
except paste S100, is substantially reduced due to accelerated carbonation. Given this
information, it is of high importance also to know potential changes of modulus of elas-
ticity of pastes under carbonation. A reduction of the modulus of elasticity of the paste
can seriously affect stiffness of the concrete structure and structural reliability, specif-
ically because the carbonation is faster in alkali activated FA/GGBFS materials than in
OPC-based material as will be shown in Chapter 10 (see Figure 10.17). For that reason,
this section deals with investigation of modulus of elasticity at micro level.

The samples used for microscopic examination and measurements of modulus of
elasticity are shown in Figure 8.13. The carbonation depth was determined with a polar-
ized light microscope (PLM) under cross polarized light as discussed in Chapter 7, see
Figure 7.3. The carbonation depths after 1 year exposure are presented in Figure 8.14.

Figure 8.13: Cross-sections of representative samples after natural laboratory carbonation of 1 year, clearly
showing the outer (carbonated) and the inner (noncarbonated) zone. Reference samples are of smaller diam-
eter, placed beneath the exposed samples.

Figure 8.14: Carbonation depth after 1 year exposure in the natural laboratory conditions, determined with
PLM in the alkali-activated pastes as a function of the GGBFS content.
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The area of indents is visualized with the optical microscope for the samples S50
(Figure 8.15) and S100 (Figure 8.16). Both pastes have the grey/brownish background,
which is the gel phase. The brightest irregular shaped particles are the unreacted GG-
BFS particles and the slightly bright/white particles are partially reacted FA and GGBFS
particles.

Figure 8.15: Optical microscope photo of sample S50 in the natural laboratory conditions. Left: edge and right:
core. Age: 1 year.

Figure 8.16: Optical microscope photo of sample S100 in the natural laboratory conditions. Left: edge and
right: core. Age: 1 year.

The intermixing of the phases can be expected in the measurements due to inherent
heterogenous nature of the studied material. However, the number of indents (200 in
this study) was assumed to be statistically representative of the regions of interest, i.e.
noncarbonated and carbonated, similar to [251]. For instance, Figure 8.16 shows non-
carbonated areas of indents in the sample S100. It can be seen clearly that the proportion
of the indents printed on the rims between large GGBFS particles and the gel, is much
less compared to the proportion of the indents printed solely in the gel. When the effect
of carbonation on the mechanical properties is tested in a standard way, such as sample
bulk testing of compressive strength of concrete [NEN 12390-3:2009], the intermixing of
the phases is far worse, since such a bulk analysis cannot separate the modulus of elas-
ticity values for different phases in the system. The representative SEM images of indents
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in the noncarbonated area (blue triangles) in sample S50 are shown in Figure 8.17 (1, 2).
In contrast, Figure 8.17 (3, 4) show loss of microstructure cohesion (microcracks) in the
carbonated areas. The change of the microstructure due to carbonation is visible in the
vicinity and around the indents (red triangles).

Figure 8.17: Visualization of an indentation size for nanoindentation of the noncarbonated (1, 2) and carbon-
ated (3,4) microstructure morphology observed under the SEM. Age: 1 year.

Figure 8.18 shows a comparison between the results for modulus of elasticity in the
carbonated and noncarbonated indented areas in the form of a histogram. Every his-
togram represents approximately 200 indents from the sample.

Four intervals of modulus of elasticity were defined and linked to the modulus of
elasticity value of four features in the samples:

• pores, Em<4 GPa,

• carbonated C-(N-)A-S-H gel, 4<Em<21 GPa,

• noncarbonated C-(N-)A-S-H gel, 21<Em<45 GPa,

• unreacted FA and GGBFS particles, Em>46 GPa.
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The definition of the four intervals defined in this work is based on the results from
the literature [197, 251, 264]. Ma [197] has reported modulus of elasticity for different
types of unreacted FA particles. The FA type used in this study was the same as in Ma’s
study. The modulus of elasticity of the Ca-rich FA particles was in the range of 75.7-91.2
GPa, the Fe-rich FA particles was 71.0-137.7 GPa, for Al-rich FA particles was between
33.3-65.4 GPa, and Si-rich FA particle presented the modulus of elasticity of 82.9 GPa.
The modulus of elasticity for GGBFS particles and alkali-activated GGBFS was found in
the study of Puertas et al. [264]. Constantinides and Ulm reported the modulus of elas-
ticity of C-S-H, and decalcified C-S-H, ranging between 19.5 and 31.8 GPa, 2.2 and 13.2
GPa, respectively [251].

Due to the uniform and dense microstructure, the modulus of elasticity of the paste
S100 was not altered under natural carbonation compared to the reference sample. Fig-
ure 8.18 shows one range of the modulus of elasticity for sample S100, which indicates
its uniform phase composition. Unlike the mixture S100, the blended pastes were car-
bonated. The results were compared with those of equivalent noncarbonated parts of
the samples, except for the paste S0. Due to low reactivity of FA in the S0 paste and con-
sequently its low strength after 1 year (Chapter 3, Figure 3.14), the preparation of this
sample for nanoindentation test was not possible.

The significant reduction of the modulus of elasticity was identified in the carbon-
ated pastes S30 and S50, while the reduction of the modulus of elasticity was lower in
paste S70. This can be explained by the lower CaO content in S30 and S50 pastes which
results in faster carbonation of the reaction products in S30 and S50 compared to S70 or
S100 pastes. On the other hand, pastes S30 and S50 are more porous (Table 8.4) com-
pared to the paste S70 or S100 and, therefore, faster CO2 diffusion occurs in the former.
Carbonation mainly causes reduction of the modulus of elasticity in the 5-45 GPa range.
These values correspond to the modulus of elasticity of the gel (Figure 8.18). These val-
ues shift to lower modulus of elasticity values after carbonation, as found by Çopuroglu
et al. [219] in the carbonated blended OPC and GGBFS cement paste. Previous evidences
of the pore structure modification (Figure 8.3 and Figure 8.5) due to the gel decalcifica-
tion are the main support to reduction of the modulus of elasticity.
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Figure 8.18: Effect of natural carbonation on modulus of elasticity of alkali activated pastes S30, S50, S70 and
S100. Age: 1 year.
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8.3.5. DISCUSSION

8.3.5.1. CA/SI VS MODULUS OF ELASTICITY OF THE GEL PHASES IN NONCARBONATED AND

CARBONATED ALKALI ACTIVATED PASTES

Figure 8.19 shows a relationship between Ca/Si ratio and modulus of elasticity for sam-
ples S30, S50, S70 and S100. The noncarbonated samples have similar modulus of elas-
ticity of the gel. This suggests that a similar type of gel, i.e. Ca-Na-Si-Al-H, is formed in all
pastes. However, the Ca/Si ratio varied depending on GGBFS content as shown in Figure
8.19.

After carbonation, the modulus of elasticity decreases with Ca/Si reduction of the
Ca-Na-Si-Al-H gel, except for paste S100. The main reasons for reduction of the modulus
of elasticity in carbonated blended pastes are changes of the gel chemical composition
due to decalcification, molecular structure and increase of nanoporosity. In all blended
pastes the Ca/Si decreased to 0.2. The reduction of Ca/Si ratio favours polymerization
of the Ca-Na-Si-Al-H chains leading to a continuous structure as shown for gels with low
Ca/Si ratio with Al incorporation [265].

The reduction of modulus of elasticity was larger for pastes with lower GGBFS. The
most significant change was observed for paste S30. Due to carbonation, the modulus of
elasticity decreased from 26.8 GPa to 11.4 GPa. This finding is consistent with a study of
Constantinides and Ulm [251]. They showed that a modulus of elasticity below 13 GPa
is a result of large macroporosity. The change of BET surface area of pastes S30, S50, S70
and S100 in relation to the modulus of elasticity of the gel phases is discussed next.

Figure 8.19: Ca/Si vs modulus of elasticity of gels in noncarbonated and carbonated alkali activated pastes.

8.3.5.2. BET PORE SURFACE AREA VS MODULUS OF ELASTICITY OF THE GEL PHASES IN

NONCARBONATED AND CARBONATED ALKALI ACTIVATED PASTES

Figure 8.20 shows a relationship between the BET surface area and modulus of elasticity.
The modulus of elasticity for all noncarbonated pastes S30, S50, S70 and S100 is in the
range of 25-30 GPa. After carbonation, the modulus of elasticity for carbonated pastes is
reduced by 42.7%, 50.5%, 56.5%, 0% for samples S30, S50, S70 and S100, respectively. The
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reduction of the modulus of elasticity correlates with the increase of BET surface area. In
hardened pastes, the increase of the number of gel pores, and hence BET surface area, is
due to deterioration of the gel phases upon carbonation.

Figure 8.20: BET surface area vs modulus of elasticity of gels in noncarbonated and carbonated alkali activated
pastes.

Locally, Figure 8.17 shows the surface of noncarbonated Ca-Na-Al-Si-H gel and de-
calcified (Ca)-Na-Al-Si-H. The noncarbonated gel has more tightly packed structure and
low nanoporosity (Figure 8.17 (2)). The decalcified gel appears darker than the original
Ca-Na-Al-Si-H gel (Figure 8.17 (4)). Their global redistribution leads to a loss of cohe-
sion within the paste. The mechanism of loss of cohesion and evolution of the gel pore
structure will be explained in Chapter 9.

8.4. CONCLUDING REMARKS

The main objective of this chapter was to study the effect of carbonation on the pore
structure, compressive strength and modulus of elasticity. Based on the presented find-
ings, the following conclusions can be drawn:

• Accelerated carbonation is not suitable for investigation of the effect of carbona-
tion reactions on the compressive strength of alkali activated pastes. Accelerated
carbonation of the samples led to substantial reduction of compressive strength
of pastes S30, S50, S70, while in pastes S0 and S100 no significant change was ob-
served. The series of “paleofronts” induced physical discontinuities in the sample
and led to weakening of cohesion within the paste. For that reason, natural car-
bonation of the pastes was investigated.

• Significant differences were found between noncarbonated and carbonated mi-
crostructures of the pastes S30, S50 and S70 upon natural carbonation. This im-
plies that carbonation is detrimental for the long-term performance of these mix-
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tures. The major change in the pore size distribution occurred at the level of the
nanometer pores. This is consistent with the observed increase of the BET surface
area. The BET surface area increased up to 50% due to carbonation of blended al-
kali activated pastes, implying that the Ca-Na-Al-Si-H gel carbonation is favoured
resulting in larger gel pore surface area.

• The nanoindentation measurements were more proper for evaluation of mechani-
cal properties of pastes than measurements of compressive strength. Nanoinden-
tation was used for evaluation of modulus of elasticity. The modulus of elastic-
ity decreased significantly in the carbonated samples S30 and S50 compared to
the corresponding noncarbonated samples, whereas no significant change of the
modulus of elasticity was found in pastes with 70 and 100 wt.% of GGBFS. The
main reasons for reduction of modulus of elasticity of carbonated blended pastes
is the increase of nanoporosity due to volume reduction of the gel phases.

• Pastes S100 were highly resistant to carbonation, regardless the exposure condi-
tions. Carbonation of pastes S100 was inhibited due to their dense microstructure,
presence of extremely small pores with sizes ranging from sub-nm to tens of nm.
Nitrogen adsorption tests identified the gel pores (<15 nm) to be dominant in the
system. This blocked CO2 to diffuse into the pastes within the exposure period.
The modulus of elasticity of samples S100 was not altered either. The results of
this chapter shed light on the importance and the effect of the physical proper-
ties (density, pore size distribution) on durability of paste S100 and also of other
pastes.

• The nanoindentation measurements with N2 adsorption tests and SEM/EDX anal-
ysis of noncarbonated and carbonated pastes demonstrate the existence of two gel
structures with different values of the modulus of elasticity, nanoporosity, Ca/Si
ratio and gel morphology. These experimental results are used to describe the
mechanism of the reorganization of Ca-Na-Al-Si-H nanoparticles according to the
colloid model of Ca-Na-Al-Si-H gel in Chapter 9, resulting in better understanding
of the microstructural changes due to carbonation.
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CARBONATION MECHANISM

“Scientific theories need reconstruction every now and then. If they didn’t need
reconstruction they would be facts, not theories.”

Charles Proteus Steinmetz

In this chapter the carbonation mechanism for alkali-activated fly ash (FA) and ground
granulated blast furnace slag (GGBFS) pastes is proposed based on the findings from Chap-
ters 5, 6, 7 and 8. An attempt has been made (1) to correlate the gained information and
(2) to formulate carbonation mechanism. Carbonation of alkali activated pastes is a com-
plex process consisting of multiple changes in the pore solution and in the microstructure
of the pastes. In alkali activated GGBFS-rich pastes, the CO2 apparent diffusion (reactive
transport of CO2 in porous media) takes place mainly through the connected gel pores and
small capillary pores. In some of the pastes carbonation occurs also in the close vicinity of
the microcracks. The alkalinity was reduced in all pastes due to two reasons: ongoing gel
formation and carbonation of the pore solution. In alkali activated FA/GGBFS pastes, the
carbonation of C-N-A-S-H gel was the main contributor to the evolution of total porosity.
With increase of GGBFS content in the pastes the deterioration of pastes due to carbona-
tion decreased significantly.

203
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9.1. INTRODUCTION

C OMPARED to the immense efforts to study how both the type of precursor and the
exposure conditions influence the carbonation mechanism of alkali activated ma-

terials (AAMs) [61, 198], there is almost no information about the combined effect of
GGBFS content, curing conditions and exposure conditions on the carbonation mech-
anism of AAMs. In practice, it is usually of high importance to know these combined
effects. For different systems (i.e. S0, S50 and S100), Figure 9.1 presents phases involved
in the carbonation mechanism, which were studied in the previous chapters. In paste S0
only the pore solution was carbonated. This resulted in the pH reduction of the paste.
In blended paste S50, both pore solution and gel phases were carbonated, leading to the
pH reduction of the paste and microstructure deterioration. In contrast, carbonation
resistance of the paste S100 was high because of its high density.

Figure 9.1: Schematic representation of carbonation mechanisms in different alkali activated pastes: S0, S50
and S100.

As schematically indicated in Figure 9.1, the deterioration of alkali activated pastes
due to carbonation can appear as a single change or as a combination of different changes
of material properties. They are characterized as chemical, physical and mechanical
changes. Hence, complexity of deterioration of alkali activated pastes under carbona-
tion is due to the sequence of elementary reactions (reactive transport of CO2 in porous
media) by which an overall change occurs. To elucidate the sequence of steps in a car-
bonation mechanism the findings from previous chapters are systematically highlighted
in this chapter. For that purpose, the changes of chemical properties, such as CO2 bind-
ing capacity, pore solution and gel phases, of physical properties, such as pore structure
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and of micromechanical property as modulus of elasticity, were shown. These aspects
of carbonation mechanisms in alkali activated pastes are discussed for different GGBFS
content, curing conditions and exposure conditions (see Table 9.1).

Table 9.1: Parameters for consideration in carbonation mechanisms in alkali activated materials.

CO2 binding capacity Pore solution Gel phases Pore structure,
modulus of
elasticity

Powder paste Bulk paste Bulk paste
Slag content

p p p p p
Curing x x

p p p
conditions
Exposure x

p p p p
conditions

9.2. CO2 BINDING CAPACITY

In Chapter 5, a mineralogical assessment of crushed, powdered alkali activated pastes
under 1% v/v CO2 was performed. The study showed a lower CO2 binding capacity for
alkali activated materials compared to cement-based materials when exposed to 1% v/v
CO2. The bound CO2 content amongst the alkali activated pastes (S30, S50, S70, S100)
was very similar. With X-Ray Diffraction (XRD) and thermogravimetric (TG)-mass spec-
trometry (MS) both crystalline and amorphous carbonates were detected in the pastes.
The crystalline fraction of carbonates increased linearly with increase of GGBFS, hence
with the increase of CaO (Figure 9.2).

The CO2 binding capacity was also studied for bulk paste samples. The bulk paste
samples were sealed cured prior to carbonation. The mechanism of CO2 binding capac-
ity was investigated for different GGBFS content, i.e. different GGBFS/FA ratios in the
pastes and different exposure conditions. In the following subsections these effects are
discussed separately.

9.2.1. SLAG CONTENT
The theoretical CO2 binding capacity of alkali activated pastes increases linearly with in-
creasing GGBFS content, as shown in Figure 9.3. The theoretical CO2 binding capacity
was determined according to a study of Steinour [218]. The content of crystalline car-
bonates was determined with XRD, while the total CO2 content was determined with
TG-MS. Carbonation of the bulk paste samples resulted in not more than 17 wt.% CO2

uptake with variations among the pastes and exposure conditions (Figure 9.3). For in-
stance, the CO2 uptake of paste S0 was the same for all exposure conditions, i.e. 4.7 wt.%
CO2. The CO2 uptake increased linearly with increase of GGBFS content for all exposure
conditions, except for paste S100. This paste underwent weathering and microcracking
under exposure to outdoor conditions. This caused carbonation of the gel phases (see
carbonation products in Chapter 7, Table 7.1) and CO2 uptake of 5.78 wt.%. The same
CO2 uptake was measured in natural laboratory conditions.
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Figure 9.2: The contribution of CO2 content in amorphous and crystalline carbonates to the total CO2 content
in the carbonated powders. The crushed paste samples (powders) were exposed to accelerated conditions.
Before exposure, samples were sealed cured for 28 days. The exposure time was 180 days. The content of
crystalline carbonates was determined with XRD, while the total CO2 content was determined with TG-MS.

Figure 9.3: The measured CO2 binding capacity of alkali activated pastes in different exposure conditions com-
pared to theoretical binding capacity. The exposure time was 1 year.

9.2.2. EXPOSURE CONDITIONS
The total CO2 uptake (from both amorphous and crystalline carbonates) is plotted in
Figure 9.4 for bulk paste samples exposed for 1 year to natural indoor, natural outdoor
and accelerated carbonation. As can be seen, the CO2 uptake did not vary amongst dif-
ferent exposure conditions. The paste S100 has the lowest CO2 uptake, implying that the
apparent diffusion of CO2 was largely hindered in this paste. Hence, the pore structure
turns out to be the governing factor that limits carbonation in paste S100. Nevertheless,
Figure 9.4 shows that the exposure conditions affect the ratio between amorphous and
crystalline carbonates. The content of amorphous carbonates is dominant regardless
the exposure conditions.
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(a) (b) (c)

Figure 9.4: The contribution of amorphous and crystalline carbonates to the total CO2 content in the alkali
activated bulk pastes. The tests were done on the bulk pastes which were sealed cured for 28 days before
exposure. The exposure time was 1 year. The total CO2 content was determined with TG-MS. The content of
crystalline carbonates was determined with QXRD.

The fraction of the crystalline carbonates in pastes which were ground to a powder
and subsequently exposed to accelerated carbonation (Crushed pastes (Chapter 5), see
Table 7.1) was larger than the fraction of the crystalline carbonates in bulk paste samples
(Bulk paste samples, see Table 7.1) exposed to accelerated carbonation. This is mainly
due to the different content of the moisture in the paste powders and in the bulk paste
samples. In the carbonation reactions of the paste powders, the constant supply of water
and CO2 to the surface of the particles was possible, since the exposure was well con-
trolled in the carbonation chamber (60% RH, 1% v/v CO2) (see Figure 9.5). On the other
hand, in the carbonation reactions of the bulk paste samples, the effect of drying must
be taken into consideration. The increased CO2 concentration results in the evaporation
of the water at the reaction site [266] and, moreover, from the sample (Figure 9.5). The
evaporated water is free water which cannot be compensated simply by the water flow
inside the sample. The water which flows inside the sample is rather auto-dissociated
water (reaction 9.9), which becomes instantaneously part of the pore solution as it flows
inside the sample. Hence, bulk paste samples might undergo drying due to carbonation
reactions as shown in Figure 9.5. Drying of the bulk pastes is governed by both liquid
transport due to a capillary pressure gradient and by the gas diffusion due to a CO2 pres-
sure gradient. Schmidt et al. [267] showed that the decreasing amount of H2O plays a
key role in transformation of amorphous calcium CaCO3 to more stable forms of CaCO3

(vaterite, aragonite, calcite). Namely, the drying reduces the liquid content in the pores
of the bulk pastes. With reduced content of water the mobility of ions is dramatically
reduced as shown by Zou et al. [268]. Consequently, the small particles of amorphous
CaCO3 are stabilized.



9

208 9. CARBONATION MECHANISM

Figure 9.5: Carbonation of powder and bulk paste samples. The water has constant access to the surface of
the powder’s particles. In the bulk paste sample, water is consumed for CO2 dissolution and additionally it
is released in carbonation reactions at carbonation sites in the pores. The released water from carbonation
reactions tends to evaporate from the sample since it is free water. The evaporation of water takes place due
to the moisture gradient between the noncarbonated and carbonated part. Therefore, drying occurs as long as
diffusion of CO2 in the sample takes place.

Furthermore, under all exposure conditions different forms of CaCO3 were observed.
The nucleation of different calcium carbonates is reported to be dependent on the ionic
ratio of Ca2+/CO2−

3 in solution, MgO-ions [269], concentrations/supersaturation levels
of the starting solutions and the pH of the final solution once equilibrium with respect to
CaCO3 has been reached [199, 242, 243, 270]. In the bulk paste samples, Rietveld quan-
tification of phases revealed that vaterite was the dominant carbonate phase (Table 7.1).
The low ionic ratio of Ca2+/CO2−

3 in the solution may favour its formation [242]. The
increase of CO2 concentration (case of accelerated carbonation) elevates the CO2 disso-
lution and accumulation of H+, HCO−

3 , CO2−
3 ions, hence increased the supersaturation

of the solution. As a result of supersaturation of the solution, quick nucleation and pre-
cipitation take place [271]. This hinders the transformation of vaterite to calcite. This
also explains the dominant presence of vaterite in the studied conditions. The pH of car-
bonated pastes could also have an influence on the type and size of the critical CaCO3

nuclei [272]. Gebauer et al. [270] demonstrated the effect of the pH of the solution on the
local coordination structure of nucleated particles, i.e. on the type of amorphous CaCO3

or crystalline polymorph of CaCO3, using carbon-13 nuclear magnetic resonance and
X-ray absorption spectroscopy. They found that vaterite precipitated from more alkaline
solutions (at pH 9.75-10) and calcite at less alkaline solutions (at pH 9.00-9.50). Since the
pH of carbonated alkali activated pastes was largely preserved up to pH 10 (Chapter 6,
Figure 6.12), the pH values can indeed justify the formation of mainly vaterite.
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9.3. PORE SOLUTION CARBONATION

9.3.1. GENERAL REACTION MECHANISM
The absorbed CO2 gas is mainly controlled by the gas/liquid exchange surface, the con-
centrations in the gas (partial pressure) and liquid phase [273]. Pore solution is the main
liquid phase for carbonation reactions in bulk paste samples. The carbonation reactions
can occur within a liquid film as long as the pores are partially dry [91]. The carbonation
of the pore solution in the alkali activated pastes can be divided into two principal steps:
(1) CO2 gas dissolution (9.1-9.9) and (2) NaOH and KOH carbonation (9.10-9.17).

For highly alkaline pore solution, as in alkali activated paste (pH > 12) [74], there are
two paths (blue and red arrows (downwards arrow left of upwards arrow), see Figure 9.6)
along which carbonation begins: hydroxylation (red arrow) and hydration of CO2 (blue
arrow), depending on the pH value of the pore solution.

Figure 9.6: Reaction mechanism of CO2(aq) in aqueous solution, adopted from [274].

When gaseous CO2 diffuses in the pore solution of the alkali activated pastes (where
pH is higher than 12, such that [OH−]»[H+]), the CO2 is first physically absorbed as
shown in reaction 9.11. Subsequently, the hydroxylation of CO2 involves two reactions
9.2 and 9.3:

CO2(g ) →CO2(ps) (9.1)

CO2(ps)+OH−(ps)
 HCO−
3 (ps) (9.2)

HCO−
3 (ps)+OH−(ps)
CO2−

3 (ps)+H2O (9.3)

If the equilibrium of the reaction 9.3 lies far to the right of the pH scale, which may be
expected in the initial stage of the chemisorption process due to the high pH values, this
process can be described by a single irreversible overall reaction 9.4 (similar to [275]):

CO2(ps)+2OH−(ps)
CO2−
3 (ps)+H2O (9.4)

The OH− decreases rapidly via reaction 9.4. Hence, the pH decreases fast during the
initial reaction period, while the CO2−

3 concentration increases.

1 “ps” stands for pore solution.
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If the CO2 dissolves in water (hydration path), it forms carbonic acid (H2CO3), follow-
ing reactions 9.5 and 9.6. Subsequently, carbonic acid donates a proton (hydrogen ion,
H+) and forms a bicarbonate ion (HCO−

3 ), reaction 9.7. The bicarbonate ion donates a
proton and generates a carbonate ion (CO2−

3 ), reaction 9.8.

CO2(g ) →CO2(aq) (9.5)

CO2(aq)+H2O 
 H2CO3 (9.6)

H2CO3 
 HCO−
3 +H+ (9.7)

HCO−
3 
CO2−

3 +H+ (9.8)

Both hydroxylation and hydration of CO2 are coupled by the auto-dissociation of wa-
ter as reported by Eigen [276]:

H2O 
OH−+H+ (9.9)

The pore solution of alkali activated pastes contains essentially NaOH and KOH as
seen in Chapter 6. Hence, after CO2 gas dissolution (reactions 9.1-9.9), the carbonation
of NaOH and KOH gives bicarbonates (reactions 9.11, 9.13) and carbonates (reactions
9.10, 9.12). Alkali (bi)carbonates, however, are highly mobile and soluble in water, which
results in releasing CO2 back into the solution [221]. Consequently, carbonate ions re-
act with Ca2+ provided to the solution, forming insoluble calcium carbonates (reactions
9.14-9.17). Additionally, the regeneration of hydroxides (NaOH, KOH) is induced (reac-
tions 9.14-9.17). To demonstrate the effect of the carbonation (reactions 9.1-9.17) on the
pore solution properties, samples with different GGBFS content in the pastes, different
curing and different exposure conditions were studied.

CO2−
3 (ps)+2N aOH → N a2CO3 +2OH−(ps) (9.10)

HCO−
3 (ps)+N aOH → N aHCO3 +OH−(ps) (9.11)

CO2−
3 (ps)+2KOH → K2CO3 +2OH−(ps) (9.12)

HCO−
3 (ps)+KOH → K HCO3 +OH−(ps) (9.13)

N a2CO3 +C a2+(ps)+2OH−(ps) →C aCO3(s)+2N aOH (9.14)

N aHCO3 +C a2+(ps)+2OH−(ps) →C aCO3(s)+N aOH +H2O (9.15)

K2CO3 +C a2+(ps)+2OH−(ps) →C aCO3(s)+2KOH (9.16)

K HCO3 +C a2+(ps)+2OH−(ps) →C aCO3(s)+KOH +H2O (9.17)
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9.3.1.1. SLAG CONTENT

The increase of the GGBFS content in the pastes increased the [Na+] of the pore solution
as seen in Chapter 6 (see Table 6.3). Similarly, the pH increased with increasing GGBFS in
the pastes. This is due to lower Na+ binding capacity by gel phases in GGBFS-rich pastes.
Consequently, the carbonated pastes with higher GGBFS content contained higher con-
tent of Na+ in the pore solution than FA-rich pastes, therefore higher pH was measured
after carbonation in GGBFS-rich pastes.

9.3.1.2. CURING CONDITIONS

Two curing conditions are considered: sealed and unsealed. To evaluate the effect of the
curing conditions on the pH and propagation of the carbonation front, the carbonation
resistance of sealed cured and unsealed cured specimens under accelerated conditions
(1% v/v CO2, 60% RH) was compared. The pH is primarily dependent on the proton ac-
tivity, such as OH− activity, in the pore solution. A substantial lower concentration of
OH− and Na+ in the pore solution was observed in the unsealed cured samples com-
pared to the samples that were sealed cured prior to exposure. Consequently, unsealed
curing of the samples resulted in faster carbonation. Hence, sealed curing of the samples
contributed to higher carbonation resistance of the alkali activated pastes.

9.3.1.3. EXPOSURE CONDITIONS

The pH of the reference alkali activated pastes after 28 days was 13.45-13.97 (see Table
6.3), while the pH of the reference alkali activated pastes after 1 year (noncarbonated)
was 11.5-12.6. The difference in pH between 28 days and 1 year is attributed to the
dissolution of the remaining unreacted materials (FA and GGBFS) in the pastes. Their
dissolution consumed the NaOH for the gel formation.

The pH of the carbonated alkali activated pastes depended on the exposure condi-
tions. The reaction between atmospheric CO2 and alkalis from the pore solution resulted
in the pH decrease to 10.1-12.6. The relatively high alkalinity values (12.6) imply that
these pastes did not carbonate at all (such as paste S100). The pH decreased more under
accelerated carbonation (to 9.2) than under natural conditions (∼10). Higher decrease of
pH under accelerated conditions (1% v/v CO2) is only due to higher CO2 concentration
than under natural conditions (0.04% v/v CO2), consistent with literature [62, 225].

The phase analyses with Fourier Transformed Infrared spectroscopy (FT-IR) and quan-
titative X-ray diffraction (QXRD) in Chapter 7 did not show Na-carbonates, i.e. nahcolite
or natron (reactions 9.10-9.13) in any of the exposure conditions. This was expected due
to high solubility of Na-carbonates [221].

9.3.2. SUMMARY
Three influential factors above were selected to describe the effect of carbonation on
the pore solution of alkali activated pastes. Curing conditions have the major effect on
the pore solution composition prior to carbonation and the carbonation resistance of
the pastes. Next, the GGBFS content also contributes to a higher pH of the pore solu-
tion. However, its effect is less significant than that of curing conditions. The pH of
carbonated pastes did not drop below 9.2, regardless the exposure conditions. The re-
duction of the alkalinity of the pore solution, during carbonation, reduced the stability
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of gel phases (Ca-Mg-Na-Al-Si-H, Ca-Na-Al-Si-H, Ca-Al-Si-H). The interaction between
carbonated pore solution and gel phases caused changes of the gel nanostructure and
hence of the whole paste microstructure. This is studied in the following section.

9.4. GEL CARBONATION IN PASTES

9.4.1. GENERAL REACTION MECHANISM
Calcium-(magnesium)-sodium aluminosilicate hydrate type gels (Ca-(Mg)-Na-Al-Si-H)
and sodium aluminosilicate hydrate gel (Na-Al-Si-H) play an important role in transport
of CO2 in alkali activated pastes. The apparent diffusion of CO2 is mainly controlled by
the CO2 transport through connected large gel pores (3-12 nm) confined by gel globules
and CO2 binding capacity. Based on experimental results and conceptual illustration
of carbonation-induced chemical and physical changes at different gel scales (atomic
(Figure 9.7), molecular (Figure 9.8), nano (Figure 9.9)), the carbonation mechanism of
pastes is explained and effects of carbonation on micro scale properties are discussed. It
should be noted that the gels in pastes are not pure gels (solid solutions with one chem-
istry), rather they have chemical domains which are defined with PARC in Chapter 4.
These chemical domains of the gels are dependent on the the chemical composition of
the FA and GGBFS, and the type of the activator. For that reason, the microstructure of
the pastes contains rather intermixed phases, which may carbonate simultaneously.

9.4.1.1. ATOMIC SCALE (GEL DECALCIFCATION)
The gel structure in alkali activated GGBFS systems was described as cross-linked substi-
tuted tobermorite with varying Ca/Si ratio, Al and Na content [167]. The chemical com-
position of gel phases vary with the GGBFS content as shown in Chapter 4. The reduction
of the pH of the pore solution, during carbonation, results in dissolution of identified gel
phases and precipitation of carbonation products. The mechanism develops according
to reactions 9.1-9.17 and in addition reactions 9.18-9.20. According to these elementary
carbonation reactions, the dissolution-precipitation process can be summarized:

1. The carbonation starts with dissolution of CO2 into the alkaline pore solution of
alkali activated pastes. By consumption of the OH− the pH decreases (reaction
9.4). This step occurs in all pastes. For paste S0, this is the only carbonation step.

2. Gel dissolution (Ca-Mg-Na-Al-Si-H, Ca-Na-Al-Si-H, Ca-Al-Si-H) takes place in pastes
S30, S50, S70 and S100 at the pH below which the gel phases become unstable.
The composition of the pore solution then changes in response to the dissolution
of CO2 and to the gel dissolution. The solubility of gels increases with further de-
crease of pH of the pore solution. The gel dissolution starts at the lowest scale, i.e.
atomistic level of gels by gradual decalcification of the gel and release of chemi-
cally bound water as illustrated in Figure 9.7. The initial gel structure is replaced
by a thermodynamically less stable molecular structure of the -(Mg)-(Na)-Al-Si-H
gel due to loss of Ca and water from the gel interlayers (see Figure 9.7). The decal-
cification process of the gel phases is described by reactions 9.18-9.20. The main
reaction products, as shown in Section 9.2, were amorphous calcium CaCO3, va-
terite and calcite.
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Figure 9.7: Conceptual illustration of the gel decalcification. The image is adapted from [59]. The C-N-A-S-H
gel is described as cross-linked substituted tobermorite with varying Ca/Si ratio, Al and Na uptake [167].

Carbonation of Ca-Na-Al-Si-H gel produces:

aN a2CO3 + (C aO)a(N a2O)b(Al2O3)c(SiO2)d(H2O)e →

aC aCO3 + (N a2O)b(Al2O3)c(SiO2)d(H2O) f +2aN aOH + (e − f )H2O (9.18)

Carbonation of Ca-Mg-Na-Al-Si-H gel produces:

aN a2CO3 + (C aO)a(M gO)b(N a2O)c(Al2O3)d(SiO2)e(H2O) f →

aC aCO3 + (M gO)b(N a2O)c(Al2O3)d(SiO2)e(H2O)g +2aN aOH + ( f − g )H2O (9.19)

Carbonation of Ca-Al-Si-H gel produces:

aN a2CO3 + (C aO)a(Al2O3)b(SiO2)c(H2O)d →

aC aCO3 + (Al2O3)b(SiO2)c(H2O)e +2aN aOH + (d −e)H2O (9.20)

where a, b, c, d, e, f and g are the stoichiometric coefficients for the respective oxide
components CaO, MgO, Na2O, Al2O3, SiO2 and H2O. The coefficients are different for
each of the studied mixtures and for each of exposure conditions.
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9.4.1.2. MOLECULAR SCALE (GEL POLYMERIZATION)
The removal of Ca from the structure of the gel occurs along with polymerization of re-
maining gel. The original structure of the C-N-A-S-H gel (before carbonation) with mod-
ified gel structure during carbonation are schematically illustrated in Figure 9.8.

Figure 9.8: Conceptual illustration of the gel polymerization. The left image is an original structure of the C-
N-A-S-H gel (before carbonation). The middle image presents a gradual removal of Ca from the gel structure
during carbonation. The right image illustrate polymerization of (alumino)silicate chains during carbonation.
The representation of the gel structure is adapted from Richardson [277]. The C-N-A-S-H gel is described as
cross-linked substituted tobermorite with varying Ca/Si ratio, Al and Na uptake [167].

The polymerization of (alumino)silicates proceeds as long as carbonation of the gel
phases (reactions 9.18-9.20) releases OH− and Ca2+ ions which react with HCO−

3 and/or
CO2−

3 ions. This means that for each studied paste (S30, S50, S70, S100), the carbonation
kinetics will be different due to their different CaO content and, therefore, different CO2

binding capacity. Based on alkalinity measurements (Figure 6.18) and FT-IR analysis of
the pastes after carbonation (Figure 7.15), which suggest that the polymerization pro-
ceeds with presence of alkalis, the polymerization mechanism can be described with re-
actions 9.21-9.23. Furthermore, the formation of (alumino)silicate gel can be explained
based on the fundamental study of Iler [181] on the polymerization of silica in aque-
ous systems where pH has an important role on the whole mechanism. The original
mechanism that Iler [181] developed was based on the condensation reaction between
the silicic acid anions themselves (Si-O-Si (Al) bonds), leaving the OH−-groups on the
outside. Besides OH−-groups, water and bicarbonates are likely to be generated here.

≡ Si −OH +HO −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+H2O (9.21)

≡ Si −ON a +HO −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+N aOH (9.22)

≡ Si −ON a +HCO3 −Si (Al ) ≡→≡ Si −O −Si (Al ) ≡+N aHCO3 (9.23)

9.4.1.3. NANO SCALE (EVOLUTION OF THE GEL POROSITY )
The previous analyses of gel deterioration at atomic and molecular scale due to carbon-
ation were used to explain the reorganization of Ca-Na-Al-Si-H globules and evolution
of gel porosity according to the colloid model [261]. By assuming that the basic building
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blocks of Ca-Na-Al-Si-H can be represented as globules, the change of specific surface
area and evolution of the gel pore structure can be represented by Figure 9.9.

Figure 9.9: Schematic representation of the gel porosity evolution in pastes (S30, S50, S70) due to volume
changes of the gel.



9

216 9. CARBONATION MECHANISM

The basic building block (i.e. globule) is a unit of Ca-Na-Al-Si-H that is roughly spher-
ical and, on average, 5 nm wide. These building blocks flocculate after carbonation to
form larger units, i.e. new globules (see Figure 9.9). The reorganization of the globules
generates the overlaps of silicate chains from the neighboring globules. This generates
more small gel pores (Na-Al-Si-H gel compared to Ca-Na-Al-Si-H gel, Figure 9.10) and
increases the size of the new globule (>5 nm). Consequently, the volume of pores be-
tween globules increases and contributes to the increase of surface area of the pores
(Table 8.4, Chapter 8). At the same time, the polymerization of the silicate chains causes
shrinkage (see Figure 9.10) and it decreases the size of the globule floc (see Figure 9.9).
This increases the volume and diameter of large gel pores (4-12 nm) of pastes S30, S50
and S70 and generates the capillary pores (∼30 nm) as shown in Table 8.3, Chapter 8.
Effect of changes of the gel properties due to carbonation were discussed in relation to
the GGBFS content in pastes, curing and exposure conditions in the following section.

Figure 9.10: The visualization of the loss of the gel cohesion in paste S50 due to natural carbonation.

9.4.2. MICRO SCALE (MICROSTRUCTURE AND MICROMECHANICAL

PROPERTIES OF THE PASTE)
9.4.2.1. SLAG CONTENT

Based on PARC analysis of the chemistry of the gel phases, Ca was not identified in the
composition of the gel of the alkali activated FA paste (S0, where GGBFS=0), and only
Na, Si and Al were present (Chapter 4, Figure 4.17). The gel in alkali-activated FA did not
carbonate as demonstrated with FT-IR and QXRD (Chapter 7). Similar results have been
reported by Bernal et al. [63]. Hence, carbonation of alkali-activated FA is limited only
to the pore solution.

The highest Ca content was measured in paste S100, but its microstructure was not
carbonated at all. Paste S100 has the lowest porosity (∼3.68%) amongst the pastes as
shown in Chapter 4. In such fine microstructure, CO2 could not diffuse. Since diffusion
of dissolved gases only occurs through the nitrogen accessible gel pores and capillary
pores [278] it is assumed that the contribution to the CO2 diffusion of gel pores in C-
N-A-S-H with sizes below 2 nm is negligible. The CO2 apparent diffusion in the pastes
S30, S50 and S70 took place mainly through the connected gel pores and small capillary
pores, decalcifying the Ca-rich gel phases. It is assumed that the gel pore size distribution
has wider range in blended pastes than in the paste S100. Furthermore, the gel in alkali-
activated paste S50 had lower Ca/Si=0.50 compared to paste S100 with Ca/Si=0.83, as
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shown by PARC. Therefore, the removal of the calcium from the gel took shorter time for
FA-rich pastes (S30, S50). This is supported by the results on the rate of carbonation as
presented in Chapter 6, Figure 6.12. With increase of GGBFS content in the pastes, the
CO2 diffusion slowed down due to refinement of the pore structure.

Beside gel and capillary pores, the microcracks were also a path for carbonation as
demonstrated in naturally carbonated pastes. The microcracks were developed due to
drying shrinkage. Figure 9.11 shows general patterns in cross-sections of (non)carbonated
samples in the low magnification images obtained by fluorescent microscope. The ex-
isting defects can be clearly observed, due to the impregnation with resin. The micro-
crack patterns for alkali activated pastes show single and branched microcracking, as
also observed for cement paste [279]. Shiotani et al. [279] showed that microracking
perpendicular to the drying surface of cement paste was pure tensile cracking, while
branching microcracks had a shear component. A single microcrack formation is ob-
served in paste S100, compared to binary alkali activated FA/GGBFS pastes where more
microcrack branching and bridging took place (see Figure 9.11). This is due to much
more brittle behaviour and homogeneous microstructure of paste S100.

In paste S0, no particular carbonation front was observed. No defects such as voids
and microcracks can be observed. The resin uniformly filled the section indicating the
high porosity of the sample S0. In sample S30, continuous microcracks can be observed
along the cross-section. These cracks are induced by the drying shrinkage during pre-
conditioning of the samples. They start from the top surface and proceed toward the
core of the sample. The S50 sample also demonstrated an uniform carbonation depth.
In this sample, the noncarbonated zone did not show any defects or voids. The car-
bonated zone, however, presented extensive microcracking. The deteriorated area was
clearly separated (carbonation front) from the noncarbonated zone. Paste S70 contained
multiple microcracks perpendicular to the edge of the sample, which start from the edge
towards the centre of the sample. The carbonation in paste S70 is dominant in the vicin-
ity of the observed microcracks. The carbonation depth of the surface layer of paste
S70 is smaller than the carbonation depth induced left or right from the axis of the mi-
crocrack. This can be explained by the difference in moisture content at the top of the
surface and in depth of the sample. The carbonation reactions will be restricted by ab-
sence of the moisture or its very low content (less than 50% RH). In the crack, the RH
is higher and thus carbonation can occur. Although microcracking was also present in
paste S100, propagation of CO2 was inhibited in natural laboratory conditions due to the
dense microstructure of this paste.

The micromechanical properties of carbonated blended pastes, S30, S50 and S70
changed compared to the corresponding noncarbonated pastes. The largest decrease
of modulus of elasticity was in paste S30 after carbonation. This is due to the progres-
sive polymerization of aluminosilicate gel as a consequence of the gel decalcification
as shown in Chapter 5, Figure 5.7. With increase of GGBFS content in the pastes, the
decrease of modulus of elasticity was lower.
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Figure 9.11: Fluorescent yellow resin impregnated thin-section paste samples viewed in reflected fluorescent
light, showing the carbonation depth from the top surface toward the core of the samples; noncarbonated
matrix is dark grey to black; carbonated matrix, microcracks, voids and pores are light green (the samples were
sealed cured for 28 days and then demoulded and exposed to laboratory conditions for 1 year).
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9.4.2.2. CURING CONDITIONS

The role of the preconditioning and l/b ratio on the pore structure is demonstrated for
the paste S50, Figure 9.12. One set of pastes was cured unsealed for 28 days (a) and
an other set was unsealed cured for 28 days and then preconditioned for additional 28
days prior the exposure to carbonation (in total 56 days) (b). When comparing pore size
distribution between the two sets of pastes, it is clear that the preconditioning leads to
coarser pore structure independent of the l/b ratio. The difference can be attributed to
the drying of the pastes during preconditioning. This suggests that carbonation can be
accelerated not only by alkali loss from unsealed cured samples as shown in Chapter 6,
but also by the change of the pore structure of these samples due to their precondition-
ing (from 28 to 56 days). The drying magnitude of unsealed cured samples was higher
than that of sealed cured samples (see Figure 6.5 and Table 6.2). The different magni-
tude of drying of pastes is an indicator for different pore size distributions, as shown
by Collins et al. [280]. This observation (Figure 9.12) together with results from Chap-
ter 4, demonstrate that under different curing conditions, different gels are formed and
different pore size distributions are obtained in the pastes. Therefore, the carbonation
reactions are expected to proceed differently for sealed and unsealed cured pastes.

Paste S30 has similar behaviour as paste S50. Pastes S70 and S100 did not exhibited
any change in the pore range that can be assessed with MIP.

(a) unsealed cured pastes S50 for 28 days at 99%RH (b) unsealed cured pastes S50 for 28 days at 99%RH
and preconditioned for additional 28 days at 55%RH

Figure 9.12: MIP pore size distribution of the unsealed cured pastes S50. The pastes were produced with three
different liquid-to-binder ratios, 0.45, 0.5, 0.6. These liquid-to-binder ratios are used in concretes S50 in Chap-
ter 10.

9.4.2.3. EXPOSURE CONDITIONS

In carbonated bulk paste samples, the carbonation products were amorphous CaCO3,
vaterite and calcite in all exposure conditions. Regardless the exposure conditions, the
shifts of Si-O-Si (Al) (1000 cm−1, Q2 silicon units) in alkali activated pastes were lower
than that detected in cement-based materials (1080 cm−1, Q3 silicon units) after car-
bonation, according to FT-IR measurements. For that reason, it is believed that the alu-
minosilicate and carbonate phases are closely intergrown to allow larger polymerization
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of silicate units than observed in carbonated cement-based pastes.
The change of the pore structure due to carbonation is similar under both acceler-

ated and natural exposure conditions. However, microcracking of the pastes was more
dominant under accelerated exposure conditions due to ‘drying’ effect (see Figure 9.5).
For this reason, the compressive strength of alkali activated pastes was reduced signifi-
cantly under accelerated carbonation, Figure 8.7. Under the natural exposure conditions
(0.04% v/v CO2, 55-60% RH, 20◦C) this effect was not observed.

9.5. CONCLUDING REMARKS

Carbonation mechanism in this chapter is discussed regarding driving forces, carbona-
tion reactions, carbonation products and effects of carbonation in relation to different
paste compositions, curing and CO2 concentration. Based on the experimental find-
ings, carbonation is driven by the CO2 concentration gradient. The CO2 gas diffuses in
the paste mainly through the connected gel pores or microcracks. Subsequently, CO2 gas
dissolves into the partially liquid-filled pores. Afterwards, the pore solution presents the
main domain for carbonation reactions. Carbonation reactions follow then two steps,
whereas the first step is characteristic for paste S0 and both steps are characteristic for
pastes S30, S50, S70, S100:

1. the consumption of NaOH/KOH by the dissolution of CO2 decreases the pH of the
pore solution of the alkali activated paste,

2. the reduced pH initiates the dissolution of gel phases (Ca-Na-Al-Si-H, Ca-Na-Mg-
Al-Si-H, Ca-Al-Si-H) and loss of calcium ions into the pore solution. Subsequently,
calcium ions react with the soluble sodium/potassium carbonates forming cal-
cium carbonates and NaOH/KOH. Subsequently, an excess of negative charges in
the gel due to Ca removal, is balanced through formation of Si(Al)-OH or Si(Al)-
O-Na groups. Condensation of neighbouring Si(Al)-OH or Si(Al)-O-Na results into
Si-O-Si(Al), i.e. aluminosilicate gel. Carbonation products were predominantly
amorphous calcium carbonates, vaterite and calcite.

Concerning the effect of carbonation on the pore solution of pastes, the critical pa-
rameter was curing. Sealed curing conditions prevented alkali loss from the paste during
early stage of the gel formation and hence provided an enriched buffer for alkalinity of
the pore solution. The coarsening of the pore structure

Concerning the effect of carbonation on the chemical changes of the gel phases, the
GGBFS content had critical influence. In GGBFS-rich pastes, microstructure was less
deteriorated. The paste S100 did not carbonate even after longer exposure (2 years) in
accelerated and natural laboratory conditions, while it was carbonated in natural out-
door conditions due to microcracking.

Concerning the effect of carbonation on the physical properties, the GGBFS content
had also the critical influence. The higher the GGBFS content in the mixture, the denser
the microstructure is of the alkali activated pastes. Hence, CO2 could hardly diffuse in
the pastes S70 and S100. Chemical deterioration of the gel phases in blended FA/GGBFS
alkali activated pastes resulted in an increase of gel pore size and the gel porosity. Ad-
ditionally, physical discontinuities, such as microcracks and paste erosion, resulted in
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the loss of cohesion within the blended pastes. Consequently, the modulus of elasticity
decreased.

Regarding exposure conditions, both accelerated and natural carbonation resulted
in similar carbonation products and increase of pore sizes and pore volume. However,
pH of the alkali activated pastes was reduced more under accelerated than under natu-
ral carbonation. Beside pH difference, the change of microstructure is important to be
taken into account for correlation between accelerated and natural carbonation. Gel
formation is continuous under natural carbonation while it is not under accelerated
carbonation due to short exposure time. For AAMs, this is of higher importance than
for cement-based materials when it comes to carbonation. In AAMs, Na+ and OH− are
consumed continuously for gel formation, and at the same time they play role of buffer
mechanism for carbonation reactions. Therefore, use of accelerated carbonation for pre-
dicting pH of AAMs under natural carbonation is not fully appropriate.

Finally, it is shown that the correct description of the microstructure evolution and
evolution of the pore solution composition (primarily free Na+) are crucial for long-term
predictions of the propagation rate of carbonation in AAMs.
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“The farther backward you can look, the farther forward you are likely to see.”

Winston Spencer Churchill

The reduction of alkalinity from ∼ 13 to ∼ 9 by carbonation of the pore solution of rein-
forced cement-based concrete structures results in the reinforcement corrosion. The rate
of carbonation is an important input for design of the concrete cover depth and the ser-
vice life prediction of reinforced concrete structures because the initiation of reinforcement
corrosion is usually considered as the end of service life of concrete infrastructure. The in-
formation from the field carbonation of alkali activated concrete is in most cases limited
and related to exposure shorter than 30 years. In this chapter, a comparative study re-
garding carbonation of alkali-activated concretes and cement-based concretes in different
environmental conditions has been carried out. The pH and carbonation depths are peri-
odically measured. The chemical and physical changes of material constituents were also
investigated. The interpretation of the findings at the concrete scale are based on the re-
sults presented in Chapters 5 and 9 and our understanding of the carbonation mechanism
at the paste level. The results show that, despite the low porosity of alkali-activated con-
crete, these concretes must have an appropriate curing in order to be used in structural ap-
plications due to their lower carbonation resistance compared to cement-based concrete.
Regardless the exposure conditions, the pH of carbonated alkali-activated concrete was
maintained above 9. Finally, recommendations for alkali activated concrete applications
and their improved carbonation resistance are given.
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10.1. INTRODUCTION

S TRUCTURAL application of alkali activated concrete is still argued worldwide due to
lack of data regarding long-term performance [40]. Additionally, the prediction of the

service life of structures made with alkali activated concrete is still not considered in the
literature. This largely impedes the standardization process of alkali activated concrete
for the building industry. Furthermore, it is still unknown whether the carbonation is
responsible for corrosion of reinforcing steel in alkali-activated concretes or some other
carbonation-induced structural deterioration of the alkali-activated binder has to be en-
visaged.

Figure 10.1: Domains (pore solution, microstructure) and parameters (NaOH/KOH, Ca(OH)2 content, Ca/Si
ratio) for comparative study between cement and alkali activated concretes (properties indicated in Table
10.3). The comparison includes the following:

a) Pore solution (NaOH/KOH). Carbonation initially occurs in the pore solution of the concrete. Therefore,
NaOH/KOH as a dominant species in the pore solution plays a buffer role for the carbonation reactions. Con-
crete S50 has the highest concentration of the alkali amongst the studied concretes.
b) Ca(OH)2 in microstructure. Concrete CEM I has the highest content of Ca(OH)2.
c) Ca/Si in the microstructure. Concrete CEM I has the highest Ca/Si ratio.



10.2. EXPERIMENT DESIGN

10

225

As mentioned in Chapter 2, carbonation of cement-based concrete results in a de-
crease of the pH of the pore solution below values that cause steel depassivation; hence
carbonation may initiate corrosion of reinforcing steel. Beside carbonation of the pore
solution, the carbonation of Ca(OH)2 and C-S-H gel results in the formation of CaCO3

and amorphous silica gel, respectively. In alkali-activated slag paste, the absence of
Ca(OH)2 may account for faster carbonation compared to the rate of carbonation in
cement-based pastes (Puertas et al. [60]). Furthermore, at concrete level, the presence
of aggregate leads to the formation of Interfacial Transition Zone (ITZ). The ITZ con-
tributes to a faster propagation rate of the carbonation front in cement based concrete
[281]. Often the ITZ is a highly porous zone due to the non-optimized packing of the ce-
ment particles in the close vicinity of aggregate surfaces. However, the influence of ITZ
on carbonation progress is unknown in alkali activated concrete.

Figure 10.1 demonstrates influence of key parameters on the carbonation mecha-
nism for two concrete domains, i.e. pore solution and microstructure. The comparative
study of cement and alkali activated concretes includes the following parameters:

• pore solution (NaOH/KOH). Carbonation initially occurs in the pore solution of
the concrete. Hence, NaOH/KOH as a dominant species in the pore solution plays
a buffer role for the carbonation reactions;

• Ca(OH)2 in the microstructure;

• Ca/Si in the microstructure.

A full understanding of the effects of these parameters on deterioration of concrete
is a key step in modelling of the carbonation rate in alkali activated materials, as shown
in Chapter 9. To evaluate the effects of these parameters, the pH and carbonation depths
are periodically measured in alkali activated concrete. The chemical and physical changes
of material constituents (paste and ITZ) of alkali activated concrete were also investi-
gated and compared to cement-based concretes. The interpretation of the findings at
the concrete level are based on the results presented in Chapters 5 and 9 and our ac-
quired understanding of the carbonation mechanism at the paste level. Finally, recom-
mendations for alkali activated concrete applications and their improved carbonation
resistance in practice are given. In addition, a model for the propagation rate of the car-
bonation front in alkali activated concrete is presented in Appendix B. The model is used
for calculating the time to depassivation of reinforcing steel in alkali activated concrete.

10.2. EXPERIMENT DESIGN

10.2.1. MIXTURE PROPORTIONING AND EXPERIMENT SET UP
In Chapters 6 and 8 it was shown that pastes S100 have a high resistance to carbonation
due to their dense microstructures. It remains of interest to study binders and concretes
with lower slag content in the binder than 100 wt.%. For that purpose, the concretes la-
belled as S30 (l/b=0.5), S50 (l/b=0.5), S70 (l/b=0.5) and S50 (l/b=0.6) were cast. Although
concrete mixture S100 was not considered in detail in this carbonation study, its car-
bonation rate and Cl− resistance are reported in Appendix B (Figure B.4 and Table B.3,
together with concrete mixtures S30, S50 and S70.
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In the absence of European standards for performance testing of alkali activated con-
crete, requirements for carbonation resistance are followed from the EN 206-1. In this
standard, requirements for design of cement concrete mixtures are given (Appendix B,
Table B.1). The assessment of carbonation resistance of alkali activated concrete with
260 kg/m3 of FA+GGBFS was performed to investigate conformity of an alkali activated
concrete with minimum binder content for exposure class XC1. In contrast, the assess-
ment of carbonation resistance of alkali activated concrete with 400 kg/m3 of FA+GGBFS
was performed to investigate conformity of an alkali activated concrete with binder con-
tent as prescribed for XC3.

As discussed in Chapter 8, alkali activated pastes are prone to microcracking. In order
to reduce the impact of microcracking, fibres were used in one of the concrete mixtures.
The fibre reinforced geopolymer (FRG) mortar was designed with the same GGBFS:FA
proportion as in alkali-activated concrete (Table 10.1, Mix 8: FRG S50). Polyvinyl alco-
hol (PVA) fibres and river aggregates (fine [0-4mm] and coarse [4-16mm]) were used.
The amount of fibres added to the mixture is 2% by the total volume of the composite.
Cement-based concretes were prepared with CEM I and CEM III/B. The details of mix-
tures proportion are listed in Table 10.1.

Table 10.1: Mixture designs for alkali activated concretes, cement-based concretes, fibre reinforced alkali acti-
vated (FRG) mortar and plain mortar S50 [m3].

FA GGBFS OPC Sand Aggregate Aggregate Activator Liquid/
[kg] [kg] [kg] [0-4 mm] [4-8 mm] [8-16 mm] [kg] binder

Density [kg/m3] 2440 2900 3000 2640 2650 2650 1250 [-]

Mix 1 S30 280 120 0 789 439 524 200 0.5
Mix 2 S50 200 200 0 789 439 524 200 0.5
Mix 3 S70 120 280 0 789 439 524 200 0.5
Mix 4 S100 0 400 0 789 439 524 200 0.5
Mix 5 S50 130 130 0 789 439 524 156 0.6

Mix 6 CEM I 0 0 400 789 439 524 200 (water) 0.5
Mix 7 CEM III/B 0 280 120 789 439 524 200 (water) 0.5

Mix 8 FRG S50* 437 437 0 775 393 0.45

Mix 9 plain
373 373 0 1119 373 0.5

mortar S50**

* Mixture 8, FRG S50, has in addition to primary constituents, also:
- Superplasticizer (type: sodium naphthalene formaldehyde sulphonate-based superplasticizer of 0.14 wt.%
by binder. The density is 1070 kg/m3.)
- PVA fibres (PVA fibres with a length of 8 mm and a diameter of 40 µm were used. The tensile strength of the
PVA fibre is 1600 MPa and the density is 1300 kg/m3.)
** Mixture 9, plain mortar S50, has sand fraction 0-2 mm, as used in standard cement mortar.

The concrete samples were beams (1500×100×150 mm3), which were cured in un-
sealed conditions (in curing room with 99% RH) for 28 days. After 28 days curing, the
beams were sawn into 187.5 mm-wide samples (see Figure 10.2), sealed at the lateral
sides and preconditioned for additional 28 days under laboratory conditions (55% RH,
20◦C, 0.04% v/v CO2). After preconditioning, samples were exposed to different carbon-
ation conditions (Table 10.2). The concrete samples in natural outdoor conditions (TU
Delft-CITG) are shown in Figure 10.3. In addition to concrete samples, cement (CEM I
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and CEM III/B) and alkali-activated pastes with the same binder content and l/b were
also made for microstructure and pore structure analyses.

Table 10.2: Exposure conditions for carbonation of concretes.

Natural laboratory Natural outdoor Accelerated carbonation
CO2 concentration 0.04% v/v 0.04% v/v 1.00% v/v
Relative humidity 55% 80-98% 60%
Temperature 20◦C 0-20◦C 20◦C

Figure 10.2: Geometry of the prepared concrete samples for each of the mixtures. After a certain period of
exposure, a slice (width equal to 1 cm) of each of the prisms was cut (slices denoted as 1, . . . , n). Subsequently,
the slice surface was sprayed with phenolphthalein for measurement of the carbonation depth. The noncar-
bonated part is indicated by the pink colour.

Figure 10.3: Concrete samples in natural outdoor conditions (TU Delft-CITG) sealed at the lateral sides, while
bottom and top side were exposed to unidimensional carbonation as indicated in Figure 10.2 on the single
prism.
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10.2.2. METHODS

10.2.2.1. COMPRESSIVE STRENGTH

Compressive strength was measured for each concrete mixture at 1 day, 7, 28, 56, 180,
365, 548 days according to the [NEN 12390-3:2009] on three cubes with dimension of
150×150×150 mm3. Then the mean values and standard deviations were calculated for
each set of the data.

10.2.2.2. CARBONATION DEPTH TESTED WITH PHENOLPHTHALEIN

Carbonation depths were measured after 0, 14, 28, 42, 56, 114, 193, 236, 365, 548 days
of exposure in accelerated conditions. In natural indoor and outdoor conditions, the
carbonation depths were measured after 0, 28, 240, 365, 548. Slices with a thickness of
10-15 mm were cut from the concrete prisms by sawing (Figure 10.2). The fresh surface
was sprayed with a 1 wt.% phenolphthalein aqueous solution. On average, 10 to 15 mea-
surements were made per slice. Then the standard deviations were calculated for each
set of the data.

10.2.2.3. CARBONATION FRONT TESTED WITH POLARIZED LIGHT MICROSCOPE (PLM) AND

ELECTRON MICROSCOPE (ESEM)
In addition to the phenolphthalein spray method, the carbonation front was also as-
sessed by PLM under cross-polarized transmitted (XPT) light, following the procedure
discussed in Chapter 7, Section 7.2.2.2. Furthermore, samples were examined with ESEM,
in order to show microstructural features of the material before and after carbonation.
The microstructures of paste and ITZ in concrete were characterized with Philips-XL30-
ESEM microscope. Element changes were studied with energy dispersive X-ray spec-
troscopy (EDS, NSS 3.3).

10.2.2.4. PORE STRUCTURE CHARACTERIZATION WITH MIP
Porosity and pore size distribution of the pastes were investigated with MIP measure-
ments. For sample preparation the procedure is described in Chapter 4.

10.2.2.5. PH OF THE PORE SOLUTION

Direct extraction of the pore fluid from carbonated concrete samples was not possible
due to the presence of aggregates and sample size that is needed for pore solution extrac-
tion. Therefore, pH measurements were carried out on the powder suspension, similar
to [225]. The suspension was obtained by equilibrating 1 g of powdered sample with 10
ml of de-ionized water during 15 minutes at ambient temperature while stirring with a
magnetic bar. Subsequently, the pH of the suspension was measured with a pH meter
827 Metrohm.

10.3. RESULTS

10.3.1. COMPRESSIVE STRENGTH
The compressive strength results and standard deviations for alkali activated concretes
S50 (l/b=0.5), S50 (l/b=0.6), cement-based concretes made of CEM I (w/c=0.5) and CEM
III/B (w/c=0.5) are shown in Figure 10.4. The compressive strength of concretes was
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measured during curing, preconditioning and exposure. Afterwards, the concrete sam-
ples were placed in outdoor sheltered conditions, where development of the compres-
sive strength was monitored from 56 days to 548 days. The compressive strength of mix-
tures S30, S50, S70, S100 are shown in [282]. The strength increased with increasing
GGBFS content.

Figure 10.4: Compressive strength development in cement-based and alkali-activated concretes (samples
(150×150×150 mm3) were cured in the curing room for 28 days, preconditioned for additional 28 days (28-
56 days) at 55% RH and then exposed to natural outdoor sheltered conditions (56-548 days)).

Figure 10.4 shows that the strength of alkali-activated concrete samples is higher
than that of cement-based concrete samples. Furthermore, when comparing compres-
sive strength of S50 mixture with precursor content (GGBFS+FA) of 400 kg/m3 (l/b=0.5)
with S50 mixture with precursor content of 260 kg/m3 (l/b=0.6), there is no significant
difference, specifically at the later ages (180, 365, 548 days). This suggests that for reach-
ing high strength in alkali-activated concrete, the binder content can be optimized, i.e.
reduced. Regardless the binder content, the failure in compression is determined by the
aggregate strength, as illustrated in Figure 10.5.

Figure 10.6 shows compressive strength for paste compared to the strength of plain
mortar, fibre-reinforced mortar and plain concrete S50. The activator to binder ratio for
paste, mortar and concrete was 0.5. As for fibre-reinforced mortar S50, the activator to
binder ratio was 0.45. Compressive strength of the plain mortar is slightly lower than
the paste for all testing ages (Figure 10.6). This is due to the presence of ITZ around
sand particles. The phenomenon of relatively weaker ITZ zone in OPC-based materials
arises, at least in part, due to the spatial distribution of cement grains against the larger
aggregate grains (the so-called wall effect) [283]. Such packing leads to a more porous
area around the aggregates, leading to reduction of the overall mortar strength compared
to the strength of the corresponding pastes. Similar phenomenon is observed in this
study regarding the difference in strength between alkali-activated paste, mortar and
concrete samples.
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Figure 10.5: Photograph of concrete cube (sample S50) after compressive strength test (at 548 days). It can be
seen that most of the aggregates were split. This implies that the paste and the bond between the paste and
aggregate grains is stronger than the strength of the aggregate grains (maximum aggregate size 16 mm).

Figure 10.6: Compressive strength development in alkali-activated paste S50, alkali-activated plain mortar S50
(Mix 9, Table 10.1), alkali-activated fibre reinforced mortar S50 (Mix 8) and plain alkali-activated concrete S50
(Mix 2).

The difference in strength between alkali-activated and cement-based concretes (Fig-
ure 10.4) is explained by the microstructure of the pastes. The total porosity and pore size
distributions were determined at 7, 28 and 56 days (Figure 10.7). In addition, images of
microstructures of the pastes at 7, 28 and 56 days are given in Figure 10.8.

The peaks for capillary pores were identified in cement-based pastes at all ages. This
was not the case in alkali activated pastes. Capillary pores were observed in tests at 56
days in alkali activated pastes S50, as a consequence of drying. Exposure of the speci-
mens to laboratory conditions (at 55% RH and 20◦C) caused microstructure coarsening
between 28 and 56 days as can be observed from Figure 10.7. Although the pore size
distribution of pastes S50 is changed at 56 days compared to 28 days, the morphology
of the microstructure did not change between 28 and 56 days. SEM images (Figure 10.8)
indicate an evolution of the microstructure between 7 and 56 days of all pastes.
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(a) (b) (c)

Figure 10.7: Evolution of the pore structure in alkali-activated paste S50 and cement-based pastes. Pastes were
unsealed cured for 28 days (99% RH, 20◦C). Subsequently, they were preconditioned from 28 days until 56 days
in natural laboratory conditions (55% RH, 20◦C).

Figure 10.8: Microstructure of paste CEM I, paste CEM III/B and alkali-activated paste S50 at 7, 28 and 56
days. Pastes were cured unsealed for 28 days in the curing room (99% RH, 20◦C). Subsequently, pastes were
preconditioned in laboratory conditions (55% RH, 20◦C) for additional 28 days.
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In contrast to cement-based pastes, the dense microstructure of paste S50 was al-
ready observed after 7 days. This implies that alkali activated pastes have a very dense
microstructure that is comparable to those of cement paste after 210 days of curing [284]
(based on the same w/c ratio). This is a result of continuous volume growth of the re-
action products [74]. Moreover, the reaction products of alkali activated GGBFS have a
higher pore space filling capacity than that in the cement pastes, as shown by Zuo and Ye
[74]. For that reason, the dense microstructure of paste S50 (Figure 10.8) is responsible
for high strength of alkali-activated concretes (Figure 10.4) already at the early age. Due
to refined and strong microstructure and strong ITZ, the final failure in compression is
mainly through the aggregate and much less through the paste (see Figure 10.5).

10.3.2. CHARACTERIZATION OF THE INTERFACIAL TRANSITION ZONE (ITZ)
IN NONCARBONATED CONCRETE

The ITZ of concrete is an important feature for the carbonation process. Therefore, its
characterization is a basis for understanding its changes after carbonation. For a fair
comparison of the microstructure and ITZ of different concrete mixtures, they were com-
pared at 180 days. At that time, also slowly hydrating mixtures have reached their final
microstructure. This is supported by compressive strength development of the concretes
(see Figure 10.4): after 180 days the compressive strength did not show much change in
both cement and alkali activated concretes. Figure 10.9 shows ESEM-BSE images of non-
carbonated cement-based and alkali-activated S50 concrete and FRG S50 samples.

Figure 10.9: Visualization of the interfacial transition zone (ITZ) in CEM I (A), CEM-III B (400 kg/m3) (B), S50-
0.6 (260 kg/m3) (C), FRG S50-0.45 (D).
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In CEM I and CEM III/B concrete (Figure 10.9A, B), the heterogeneity within the in-
terface between sand grains and paste is due to the presence of the unreacted cement
particles, a higher concentration of calcium hydroxide and ettringite [285], less calcium-
silicate-hydrate (C-S-H) and large capillary porosity [283]. In CEM III/B concrete (Figure
10.9 B), there were large voids adjacent to a sand grain. This indicates, together with
MIP porosity results, a more porous ITZ in cement-based concrete than in alkali acti-
vated concrete. In alkali-activated concrete samples, there is no clear porous ITZ (Figure
10.9 C, D). SEM images show that adjacent to a sand grain, the gel is denser compared
to reaction products in cement-based concrete (Figure 10.9A, B, C, Figure 10.10A, B, C),
consistent with the observations from the literature [286]. The reason for this is that
the C-(N-)A-S-H gel has a much denser atomic structure than C-S-H gel [149]. Although,
the alkali activated concrete has more homogeneous and denser ITZ than cement-based
concrete, the Ca/Si ratio of reaction products near the ITZ is observed to be lower than
in the bulk paste [286].

Since only gel type reaction products (as shown in Chapter 4) form in the ITZ and in
the matrix of alkali activated concretes (Figure 10.11) compared to cement-based con-
crete (calcium hydroxide, ettringite, C-S-H [283]) it is hypothesized that the carbonation
will be favoured evenly in both the ITZ and the surrounding matrix of alkali-activated
concrete.

Figure 10.10: SEM-BSE images of the magnified interfacial transition zone (ITZ) in CEM I, CEM/III B (400
kg/m3), S50-0.5 (400 kg/m3).
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Figure 10.11: Schematic illustration of the ITZ in the alkali activated concrete and cement-based concrete. The
ITZ of alkali activated concrete is homogeneous due to precipitation of only C-N-A-S-H gel in this zone. The
ITZ of cement-based concrete is heterogeneous, it consists of different reaction products such as ettringite
(AFt), Ca(OH)2 and C-S-H gel.

10.3.3. CHARACTERIZATION OF THE CARBONATION FRONT
Figure 10.12 presents the cross sections of cement-based and alkali-activated concrete
samples exposed for 548 days to laboratory and accelerated carbonation before and after
spraying phenolphthalein indicator. The noncarbonated zone is pink coloured while the
carbonated zone is colourless. It is clear that the propagation rate of carbonation front
in alkali activated concretes is faster compared to that in cement-based concretes. The
carbonation proceeds slower in cement-based concrete than in alkali activated concrete
due to the presence of Ca(OH)2 and higher Ca/Si ratio of reaction products of cement-
based concretes. For studying the geometry of the carbonation front and distribution
of carbonates, the carbonation front in alkali-activated concrete (S50-0.5) was assessed
with PLM (see Figure 10.13).

When using appropriate modes of illumination of a polarizing microscope, the zones
which underwent carbonation can be identified as presented in Figure 10.13. Similar
to paste S50, as shown in Chapter 7, the carbonation front in alkali activated concrete
S50 has been detected by a clear front line between carbonated (white/brown) and non-
carbonated zone (black). Figures 10.14a,b show distribution of carbonates all over the
microstructure of concrete. The identification of the carbonates is discussed next.
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Figure 10.12: The cross sections of concrete samples exposed to natural laboratory and accelerated car-
bonation before and after spraying phenolphthalein indicator, comparison of the cement-based and alkali-
activated concretes. Exposure time: 548 days.

Figure 10.13: Noncarbonated (black) and carbonated concrete S50 microstructure (characterised by a light
brown-yellowish paste matrix when viewed in plane-polarized transmitted light, not shown here). Image is
obtained under cross-polarized transmitted (XPT) light at 25 times magnification, image width 2.5 mm.
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(a) Close view of noncarbonated area at 100 times magnification, XPT, image width 0.75 mm.

(b) Close view of carbonated area at 100 times magnification, XPT, image width 0.75 mm.

Figure 10.14: Alkali-activated concrete S50 with magnified noncarbonated and carbonated areas.
In carbonated area, carbonates are distinguished from matrix based on their whitish appearance.
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10.3.4. CHARACTERIZATION OF THE MICROSTRUCTURE OF CARBONATED

CONCRETE
Figure 10.15 shows deterioration of the microstructure in carbonated concrete S50. It
can be seen that microcracks (Figure 10.15) and decalcification (Figure 10.16) are the
two main effects of natural carbonation. The occurrence of decalcification is supported
by EDS observations. EDS-spectrum of carbonated concrete is presented by pattern (1)
(Figure 10.16) with high silicon, carbon and low calcium peaks. The EDS spectrum (pat-
tern (2)) shows that partially carbonated concrete contains a large amount of calcium.

Figure 10.15: Carbonated alkali-activated concrete in natural laboratory conditions (S50-0.5).



10

238 10. CARBONATION RATES OF ALKALI-ACTIVATED AND CEMENT-BASED CONCRETES

The carbonation mechanism at concrete level is the same as found at paste level,
accompanied by a chemically impure silica gel, depleted of calcium. Regarding carbon-
ation of the ITZ between paste and aggregate, PLM and ESEM image analysis do not
reveal a significant difference in degree of carbonation between carbonated matrix and
carbonated ITZ (Figures 10.14 and 10.15) in agreement with the findings from Bernal et
al. [65]. The Mg/Si ratio and Na/Si ratio of the gel did not change after carbonation.
This means that only Ca is reacting with CO2−

3 forming calcium carbonates, as shown for
alkali activated pastes in Chapter 7.

Figure 10.16: ESEM micrographs and EDS spectra of different zones in alkali-activated concrete; complete
carbonated concrete (1), partially carbonated concrete (2).

10.3.5. EXPERIMENTAL INVESTIGATION OF THE CARBONATION RATE
The propagation rate of the carbonation front was monitored for three different expo-
sure conditions: natural (outdoor (sheltered) and indoor) and accelerated carbonation
conditions (Figure 10.17 (A), (B), (C)). Propagation of the carbonation front in concrete
samples was monitored from the age of 56 days. Figure 10.17 (A) demonstrates that car-
bonation did not proceed in the CEM I concrete in natural outdoor (sheltered) condi-
tions. This is due to the large hydroxide alkalinity of the CEM I concrete. In contrast, the
carbonation proceeds in CEM III/B and alkali activated concretes.
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(a) Natural outdoor conditions

(b) Natural indoor conditions

(c) Accelerated indoor conditions

Figure 10.17: Carbonation depth versus time in natural outdoor (sheltered), indoor and accelerated carbona-
tion conditions. At 56 days measurements of the carbonation depth in concretes started and, therefore 56th

day is regarded as t=0. Since at 56 days carbonation depth was already measured, the fitted curves do not pass
through the origin of the plots.
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For natural indoor conditions, sudden increase of carbonation depths can be seen
after an age of 240 days (Figure 10.17(B)). The internal RH gradient over the cross section
of the concrete sample at earlier stages can be an explanation for delayed carbonation
of internal layers of the samples (4-12 mm).

Figure 10.17(C) indicates that in case of accelerated carbonation conditions, the prop-
agation of the carbonation front is fastest for the S50 (l/b=0.6) mixture, followed by the
S50 (l/b=0.5), CEM III/B and CEM I. The carbonation is faster for S50 0.6 concrete, as l/b
ratio is higher and the binder content is lower. CEM I 42.5 N concrete shows a high resis-
tance to carbonation. Carbonation resistance decreases with decreasing clinker content,
i.e. for CEM III/B 42.5 N concrete due to lower Ca(OH)2 content, as shown in Chapter 5.

10.3.6. PH OF THE CARBONATED CONCRETES
The pH was also monitored for three different exposure conditions: natural (outdoor
(sheltered) and indoor) and accelerated carbonation conditions (Figure 10.18 (A), (B),
(C)). The pH of the pore solution in carbonated alkali-activated concrete reaches around
10 earlier than in cement-based concrete due to the absence of Ca(OH)2. However, the
phenolphthalein indicator shows that a gradual color change of phenolphthalein from
fuchsia to colorless upon pH changes from 10 to 8.2 (see Figure 10.12b,c). Therefore, it
cannot be stated that the pore solution of alkali-activated concrete is neutralized to 8.2,
since it can also be reduced to maximum pH 10 and again it appears as colourless. This
is demonstrated in Figure 10.18, where the pH of the carbonated concrete (accelerated
carbonation) depth in alkali-activated concretes is found to be higher than 9. Due to
the absence of Ca(OH)2 in alkali-activated concretes, the CO2 diffusion and CO2 binding
capacity of the mixture S50, as shown in Chapter 5, are the subsequent mechanisms for
faster propagation of the carbonation front compared to the cement-based concretes.
In the case of natural carbonation (indoor and outdoor), the pH values are very close for
all concretes (see Figure 10.18 (A), (B)).

According to the pH values, after 548 days of exposure, three stages can be distin-
guished for alkali activated concretes in case of accelerated carbonation (see Figure 10.18
(C)):

• stage (1) from 0 mm to 15 mm, the pH of concrete surface decreases to 9.2, where
the alkalis are fully depleted. This zone is fully carbonated;

• stage (2) from 30 mm to 15 mm, the pH of concrete decreases from 10.20 to 9.6.
This suggests that the alkalis are partially depleted. This zone is partially carbon-
ated;

• stage (3) from 30 mm to 40 mm, the pH of concrete is above 10. This zone is non-
carbonated.

In case of natural carbonation, only stages (1) and (3) are observed. This indicates
slow progress of the carbonation process in natural conditions. Nevertheless, the pH in
stage (1) in natural conditions is similar to stage (1) for accelerated carbonation. The pH
in stage (1) and (2) of carbonated alkali activated concrete corresponds well with the pH
of alkali activated pastes after 500 days of accelerated carbonation, as shown in Chapter
6, Figure 6.15.
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(a) Natural outdoor conditions

(b) Natural indoor conditions

(c) Accelerated indoor conditions

Figure 10.18: pH along carbonation path measured after 548 days of exposure in natural (indoor and outdoor
(sheltered)) and accelerated carbonation conditions. (In the graphs, pink colour indicates noncarbonated zone
and grey colour indicates the carbonated zone.)
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The pH of the CEM I concrete is maintained around 10.5. This value, however, is
not a true pH especially not for the carbonated cement-based concrete (Figure 10.18
(C)). Some Ca(OH)2 remains after carbonation and it dissolves when the suspension is
made. Therefore, the pH evaluation using suspension method is not appropriate for
CEM I concrete.

For CEM III/B concrete, the results reflect the real reduction of the pH under carbon-
ation. Ca(OH)2 in CEM III/B concrete is mainly consumed by the pozzolanic reaction of
GGBFS. Therefore, the only source of alkalis after carbonation of this type of concrete are
Na+ and K+. Under accelerated carbonation conditions, the carbonated CEM III/B con-
crete has a pH below 9, while in the noncarbonated part a pH >10 is measured. In natural
indoor and outdoor conditions of exposure, the pH of carbonated CEM III/B concrete is
above 9.

The pH of all carbonated alkali-activated S50 concretes was above the pH 9, which is
reported as a threshold value for an initiation of the carbonation induced reinforcement
corrosion in the OPC-based binders [47]. The pH of the noncarbonated alkali-activated
concretes S50 was above 10.

10.3.7. PORE STRUCTURE CHARACTERIZATION OF PASTES DETERMINED WITH

MIP
Figure 10.19 shows the changes of the pore structure of the pastes after accelerated car-
bonation (1% v/v CO2). The results are compared to the reference sample at an age of
6 months. The total intruded mercury volume represents 17.5-20% of the volume of the
noncarbonated cement-paste samples volume (A1, B1), while only 4.33% of the volume
of alkali-activated paste S50 (C1). In contrast, the total intruded mercury volume repre-
sents 14.2-17.1% of the carbonated cement-paste samples volume (A1, B1), and 6.5% of
the alkali-activated paste S50 (C1). It can be seen that for alkali-activated pastes there
is an increase in the total percolated pore volume after carbonation, although no obvi-
ous change of the pore size is distinguished after carbonation of S50 paste sample (C2).
In the graph (C2) it can be seen that there is a wide peak in the range 3-15 µm, repre-
senting microcracks rather than large capillary pores. Microcracking was also observed
with ESEM in the carbonated pastes S50 in Chapter 7. Microcracking can be caused by
carbonation shrinkage, in particular in the carbonated pastes where C-S-H gel has low
Ca/Si ratio (< 1.2) [287].

Compared to the cement-based pastes, the paste S50 has a significantly lower total
percolated pore volume (connected pores). This was also observed in S50 pastes after 28
days of curing in Chapter 4. Considering that the PoreSizerr 9500 is a 207 MPa mercury
intrusion porosimeter, the pore sizes in the range of 7 nm to 500 µm can be determined
according to the Washburn equation [173]. As a consequence, pores below this size (7
nm) cannot be measured. With N2 adsorption was observed that the main change of
the pore size distribution and pore volume under carbonation of the paste S50 occur in
the range of the gel pores (see also Chapter 8). Consequently, the gel porosity increases
under carbonation of the sample S50.
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Figure 10.19: MIP cumulative and derivative curves of the cement and alkali-activated pastes after 6 months of exposure to accelerated carbonation. The reference
samples were extracted from the noncarbonated core of the corresponding carbonated pastes. The two main characteristic values of MIP results are identified as the
total percolated pore volume (A1, B1, C1) and the critical pore entry radius (A2, B2, C2).



10

244 10. CARBONATION RATES OF ALKALI-ACTIVATED AND CEMENT-BASED CONCRETES

For CEM I paste, the intensity of the first and the second critical pore entry radius
decreases after carbonation due to the precipitation of calcium carbonates in the capil-
lary pores of the sample. Carbonation of the CEM I paste resulted in densification of the
microstructure and reduced porosity as reported by Wu et al. [117]. On the other hand,
carbonation of the CEM III/B paste resulted in coarsening of the pore structure and in-
crease of the pore volume [117, 288]. The larger critical pore entry diameter in CEM III/B
paste is due to carbonation of mainly C-S-H gel with lower Ca/Si ratio compared to CEM
I paste. Carbonation of C-S-H gel in cement pastes leads to volume reduction [116].
The same conclusion holds for paste S50, since the only reaction products affected by
carbonation is C-N-A-S-H gel. The larger carbonation shrinkage (volume reduction) of
alkali-activated paste is expected since the Ca/Si ratio of the gel in paste S50 (Ca/Si=0.50,
Chapter 4) is lower than the Ca/Si ratio of the gel in CEM III/B paste (Ca/Si=1.2, [289]).

10.3.8. CARBONATION MECHANISM IN ALKALI ACTIVATED CONCRETE
Table 10.3 gives an overview of parameters for a comparative study of cement and alkali
activated concretes in view of carbonation mechanisms. Furthermore, with knowledge
of the carbonation mechanism in alkali activated pastes discussed in Chapter 9, the car-
bonation mechanism in alkali activated concrete is clarified.

Carbonation of alkali activated concretes is a two simultaneous steps mechanism:

1. carbonation of the pore solution by consumption of the alkalis and

2. carbonation of the reaction products in the concrete paste microstructure and ITZ
microstructure by decalcification of the reaction products.

Once initiated, the carbonation will depend on both the internal reservoir of alkalis
and the Ca-content of the reaction products (Figure 10.1, Table 10.3). Besides that, the
pore structure also plays an important role. Considering the two steps mechanism of
carbonation, the lower carbonation resistance of alkali activated S30 and S50 concretes
compared to concretes S70 and S100, as shown in more detail in Appendix B (Figure B.4),
results from a lower GGBFS-content of the former. This is attributed to three effects:
coarser pore structure of pastes S30 and S50 compared to pastes S70 and S100 (Chapter
8, Figures 8.3 and 8.4), faster consumption of [Na+] from the pore solution for FA and
GGBFS reactions in paste S50 compared to paste S100, and lower Ca/Si ratio of paste S50
(0.50) compared to paste S100 (0.83).

The results from previous sections also showed that the carbonation is faster for
alkali activated concretes S50 compared to cement-based concretes CEM I and CEM
III/B. It should be noted that all concretes were unsealed cured before carbonation tests.
Faster propagation of the CO2 in the samples S50-0.5 and S50-0.6 than in CEM I and
CEM III/B is due to:

• the absence of Ca(OH)2 in concretes S50.

• similar amount of Na+ in all concretes;

• lower amount of K+ in concrete S50 compared to CEM I and CEM III/B concretes;
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• lower Ca/Si ratio in the reaction products than in cement-based concrete samples
(CEM I and CEM III/B) as can be seen in Table 10.3. This statement is supported by
lower CO2 binding capacity of alkali activated pastes compared to cement-based
pastes;

• in concrete S50, uniform carbonation is observed of reaction products in paste
microstructure and ITZ microstructure (Figure 10.15).

A full understanding of the effects of the studied parameters on deterioration of al-
kali activated concrete will allow prediction of the carbonation rate in alkali activated
concrete, as partially presented in Appendix B.

Table 10.3: Comparison between cement and alkali activated pastes pore solution and microstructure proper-
ties (tendencies indicated in Figure 10.1).

CEM I 42.5 N CEM III/B 42.5 N S50_0.5

Pore solution (28 days)
Unsealed cured samples [Na] 190 mmol/L 100 mmol/L 215 mmol/L
Sealed cured samples [Na] 400 mmol/L 120 mmol/L 1100 mmol/L
Unsealed cured samples [K] 85 mmol/L 45 mmol/L 4 mmol/L
Sealed cured samples [K] 230 mmol/L 58 mmol/L 26 mmol/L
pH >13

Noncarbonated area (1.5 year, core)
pH (natural indoor) 10.50 10.30 10.17
pH (natural outdoor) 10.50 10.25 10.12
pH (accelerated) 10.50 10.26 10.12

Carbonated area (1.5 year, surface)
pH (natural indoor) 10.45 9.28 9.60
pH (natural outdoor) 10.45 9.69 9.46
pH (accelerated) 9.96 8.71 9.15

Microstructure (28 days)
Compressive strength 49.9 MPa ± 5.7 46.6 MPa ± 2.1 70.7 MPa ± 2.5
Pore structure of paste Capillary + gel pores Capillary + gel pores Capillary + gel pores
Porosity (unsealed samples) 46.7 % 48.9 % 9.4 %

ITZ heterogeneous heterogeneous homogeneous

Ca(OH)2 high low none
Ca/Si high (1.7-1.8) [187] medium (1.2) [289] low (0.5), Ch. 4

CO2 binding capacity 35.95 wt. % 26.87 wt. % 16.09 wt. % (TG-MS)
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10.4. CONCLUDING REMARKS

In this chapter, carbonation rates and carbonation-induced deterioration of the microstruc-
ture of unsealed cured cement-based and alkali activated concretes were studied. Based
on the presented results, the following conclusions can be drawn:

• The propagation of the carbonation front in concrete mixtures S50 was faster com-
pared to the cement-based concretes (CEM I 42.5 N and CEM III/B 42.5 N) in both
accelerated and natural exposure conditions.

• The higher propagation rate of the carbonation front in the alkali-activated con-
cretes (Appendix B, concrete mixtures S30, S50), despite their higher compressive
strength and finer pore structure compared to cement-based concrete, is due to:

– Absence of Ca(OH)2 as shown in Chapter 5;

– Different pore solution chemistry (alkalinity buffer) as shown in Chapter 6;

– Lower calcium content in the gel phases as shown in Chapter 4, hence lower
content of the carbonatable phases.

– Different ITZ. Since the same type of the gel (Ca-(Mg)-Na-Al-Si-H gel, as shown
in Chapter 4) forms in the ITZ and in the matrix of alkali activated concretes
(Figure 10.11) compared to cement-based concrete (calcium hydroxide, et-
tringite, CSH) the carbonation is favoured evenly in both the ITZ and the sur-
rounding matrix of alkali-activated concrete.

• From all above factors, the carbonation rate is the most influenced by the alkalinity
of the alkali activated concretes and CO2 binding capacity. It should be noted that
the carbonation depth for alkali activated concrete is the domain where alkalinity
is reduced and microstructure is deteriorated.

• As demonstrated in this Chapter, the phenolphthalein measurements in combi-
nation with optical microscope observations (under cross-polarized transmitted
light), provide a method to determine the progress of the pH drop and microstruc-
ture deterioration under carbonation in alkali activated concrete.

• As it was seen in Chapter 8, the carbonation caused deterioration of the paste mi-
crostructure through decrease of micromechanical properties, beside decrease of
alkalinity. Hence, service life of alkali activated materials should be examined not
only considering the decrease of pH, but also taking other parameters in consid-
eration, such as stiffness reduction of the deteriorated concrete. This is in contrast
with standard predictions of carbonation rate for cement-based concrete, where
the models use permeability/diffusion as their constitutive property.

• The carbonation predictions are confronted with shortage or lack of data for long-
term exposures over several decades for alkali activated concrete structures. How-
ever, for engineering practice, probabilistic performance-based models (DuraCrete,
CEB) can be used as it was shown in this thesis, if the CO2 diffusion is a rate limit-
ing step in the entire process. More discussion about carbonation predictions can
be found in Appendix B.
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• The expected life time of concrete S50-0.5 in outdoor sheltered conditions is shown
to be around 50 years (Appendix B), which corresponds to a concrete cover thick-
ness of 40 mm. Although, predictions of the carbonation rate are based on extrap-
olations of empirical data, the validation was not possible due to short exposure
(2 years). However, the most important factor in justifying long-term predictions
is to demonstrate a sound mechanistic understanding of the underlying carbon-
ation mechanism, as presented in Section 10.3.8. Further modeling studies are
needed to consider the synergy between reduced alkalinity and deterioration of
mechanical properties under different exposure conditions.

• Based on recommendations given in Chapter 6 and results from this chapter, im-
proved carbonation resistance of the alkali-activated concretes can be achieved by
using mixtures with high GGBFS content (S70, S100) (Appendix B, Figure B.2) and
by applying the sealed curing for studied alkali activated concrete mixtures.
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CONCLUSIONS, CONTRIBUTIONS

AND FURTHER RESEARCH

“One never notices what has been done; one can only see what remains to be done.”

Marie Skłodowska Curie

This chapter summarises conclusions and contributions of the research and gives the rec-
ommendations for further studies.
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11.1. CONCLUSIONS

T HE MAIN aim of this thesis was to understand the carbonation mechanism of alkali-
activated materials and to propose strategies for improvement of their performance

in view of carbonation. For this reason, the carbonation mechanism was studied at dif-
ferent length scales, from gel to concrete level, while the effects of carbonation on chem-
ical, physical and mechanical properties were captured. The relationship between car-
bonation rate, pore solution chemistry and microstructure was investigated. In general,
alkali activated pastes have lower CO2 binding capacity than cement-based pastes. How-
ever, that does not mean that alkali activated pastes would carbonate faster. In the study,
it turns out that although alkali activated pastes have much lower potential to bind CO2,
their pore structure and pore solution composition play critical roles when it comes to
propagation of CO2. Finally, a summary of the key findings and conclusions of this thesis
is given below.

• Alkali activated pastes and concrete mixtures were developed with an adequate
workability, setting time and mechanical properties for carbonation study.
Fresh properties and mechanical performance of the pastes have been studied for
different liquid-to-binder ratios, different FA-to-GGBFS ratios and a constant al-
kaline activator composition. The properties of pastes and concretes were mainly
dependent on the GGBFS content. The pure GGBFS (S100) has the highest rate
of heat release, subsequently developing higher compressive strength than other
mixtures. In contrast, none or very little amount of reaction products were formed
in paste S0. The reason of the unreactivity of FA is the composition of the amor-
phous phase being a glass too high in alumina and silica to react, despite being
amorphous. To this end, carbonation mechanism was expected to be dependent
on the paste mixture composition.

• Carbonation mechanism in alkali activated pastes.

– The elementary carbonation reactions in the pore solution (reactive trans-
port of CO2 in a porous medium) and of the reaction products (chemical
reactions) under prevailing exposure conditions determine the carbonation
mechanism in the alkali activated paste.

– Two length scales are distinguished in the reactions:

¦ the length scale of the surfaces of pores, grains and gels, at which actual
reactions start. However, this is a very short local length scale. If the
reactions occur only at this length scale then the bulk composition at
larger length scale would not be affected when carbon and oxygen are
added,

¦ the length scale of pore solution, where all reactions are taking place.
This is a larger length scale at which the effect of carbonation is domi-
nant.

– Carbonation reactions affected initially the pore solution alkalinity and then
the gel structure and composition. The extent of the reduction of the alka-
linity was dependent on the curing conditions. The removal of the elements
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from the gel caused the gel molecular structure to change which gives rise to
deterioration of the microstructure. The gel dissolution starts at the lowest
scale, i.e. atomistic level of the Ca-Mg-Na-Al-Si-H, Ca-Na-Al-Si-H, Ca-Al-Si-
H gels by gradual decalcification of the gel and release of chemically bound
water as illustrated in Figures 9.7. The release of chemically bound water
is assumed to be a consequence of decalcification (reactions 9.18-9.20) and
polymerization (reactions 9.21-9.23) processes.

– CO2 apparent diffusion in FA/GGBFS pastes with more than 50 wt.% GG-
BFS proceeds through the connected network of the gel pores and microc-
racks. In pastes with lower GGBFS content than 50 wt.%, the CO2 transport
is through the gel pores, capillary pores and microcracks.

– Carbonation causes deterioration of C-N-A-S-H gel in alkali-activated FA/GGBFS
pastes. The N-A-S-H gel in paste S0, alkali activated FA, did not carbon-
ate (Chapter 5, Section 5.3.2). For pastes with 100 wt.% GGBFS carbonation
was almost negligible, due to their dense microstructure (Chapter 8, Section
8.3.2). In cement-based pastes, carbonation causes loss of CH and deteriora-
tion of C-S-H.

– Unsealed curing in ∼99% RH environment is known as the most suitable for
cement-based materials in view of hydration. However, unsealed curing of
alkali activated concrete leads to significant alkali loss. The alkalinity of the
pore solution was reduced by alkali loss before carbonation took place. For
longer periods of exposure (1 year) the pH of the pore solution is lowered
even more due to both continuous dissolution of the unreacted material and
carbonation. Because of the continuous dissolution of the unreacted mate-
rial, carbonation proceeds faster, since then there is a lower amount of al-
kalis. Hence, sealed curing conditions are recommended for curing of alkali
activated FA and GGBFS materials.

– Carbonation of alkali activated concrete was found not to reduce the pH be-
low a value that is considered as a threshold for initiation of reinforcing steel
corrosion. However, passivity of the reinforcing steel is influenced not only
by the overall pH, but also by the percentage of various anions present in
pore solution, such as sulphides and sulphates. It is assumed that the mecha-
nism and consequences of carbonation-induced corrosion in alkali activated
FA/GGBFS concrete are different from those in cement-based concrete.

– In alkali activated GGBFS-based pastes, the carbonation products were sim-
ilar in both accelerated and natural carbonation, however their quantities
varied. The pH level of the medium has had a crucial influence on the crys-
tallization mechanism of carbonates. Calcium carbonates were the main car-
bonation products, regardless of the exposure conditions (natural or acceler-
ated). Although it was expected that part of carbonation products would be
Na-carbonates, their content was very low (< 1.0 wt.%). This indicated that
most of the sodium was bound by the gel or remained in the pore solution,
maintaining the pH above 9 after carbonation.
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– Calcium carbonates were clearly distinguished in the carbonated matrix in
thin sections under optical microscope. Based on the optical observations,
the carbonates were found to be intergrown with the gel phases. For that
reason, carbonates could not be resolved with the resolution of SEM imaging.
The carbonates were identified with XRD.

• Carbonation of alkali-activated fly ash and slag pastes causes an increase of gel
porosity and the shrinkage of the paste.
Carbonation alters the microstructure of GGBFS-containing pastes. This is asso-
ciated with a reduction in sample volume, caused by decalcification of C-N-A-S-
H/C-A-S-H gels, loss of chemically bound water and polymerization of remaining
gels (Chapter 9, Reactions 9.18-9.23). The main difference in the pore size distri-
bution after carbonation was observed at the level of the gel pore sizes in pastes
with less than 50 wt.% of GGBFS content. The change of the volume and size of
the capillary pores was negligible.

• Carbonation of alkali-activated fly ash and slag pastes causes a reduction in mod-
ulus of elasticity.
The modulus of elasticity of the gel was reduced due to gel density change un-
der carbonation. The modulus of elasticity decreased by half in carbonated paste
S50 compared to noncarbonated paste (Chapter 8, Section 8.3.4). No significant
change of the modulus of elasticity was found in mixtures with more than 50 wt.%
of GGBFS.

• Accelerated carbonation is not fully representative for natural carbonation.
Accelerated carbonation is found not to be representative for performance of pastes
under natural carbonation from the aspect of compressive strength of pastes. The
compressive strength of pastes substantially decreased after accelerated carbona-
tion (1% v/v CO2) as shown in Chapter 8, Section 8.3.3. The series of “paleofronts”
had induced physical discontinuities in the samples which were unsealed cured
and subsequently carbonated under accelerated conditions. The alkalinity due to
accelerated carbonation was reduced more than under natural exposure condi-
tions.

• Alkali-activated fly ash and slag concretes carbonate faster than cement-based
concretes, despite their denser microstructure and ITZ.
As a result of no Ca(OH)2, lower Ca/Si ratio and consequently lower CO2 binding
capacity in alkali activated FA/GGBFS concretes compared to the cement-based
concretes, alkali-activated concretes carbonated faster. They were affected more
by carbonation and drying, which tends to stop hydration and deteriorates the
concrete’s external layer. It is assumed that carbonation and shrinkage-induced
microcracking may yield continuous pores and an increase in permeability. By
proper choice of curing conditions and Na2O alkaline activator concentration, the
binder can be tailored to improve the carbonation resistance of alkali activated
concrete as recommended in the next Section.
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11.2. CONTRIBUTION TO SCIENCE AND ENGINEERING

Science
This PhD thesis contributes to the science of alkaline activated fly ash and ground

granulated blast furnace slag as an environment friendly alternative to Ordinary Port-
land cement (OPC). In particular, it contributes to the systematic assessment and under-
standing of the carbonation mechanism in alkali activated pastes and concretes. Some
of the most important highlights of the thesis are:

• In contrast to the traditional approach of studying carbonation in cementitious
materials by numerical prediction of the carbonation rate based on experimen-
tal measurements of carbonation kinetics, this thesis used a multiscale approach
to explain the deterioration of alkali-activated concrete. This approach provides
the basis for understanding the carbonation mechanism and its effects on physi-
cal, chemical and mechanical properties of alkali-activated pastes and concretes.
Emphasis is placed on the assessment of the performance of alkali-activated FA
and GGBFS in terms of their CO2 binding capacity and stability. Detailed material
characterization is carried out aiming at decoupling of the effects of pore solution
and microstructure carbonation.

• It is shown first that powders react with CO2, regardless the type of binder. Fur-
ther, the carbonation rate of the bulk samples is strongly dependent on the curing
conditions, Na+ concentration in the pore solution and type of reaction products
within the paste and ITZ. Each system (S0, S30, S50, S70, S100) generates different
reaction products as a function of the chemical composition of the raw materials
and type of curing conditions. The study on Na+-loss and Na binding capacity
(higher in FA-rich pastes than in GGBFS-rich pastes) (Chapter 6, Section 6.3.1.3) is
of great importance for the rate of carbonation, because reduction of the free Na+
in the pore solution of the paste reduces the pH. This has been clearly overlooked
in all experimental carbonation studies up to now.

• Microstructure deterioration due to carbonation of OPC-based materials is not a
point of concern unless there is leaching of Ca(OH)2 from the pore solution. In
contrast, it is demonstrated that carbonation of microstructure is one of the most
critical aspects in alkali activated pastes. The interaction of pore solution and mi-
crostructure carbonation and physico-chemical description of their mechanisms
is shown to be crucial for understanding the long-term deterioration of alkali ac-
tivated pastes under carbonation. In this respect, two essential observations were
made:

1. Carbonation of the pore solution leads to reduction of alkalinity. This alkalin-
ity is important for initiation of dissolution of reaction products and potential
corrosion of reinforcing steel in alkali activated concrete.

2. Carbonation of the microstructure leads to reduction of the modulus of elas-
ticity. This can reduce the stiffness of carbonated alkali activated concrete.

• The fundamental description of the carbonation mechanism and prediction of the
carbonation rate in alkali-activated concrete was a result of the following steps:
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Step Description Aim
1 Raw material characterization Primary phases
2 Characterization of the pore solution

of pastes
Concentration of different ions

3 Internal relative humidity of the
pastes and Na+ loss from the pore
solution

Preconditioning, Influence of curing condi-
tions

4 Microstructure characterization
of pastes (reaction products, pore
structure)

Evolution of the gel phases, reaction degree
and pore structure

5 Na+ binding capacity of the pastes Effective Na+ concentration in the pore so-
lution

6 CO2 binding capacity of powdered
pastes

Maximum carbonation degree

7 Carbonation of the pore solution pH, carbonation rate
8 Carbonation of the gel phases Element changes

Gel molecular structure change of carbon-
ated pastes
Distribution, identification and quantifica-
tion of carbonation products
Distribution and chemical composition of
the gel phases
CO2 binding capacity of the pastes

9 Effect of carbonation on the physical
and mechanical properties of the mi-
crostructure

Change of the pore size, porosity and
change of modulus of elasticity

10 Carbonation mechanism of alkali-
activated paste

(Correlation between steps 2-8)

11 Carbonation rate of alkali-activated
concrete

Comparative study with cement-based
concretes

12 Preliminary modelling Prediction of the carbonation rate in alkali-
activated concrete

• The thorough microstructure characterization with PARC provides for the very first
time spatial distribution and proportions of the different reaction products (gels).
This distribution could not be identified with XRD, since gel in AAMs is mainly
amorphous. The PARC results can be applied for studying other deterioration
mechanisms than carbonation, such as chloride attack and alkali silica reaction in
AAMs. The study on the pore solution and microstructure changes due to carbon-
ation, and the effect of these changes on the pore structure and mechanical prop-
erties, provides indispensable experimental data for understanding of the carbon-
ation and its influencing factors. The analyses of changes of reaction products
and identification of carbonation products provided valuable information about
the reactions involved. The actual sequence of the elementary carbonation reac-
tions (in the pore solution and of the reaction products) is proposed as carbona-
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tion mechanism (Chapter 9, Sections 9.3.1 and 9.4.1). The presented findings are
of great significance for further modeling studies of carbonation in AAMs.

Engineering
The scientific explanations of paste carbonation provided the basis for clarifying car-

bonation of alkali activated concrete. Carbonation resistance of alkali-activated concrete
in engineering applications will strongly depend on the mixture design, curing condi-
tions and type of exposure conditions (RH). Therefore, if the concrete mixtures from this
thesis are to be applied in engineering practice where carbonation is dominant durabil-
ity issue, following recommendations should be considered:

• Mixture design. Using higher content of GGBFS than 50 wt.% results in an increase
of the carbonation resistance of the alkali activated concrete. Using higher Na2O
alkaline activator concentration than 4.8 wt.% is assumed to contribute to better
carbonation resistance of the alkali activated concrete.

• Curing conditions. There are optimal conditions under which carbonation can be
delayed in the AAMs. Curing at lower RH than 80% would hinder alkali loss from
the alkali activated concretes. Curing at higher RH leads inevitably to alkali loss
and, therefore, lower alkalinity of the pore solution of the concrete.

• Exposure conditions. For concrete structures outside, carbonation would not be
an issue if the RH is higher than 85% (Chapter 6, Addition to Table 6.2). However,
sheltered concrete elements, with an average RH of 60%, can be carbonated since
the environmental conditions are optimal for carbonation [NEN-EN 13295].

In contrast to OPC-based materials, carbonation has a significant effect on the me-
chanical properties, i.e. modulus of elasticity, of alkali activated materials. The deteri-
oration of the outer layers of concrete structures due to carbonation combined with a
decrease in modulus of elasticity leads, consequently, to a decrease of the stiffness. En-
gineers often reduce the stiffness of uncracked concrete structures when modeling con-
crete structures and designing the reinforcement in view of second order effects (shrink-
age, expansion) [EN 1992-1-1: 2005]. In the design procedure (structural modeling) of
alkali activated reinforced concrete structures, the effect of carbonation on the stiffness
should be considered as well when carrying out the second order effect calculations.
Compatibility must be ensured and maintained between all parts of the structure (limi-
tation of deformations).

In the absence of European standards for performance testing of alkali activated con-
crete, requirements for design of cement concrete mixtures with respect to carbonation
(EN 206-1, Table F.1-Recommended limiting values for composition and properties of
concrete) should be adapted for alkali activated concrete. For each exposure class (XC1,
XC2, XC3, XC4) the minimum alkali content (Na2O) should be specified for design of
alkali activated concrete mixtures rather than limiting minimum binder content as pre-
scribed for cement-based concrete. Some restrictions should be applied also to exposure
conditions within exposure classes. The exposure of alkali activated concrete to perma-
nently wet or long-term water contact should be avoided due to alkali loss as explained
in Chapter 6.
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11.3. FURTHER RESEARCH

With respect to the scope of this thesis, several extensions of the presented study could
be taken into account in further research regarding:

• Carbonation-induced corrosion of the reinforcing steel.
Although the pH was not reduced below a value that is considered as a threshold
for initiation of reinforcing steel corrosion, it could potentially be an issue since the
passivity of the reinforcing steel is influenced not only by the overall pH, but also
by the percentage of various anions present in the pore solution, such as sulphides
and sulphates.

It is recommended to take into account the influence of these anions, since their
content in the pore solution is markedly high as shown in Table 6.3.

• Carbonation-induced deterioration of the mechanical properties.
Since the modulus of elasticity of carbonated alkali activated FA/GGBFS pastes
was reduced compared to noncarbonated pastes, the changes of the modulus of
elasticity and tensile strength of carbonated alkali activated concretes needs fur-
ther study. Serviceability limit state in terms of deformations, which can be caused
by carbonation, must be defined for alkali activated concrete.

• Microcracking potential.
The combined effect of autogeneous shrinkage, drying shrinkage and creep on the
microcracking potential of alkali activated FA/GGBFS systems needs to be studied
because this combined effect is considered to be essential for service life predic-
tion of alkali-activated concrete. Microcracks, if connected, can form preferential
continuous pathways for CO2 mass transport and faster propagation of the car-
bonation front.

• Coupled deterioration.
Based on the observations of the concrete microstructure deterioration by carbon-
ation, the testing of chloride resistance or frost salt scaling of carbonated alkali ac-
tivated concrete could be taken into account, as these coupled mechanisms might
be detrimental.

• Modeling of carbonation.
In the literature consulted so far, the models for the carbonation of OPC-based
materials did not consider parameters such as the potential microcracking, curing
conditions, preconditioning, Na+ loss and Na+ binding. These parameters should
be considered in any multiscale carbonation model for alkali-activated materials.
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• Monitoring of the structural elements made by alkali activated concrete in this
thesis.
Monitoring of the propagation rate of the carbonation front in developed alkali-
activated concretes1 [282, 290, 291] should be continued in order to relate long-
term behaviour of alkali activated concrete in lab conditions to behaviour under
outdoor exposure conditions.

• Inspection of the long-term performance of existing alkali activated concrete
structures worldwide.
Characterization and monitoring of the long-term exposed structures would be
one of the main contributions to the research of carbonation in alkali activated
materials, e.g. to the modeling of their long-term performance (some of the build-
ings are more than 30 years in service, as in Ukraine (Mariupol, 1960), Poland
(Kraków, 1974), Russia (Lipeck, built between 1986 and 1994), China (Yinshan
County, Hubei Province, 1988)). The ultimate aim would be to answer questions
regarding the composition of field alkali-activated concrete, (mixture design) and
to assess the deterioration of the concrete in the region of interest (cover depth,
ITZ, microcracking, combination of the deterioration mechanisms).

1Canoes, plain alkali activated concrete beams and fiber-reinforced beams (750×100×150 mm3 (location: Cor-
nelis Drebbelweg 3, Delft) and alkali activated concrete bench (location: G.J. de Jonghweg, Rotterdam, corre-
sponding to the exposure class for carbonation XC4.)
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Figure A.1: X-ray element maps showing element zonation in noncarbonated paste S100 (exposure for 2 years), at 8000 times magnification with a beam voltage of 7.0
kV).
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B
SERVICE LIFE PREDICTIONS OF

ALKALI-ACTIVATED CONCRETE

STRUCTURES

“We must remember that everything depends on how we use a material, not on the
material itself... New materials are not necessarily superior. Each material is only what

we make it.”

Ludwig Mies van der Rohe

Widespread use of alkali-activated concrete in engineering applications is limited by lack
of standards and understanding of their long-term performance. Furthermore, the lack
of data on long-term performance (evolution of transport and mechanical properties) of
alkali-activated concretes makes it challenging to support the predictive models of the
service life of alkali activated concretes. In this Appendix, the service life of alkali acti-
vated concrete structures with regard to carbonation is estimated by application of the
DuraCrete model. This model estimates the time to corrosion initiation of reinforcing steel
due to pH drop caused by carbonation. Based on experimental results that have been ob-
tained in this thesis, the deterioration of mechanical properties might have an impact on
the service life predictions. Therefore, a more advanced model for predicting the service
life of alkali-activated concrete structures might be necessary.
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B.1. SERVICE LIFE DESIGN OF CONCRETE STRUCTURES

Service life of a concrete structure is a period of time for which a structure performance
complies with reliability requirements with or without periodic inspection and mainte-
nance and without unexpected high costs for maintenance and repair [107]. The service
life predictions of concrete structures are affected by the uncertainties associated with
material properties, mechanical and environmental loads. Therefore, service life pre-
dictions require probabilistic models and methods to account for the uncertainties that
govern the deterioration processes. For service life design of reinforced cement-based
concrete structures, corrosion of reinforcing steel is usually a governing factor. Corro-
sion of reinforcing steel in cement-based concrete is mostly a result of chloride ingress
and/or carbonation [45–47] and it consists of two phases: the inititation of corrosion
and corrosion propagation (Figure B.1). Carbonation reduces the pH of the concrete
pore solution to values where passivation of reinforcing steel disappears [47]. The rate
of carbonation is an important input for service life design of reinforced cement-based
concrete structures, because the corrosion initiation of reinforcing steel is usually con-
sidered as the end of service life of concrete infrastructure (Figure B.1).

Figure B.1: Initiation and propagation phase, adopted from [107].

Generally, the service life of concrete structures can be designed using different ap-
proaches according to the fib Model Code [292]:

1. Prescriptive approach or deemed-to-satisfy rules.

The prescriptive methodology determines the range of cement-based concrete
constituents, the minimum compressive strength, the concrete cover depth and
these are dependent on the exposure class. EN-206-1 defines four exposure classes
XC1, XC2, XC3 and XC4 for carbonation-induced corrosion in reinforced cement-
based concrete (Table B.1) [48]. It gives for each exposure condition standard min-
imum binder content and maximum content of mineral addition, ensuring the ap-
propriate durability of cement-based concrete structures. This approach is based
on long-term practical experience with cement-based concrete mixtures, and not
on a fundamental scientific study [293].
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2. Full probabilistic approach. Full probabilistic approach for carbonation-induced
corrosion is based on the limit state equation, in which the concrete cover depth
is compared to the carbonation depth at a certain point of time. The equation is
based on Fick’s 1s t law of diffusion, assuming that the CO2 diffusion is the pre-
vailing mechansim of CO2 transport in concrete. The input parameters need to be
quantified in a full probabilistic approach.

3. Semi-probabilistic approach (partial factor design). This approach provides a ser-
vice life design for carbonation-induced corrosion that can be carried out as a sim-
plified calculation without considering the probabilistic distributions of input pa-
rameters.

4. Avoidance of deterioration.

Table B.1: Exposure classes for carbonation-induced corrosion of reinforced cement-based concrete structures
[48] (EN 206-1, the provisions valid in the place of use of the concrete should include requirements under the
assumption of an intended service life of at least 50 years under the anticipated maintenance conditions).

Exposure Description of the Exposure examples Minimum binder Maximum Minimum
class exposure conditions content [kg/m3] w/b ratio strength class

XC1

Concrete inside

260 0.65 C20/25
Dry or permanently buildings with
wet low air humidity;

Concrete permanently
submerged in water

XC2

Concrete surface

280 0.60 C25/30
Wet, rarely dry subject to long-term

water contact
Foundations

XC3

Concrete inside

280 0.55 C30/37

buildings with
Moderate humidity moderate or high air

humidity;
External concrete
sheltered from rain

XC4

Concrete surfaces

300 0.50 C30/37
Cyclic wet and dry subject to water

contact, not within
exposure class XC2

Currently, a prescriptive approach that determines the range of cement-based con-
crete constituents depending on the exposure conditions is a common practice. For con-
crete mixtures where alternative cements are used, the service life of concrete is usually
assessed through a performance-based approach. In fact, the alkali activated concretes,
as alternative to cement-based concrete, do not comply with the prescriptive require-
ments of the EN 206-1 [48]. However, a concrete mixture may be used even if it does
not comply with the prescriptive requirements, using equivalent performance concept
[294]. According to the equivalent performance concept, potential durability of a con-
crete has to be proved through comparison with reference concrete mixtures complying
with prescriptive standard requirements.
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B.2. SERVICE LIFE PREDICTIONS OF CONCRETE STRUCTURES

Probabilistic performance-based durability design of concrete structures has been de-
veloped within the research project DuraCrete [107] for the modelling of most common
durability issues, among others, carbonation induced corrosion of uncracked concrete.
According to DuraCrete concept, the end of the service life is specified by the chosen
limit-state. The design limit state is usually initiation of the corrosion of reinforcing steel
in concrete. The protective passivating layer around the reinforcing steel might be lost
if the alkalinity level at the surface of the reinforcing steel drops due to the carbonation
to a level sufficient for initiation of the reinforcing steel corrosion in concrete. Aiming
to estimate the time to corrosion initiation of reinforcing steel in an alkali activated con-
crete, a DuraCrete model was applied assuming that the corrosion is a governing factor.
However, for assessment of the service life of alkali activated concrete, it is necessary to
have data on performance of this material. Since the structural application of concrete
from this thesis is done 2 years ago, the data (material properties, exposure condition,
former monitoring) are available only from these 2 years. Because no actual long-term
measurement of the evolution of transport and mechanical properties of alkali activated
concrete is available, the results for alkali activated concrete are compared with results
for cement-based concretes, all obtained by the DuraCrete model.

As shown in Chapter 10, carbonation rate was faster for alkali activated concrete S50
compared to cement-based concretes, and the driving force for the propagation rate of
the carbonation front in alkali activated concrete was diffusion of CO2 (see Figure 10.17).
The DuraCrete model uses the diffusion theory (Fick’s 1s t law of diffusion) and considers
ageing for calculation of the carbonation depth. Furthermore, this model is presumed
to be applicable for alkali activated concrete as the exposure conditions (relative humid-
ity, sheltering, CO2 concentration in the atmosphere, curing time) are in the range of
conditions used in the DuraCrete approach for estimation of the service life of cement-
based or cement and GGBFS blended concretes for exposure class XC4 (see Table B.1).
The range of each parameter typical for the exposure conditions in the Netherlands was
adopted from the DuraCrete. The characteristic values for the ageing factor are modi-
fied to suit the alkali activated concrete since this concrete has different microstructure
development compared to cement-based concretes. The calculation of the propagation
rate of carbonation front according to DuraCrete [107] is as follows:

X d
c (t ) =

√√√√2 · cd
s,ca · t

Rd
ca

(B.1)

Xd
c (t) - design value of the penetration depth of the carbonation [mm],

cd
s,ca - design value of the surface CO2 concentration [

kg

m3 ],

t - time [years],

Rd
ca - design value of the carbonation resistance [

year · kg

m3

mm2 ].
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The design equation for initiation of carbonation-induced corrosion in reinforced
cement-based concrete is:

g = xd −xd
c (t ) = xd −

√√√√2 · cd
s,ca · t

Rd
ca

(B.2)

where xd – design value of the cover thickness [mm], g = 0 stands for the point in time of
corrosion initiation.

To take in account the CO2 binding capacity of the concrete, DuraCrete [107] pro-
posed an expression for the carbonation resistance according to:

Rca = B

De f f
= 1

Dca
(B.3)

B – the CO2 binding capacity [
kg

m3 ],

De f f – effective diffusion coefficient [
m2

s
],

Dca – the carbonation rate [
m2

s · kg

m3

].

The formulae for calculation of the design value of the cover thickness xd and the
effective carbonation resistance Rd

ca are given by:

xd = xc −∆x (B.4)

Rd
ca =

Rd
0,ca

kc
e,ca ·kc

c,ca · (
t0

t
)2nc

ca ·γRca

(B.5)

with ∆x – the safety margin for the cover thickness [mm] (∆x=20 mm),
xc – the characteristic value of the cover thickness [mm],
Rc

0,ca – characteristic value of the carbonation resistance determined on the basis of

compliance tests [
year · kg

m3

mm2 ],

kc
e,ca – characteristic value of the environment factor [-],

kc
c,ca – characteristic value of the curing factor [-],

t0 – the age of the concrete when the compliance test is performed [years],
nc

ca – characteristic value of the age factor [-],
γRca – partial factor for the resistance with respect to carbonation [-].

The safety margin for the cover thickness of 20 mm is chosen in this study. However,
lower safety margins can be adopted depending on the cost of mitigation of risk relative
to the cost of repair.
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Finally, for the boundary conditions xd =xd
c (t), the time to carbonation-induced cor-

rosion innitiation or the service life time td
i is given by:

t d
i = (

(xc −∆x)2 ·Rc
0,ca

2 · cc
s,ca ·kc

e,ca ·kc
c,ca · (t0)2nc

ca ·γRca

)

1

1−2nc
ca (B.6)

B.2.1. DETERMINATION OF THE CARBONATION RATE (Dca )
The carbonation rate (Dca) was calculated based on recorded carbonation depths during
2 years of exposure of alkali activated concrete to accelerated conditions. The phenolph-
thalein indicator was used to measure the depth of carbonation. Based on time-series
measurements in Chapter 10 (see Figure 10.17), Dca was calculated. Subsequently, it
was considered that Dca is the same in both accelerated and natural conditions and it
was used for calculation of the service life time td

i under outdoor sheltered conditions
(Equation B.7 and Equation B.8). It should be noted that although it is assumed that the
CO2 diffusion coefficient is a constant material property, the CO2 diffusion coefficient
may vary largely during service life of concrete as emphasized in fib Model Code [292].

B.2.2. DETERMINATION OF THE AGEING FACTOR N
Regarding concrete age t and microstructure development, a power function for diffu-
sion coefficient is usually adopted to account for the densification of the microstructure.
The time dependent diffusion coefficient D(t) is given with the formula D(t)=ke kc D0(t0/t)n ,
where D(t) is the chloride diffusion coefficient for concrete at age t0 (reference time). The
n stands for an ageing factor in DuraCrete model [107] and it is a mathematical way to
consider concrete ageing effect. It describes the decrease of diffusion coefficient with
time. In reality, the chloride diffusion coefficient D(t) is directly determined by the mi-
crostructure of concrete (not considering here the effect of drying and non-saturated
conditions). This means that, once hydration stops and the microstructure does not
densify further, we cannot expect a continuous decrease of the diffusion coefficient.

The alkali activated pastes mainly consist of gel pores and disconnected capillary
pores, representing a dense microstructure already after 28 days of curing, as shown in
Chapter 4 (Figures 4.31, 4.33). These facts are in accordance with very low chloride mi-
gration coefficients for concretes S50, S70 and S100, presented in Table B.4. For this rea-
son, the compressive strength data of alkali activated concrete S50 are used to account
for the densification of the microstructure in the calculation of the ageing factor as fol-

lows: fc (t)=
fo

ke kc (
t

t0
)n

. It is proposed that for alkali activated concretes strength data

are more proper indicator for ageing than their chloride diffusion coefficient. Because
compressive strength is increasing with time and is not limited by the pore structure de-
velopment as chloride diffusion coefficient.



B.2. SERVICE LIFE PREDICTIONS OF CONCRETE STRUCTURES

B

269

B.2.3. MODEL RESULTS AND DISCUSSION
The carbonation depth of concrete samples was calculated for a given time to carbonation-
induced corrosion initiation of 50 years. It is assumed that at that depth the pH decreases
to 9 and reinforcing steel is no longer passivated and becomes susceptible to corrosion
(design limit state). Based on the previously described parameters and characteristic
values shown in Table B.2, calculations of the time to carbonation-induced corrosion in-
nitiation (see Figure B.2) are made according to Equation B.6 and Equation B.7:

t d
i = (

(xc )2

2 · cc
s,ca ·kc

e,ca ·kc
c,ca · (t0)2nc

ca ·γRca ·Dc
0,ca

)

1

1−2nc
ca (B.7)

where:

cc
s,ca - design value of the surface CO2 concentration [

kg

m3 ],

kc
e,ca – characteristic value of the environment factor,

kc
c,ca – characteristic value of the curing factor,

t0 – the age of the concrete when the compliance test is performed,
nc

ca – characteristic value of the ageing factor 0<nc
ca<1

γRca = 1
The characteristic values were adopted for the natural carbonation predictions based on
the suggested values within DuraCrete [107].

Table B.2: Summary of different factors for concrete mixtures [107].

cc
s,ca kc

c,ca kc
e,ca t0 nc

ca γRca
kg

m3 [-] [-] [days] [-] [-]

CEM I
4 × 10−4 0.76

0.86
28

0.098*
1.00CEM III/B 0.86 0.132*

S50 0.85 0.144**
* The ageing factors for CEM I and CEM III/B concretes used for the calculations were the values adopted from
the DuraCrete [107], for concrete structures exposed to outdoor sheltered conditions (81% RH).
** In this study, calculated ageing factor is 0.144 for alkali activated concrete S50 in natural outdoor sheltered

conditions according to strength data fc (t)=
fo

ke kc (
t

t0
)n

, where fc (t) is the compressive strength at 180 days

(Figure 10.4), since the fc (t) did not change after 180 days, and fo is the compressive strength at 28 days.

The Fick’s 1s t law of diffusion was also used to predict the time to carbonation-
induced corrosion innitiation. The diffusion model is the same as the DuraCrete model,
except for the ageing factor (Equation B.8):

t d
i = (xc )2

2 · cc
s,ca ·Dc

ca
(B.8)

Figure B.2 shows the predicted carbonation rate in outdoor sheltered conditions for
reinforced alkali activated concrete S50-0.5, CEM I and CEM III/B concretes by DuraCrete
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model according to Equation B.7. The dashed lines for reinforced alkali activated con-
crete S50-0.5, CEM I, CEM III/B take into account the safety margin for the concrete
cover ∆x=20 mm for which γRca =3 in Equation B.6. The results in Figure B.3 show good
agreement for longer ages between the pure diffusion model with DuraCrete model which
takes into account the cover concrete safety margin of 20 mm. For 50 years, the highest
cover depth i.e., 50 mm is required for concrete S50-0.5, if the safety margin of 20 mm
is applied. Otherwise, it is 18 mm. The concrete CEM III/B has also a lower carbona-
tion resistance and hence shorter time to carbonation-induced corrosion initiation than
concrete CEM I. Sisomphon and Franke [93] found similar carbonation depth after 50
years of natural exposure for CEM III/B concrete with fly ash.

Finally, the use of concrete S50-0.5 in the practice seems less attractive. However,
there are no data from practice to validate predicted values of the carbonation depth in
Figure B.3, except data from the period of 548 days in Figure 10.17 (A). Furthermore, the
calculations are deterministic and give the mean time to carbonation-induced corrosion
initiation. For this reason, the probability of corrosion time initiation is 50%, which is
unacceptable for concrete structures design in practice. Such a high probability would
mean that weak spots suffer corrosion much earlier and interventions may already be
needed before the intended end of the service life [295]. To obtain lower probability of
failure than 50%, concrete cover depth can be increased or the rate of diffusion should
decrease. In this study, a minimum cover depth (safety margin ∆x=20 mm) was consid-
ered based on suggestions from DuraCrete, to lower the probability of corrosion time ini-
tiation. Contrary to this suggestion where intended service life is achieved by increasing
the concrete cover, the attention could be rather drawn to proper design, curing method,
and curing time of alkali-activated concrete. Further research is also needed on how to
include the effect of microstructure deterioration (modulus of elasticity change, carbon-
ation shrinkage) on alkali activated concrete structural reliability.

Figure B.2: Predicted carbonation depth development for alkali activated concrete S50, CEM I, CEM III/B by
DuraCrete model. The dashed line for reinforced alkali activated concrete S50-0.5, CEM I, CEM III/B takes
into account the safety margin for the concrete cover ∆x=20 mm, for which γRca =3 [107]. (Note: Carbonation
depth for concrete S50-0.5 is the domain where pH is reduced and microstructure is deteriorated).
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Figure B.3: Predicted carbonation depth development for alkali activated concrete S50-0.5:
- black line shows result of DuraCrete concept with ageing factor 0.144,
- light red line presents pure Diffusion model,
- grey line considers the safety margin for the concrete cover ∆x=20 mm, for which γRca = 3 [107].

B.3. CARBONATION RESISTANCE OF ALKALI ACTIVATED CON-
CRETES IN ACCELERATED CONDITIONS

Accelerated carbonation test is widely employed test for assessment of the carbonation
resistance of a concrete mixture. According to fib Model Code [292], the benefit of the ac-
celerated carbonation test in cement-based concrete is that "short duration is important
to get as early as possible information about the material performance", while the CO2

binding capacity of a concrete does not have to considered additionally. As for alkali ac-
tivated concrete, the CO2 binding capacity and microstructure deterioration might have
a significant impact on the interpretation results of accelerated carbonation and their
correlation to data from natural carbonation conditions.

The results reported here are obtained by Arbi [282] under the project S81.1.13498.
These results provide further insight in carbonation performance of mixtures which were
not tested in this thesis. In this research [282], a comparative study is performed regard-
ing carbonation resistance of different alkali activated concrete mixtures in accelerated
conditions (1% CO2, 20◦C, 60% RH). For each mixture (S30, S50, S70, S100), four cylin-
dric specimens (∅76mm, h=150 mm) were drilled from cubic samples. Specimens have
been cured at different ages (7, 14, 21 and 28 days) and then exposed to 1% CO2 during
7, 14, 21 and 28 days. A preconditioning for 24 hours before starting the carbonation
test was applied for all mixtures. Through a visual inspection, no cracks have been de-
tected during the preconditioning. The carbonation depth was measured by applying
phenolphthalein indicator on freshly broken specimens. The effects of curing time and
exposure time on carbonation resistance of studied concretes were investigated.
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B.3.1. EFFECT OF CURING TIME AND EXPOSURE TIME
Figure B.4 presents the carbonation rate measured in four mixtures for different curing
ages and exposure times. At early age curing (7 days and 14 days), all mixtures have been
carbonated in accelerated carbonation conditions. When the curing time increased to
21 days or 28 days, a decrease of carbonation rate was observed. The concrete S100
cured for 28 days was not carbonated after 7 days of exposure. After 14 days to 28 days
of exposure a carbonation depth of about 4-5 mm was measured. The same mixture
shows high carbonation resistance when cured for 28 days (not carbonated even after
21 days exposure, while only 3-4 mm carbonation depth was measured after 28 days of
exposure). It can be concluded that longer curing time results in improved carbonation
resistance of alkali activated concretes, particularly of GGBFS-rich concrete mixtures.

Figure B.4: Carbonation depths of concretes S30, S50, S70, S100 as a function of curing/exposure time [282].

B.3.2. EFFECT OF FA-TO-GGBFS RATIO
In all investigated mixtures, the carbonation rate increases when increasing the FA con-
tent (see Figure B.4). The highest carbonation rate was measured in concrete S30 re-
gardless the curing time. This is due to a higher porosity of FA-rich concrete compared
to concretes containing high amount of GGBFS. In the case of concretes S70 and S100,
the dense microstructure explains their high carbonation resistance.
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B.3.3. EFFECT OF ACCELERATED CARBONATION ON COMPRESSIVE STRENGTH
The compressive strengths of alkali activated concretes as well as those of OPC-based
concrete (CEM I) are given in Table B.3. The strength of noncarbonated samples was
compared with strength of carbonated samples. Note that noncarbonated and carbon-
ated samples have been stored in the laboratory under the same conditions (tempera-
ture and relative humidity) with the only difference in the CO2 concentration for car-
bonated samples. The results from the Table B.3 show that CEM I did not undergo any
change in the compressive strength either after 28 days or 56 days of accelerated carbon-
ation. These values are also similar to those of noncarbonated samples. This behaviour
is expected considering that CEM I was not carbonated even after 56 days of CO2 expo-
sure.

For alkali activated concretes, the compressive strength of carbonated samples was
lower compared to the compressive strength of noncarbonated samples indicating that
the concrete microstructure is changing after carbonation. These results are in agree-
ment with those reported by Bernal et al. [198] where a strength reduction due to accel-
erated carbonation was up to 15% in alkali-activated slag/metakaolin blended concretes.

Table B.3: Comparison of compressive strength of concretes CEM I, S30, S50 and S70 after 28 and 56 days
of accelerated carbonation with compressive strength of concretes with no carbonation (Three standard
150×150×150 mm3 concrete cubes per concrete mixture were tested in compression test [NEN 12390-3:2009]).

CEM I S30 S50 S70
28 days

58.0 ± 1.0 57.7 ± 1.0 87.6 ± 1.4 96.5 ± 1.9
carbonated
28 days

57.6 ± 1.2 61.9 ± 1.2 89.7 ± 1.8 99.1 ± 3.7
noncarbonated
56 days

57.5 ± 1.7 56.3 ± 3.2 88.9 ± 3.2 98.8 ± 2.6
carbonated
56 days

56.3 ± 2.5 60.6 ± 3.5 91.7 ± 4.8 103.5 ± 2.5
noncarbonated

B.4. CHLORIDE RESISTANCE OF ALKALI ACTIVATED CONCRETES

BY NT BUILD 492

Besides carbonation resistance of alkali activated concretes in accelerated carbonation
conditions, the resistance to chloride ingress was determined according to NT Build 492
(Rapid Chloride Migration test) by Arbi [282]. Cylindric specimens (∅=100mm, h=50mm)
were drilled from cubic samples. The tests started after preconditioning of the speci-
mens. During preconditioning, the specimens were placed in a vacuum container for
3 h. Subsequently, a saturated Ca(OH)2 solution was added. The specimens were kept
in the solution for 18 h. After saturation, specimens were placed in the test container.
A voltage of 30 V was applied between the anode/anolyte solution (0.3 M NaOH) and
the cathode/catholyte solution (10% NaCl solution). Experimental conditions as well as
the chloride penetration depth and the non-steady state migration coefficient of inves-
tigated mixtures are given in Table B.4.
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Table B.4 shows that the initial current (measured at 30 V) in concrete S30 is the high-
est value and that of S70 is the lowest. This is directly correlated with the chloride pen-
etration depth and the migration coefficient values where for concrete S30 the highest
values were obtained. The lowest values measured for S70 indicate that this concrete is
very dense making difficult the ingress and/or mobility of any specie such as Cl− ions in
its microstructure. Therefore, this mixture has an excellent chloride resistance.

Table B.4: Experimental conditions and test results on chloride penetration in alkali activated concretes [282].

Mixture I0 App. I0 Test Samples size Chloride Chloride
(30V) Volt (App. Volt) duration (0/h) pentration migration

depth coefficient
[mA] [V] [mA] [h] [mm] [mm] [10−12 m2/s

S30 162.3 15 80.3

24

50.8/ 99.8 18.2 17.12
S50 52.3 30 52.3 49.5/ 102.4 10.1 4.40
S70 33.8 35 39.4 49.9/ 100.0 5.3 1.91
S100 41.3 30 41.3 51.1/ 99.5 5.7 2.43
OPC* 25

* Data from study of Ismail et al. [296].

Based on the chloride penetration depth, concretes S50 and S100 have a good chlo-
ride resistance. However, results obtained for S100 are unexpected as this mixture should
have lower chloride penetration depth in comparison with concrete S70. In contrast, Is-
mail et al. [296] reported a lower chloride penetration depth (1 mm) for GGBFS concrete
(100% GGBFS) in comparison with 5 mm chloride penetration depth found for the con-
crete containing 75% GGBFS+25% FA. Further research should address the influence of
the preconditioning regime and possible microcracking of the surface of concrete S100,
which could explain the faster Cl− migration in this mixture.
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[166] H. Ye, A. Radlińska, Fly ash-slag interaction during alkaline activation: Influence of activators on phase
assemblage and microstructure formation, Construction and building materials 122 (2016) 594–606.

[167] R. J. Myers, S. A. Bernal, R. San Nicolas, J. L. Provis, Generalized structural description of calcium–
sodium aluminosilicate hydrate gels: the cross-linked substituted tobermorite model, Langmuir 29 (17)
(2013) 5294–5306.



284 REFERENCES

[168] C. Shi, On the state and role of alkalis during the activation of alkali-activated slag cement, in: Proceed-
ings of the 11th International Congress on the Chemistry of Cement. Durban (South Africa), 2003, pp.
2097–2105.

[169] C. Famy, K. Scrivener, A. Crumbie, What causes differences of csh gel grey levels in backscattered elec-
tron images?, Cement and Concrete Research 32 (9) (2002) 1465–1471.

[170] K. L. Scrivener, Backscattered electron imaging of cementitious microstructures: understanding and
quantification, Cement and Concrete Composites 26 (8) (2004) 935–945.

[171] C. J. Van Hoek, M. de Roo, G. van der Veer, S. R. van der Laan, A sem-eds study of cultural heritage
objects with interpretation of constituents and their distribution using parc data analysis, Microscopy
and Microanalysis 17 (5) (2011) 656–660.

[172] C. van Hoek, How to process zillions of spectra from spectral imaging datasets? from phase-mapping to
bulk-chemistry on micron-to centimeter scale using parc, Microscopy and Microanalysis 20 (S3) (2014)
660–661.

[173] K. Scrivener, R. Snellings, B. Lothenbach, A practical guide to microstructural analysis of cementitious
materials, Crc Press, 2016.

[174] M. Nedeljkovic, K. Arbi, Y. Zuo, G. Ye, Physical properties and pore solution analysis of alkali-activated
fly ash-slag pastes, in: Proceedings pro113: International RILEM Conference Materials Systems and
Structures in Civil Engineering (MSSCE 2016) on Concrete with Supplementary Cementitious Materials,
2016.

[175] E. Underwood, 1970. quantitative stereology, Reading, lVIass., Addison-Wesley Publishing Co.

[176] J. Kaufmann, Pore space analysis of cement-based materials by combined nitrogen sorption–wood’s
metal impregnation and multi-cycle mercury intrusion, Cement and Concrete Composites 32 (7) (2010)
514–522.

[177] G. Ye, Experimental study and numerical simulation of the development of the microstructure and per-
meability of cementitious materials.

[178] K. S. Sing, Reporting physisorption data for gas/solid systems with special reference to the determina-
tion of surface area and porosity (recommendations 1984), Pure and applied chemistry 57 (4) (1985)
603–619.

[179] A. Katz, A. Thompson, Quantitative prediction of permeability in porous rock, Physical review B 34 (11)
(1986) 8179.

[180] S. Brunauer, P. H. Emmett, E. Teller, Adsorption of gases in multimolecular layers, Journal of the Ameri-
can chemical society 60 (2) (1938) 309–319.

[181] R. K. Iler, Chemistry of silica–solubility, polymerization, colloid and surface properties, and biochem-
istry.

[182] W. D. Rickard, R. Williams, J. Temuujin, A. Van Riessen, Assessing the suitability of three australian fly
ashes as an aluminosilicate source for geopolymers in high temperature applications, Materials Science
and Engineering: A 528 (9) (2011) 3390–3397.

[183] R. R. Lloyd, J. L. Provis, J. S. van Deventer, Microscopy and microanalysis of inorganic polymer cements.
1: remnant fly ash particles, Journal of materials science 44 (2) (2009) 608–619.

[184] S. L. Valcke, A. J. Sarabèr, P. Pipilikaki, H. R. Fischer, H. W. Nugteren, Screening coal combustion fly ashes
for application in geopolymers, Fuel 106 (2013) 490–497.

[185] M. B. Haha, B. Lothenbach, G. Le Saout, F. Winnefeld, Influence of slag chemistry on the hydration of
alkali-activated blast-furnace slag—part i: Effect of mgo, Cement and Concrete Research 41 (9) (2011)
955–963.



REFERENCES 285

[186] M. B. Haha, B. Lothenbach, G. Le Saout, F. Winnefeld, Influence of slag chemistry on the hydration of
alkali-activated blast-furnace slag—part ii: Effect of al2o3, Cement and Concrete Research 42 (1) (2012)
74–83.

[187] I. Richardson, The nature of the hydration products in hardened cement pastes, Cement and Concrete
Composites 22 (2) (2000) 97–113.

[188] R. J. Myers, S. A. Bernal, J. L. Provis, Phase diagrams for alkali-activated slag binders, Cement and Con-
crete Research 95 (2017) 30–38.
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[224] J. Kempl, O. Çopuroğlu, Eh-ph-and main element analyses of blast furnace slag cement paste pore solu-
tions activated with sodium monofluorophosphate–implications for carbonation and self-healing, Ce-
ment and Concrete Composites 71 (2016) 63–76.

[225] M. Babaee, M. Khan, A. Castel, Passivity of embedded reinforcement in carbonated low-calcium fly ash-
based geopolymer concrete, Cement and Concrete Composites 85 (2018) 32–43.

[226] C. Dow, F. P. Glasser, Calcium carbonate efflorescence on portland cement and building materials, Ce-
ment and Concrete Research 33 (1) (2003) 147–154.

[227] Z. Jiang, Z. Sun, P. Wang, Internal relative humidity distribution in high-performance cement paste due
to moisture diffusion and self-desiccation, Cement and concrete research 36 (2) (2006) 320–325.

[228] Z. Zhang, J. L. Provis, A. Reid, H. Wang, Fly ash-based geopolymers: the relationship between composi-
tion, pore structure and efflorescence, Cement and concrete research 64 (2014) 30–41.

[229] B. Jones, X. Peng, Hot spring deposits on a cliff face: a case study from jifei, yunnan province, china,
Sedimentary Geology 302 (2014) 1–28.

[230] R. Pouhet, M. Cyr, Carbonation in the pore solution of metakaolin-based geopolymer, Cement and Con-
crete Research 88 (2016) 227–235.
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SUMMARY

Concretes with ordinary Portland cement (OPC)-based binders have a high environmental impact. These ma-
terials are unfavourable in terms of CO2 emission, energy and natural resources consumption. It is estimated
that concrete production is responsible for about 8.6% of the global CO2 output. Large CO2 emission of con-
crete industry can be overcome through the replacement of OPC by various industrial by-products, such as
fly ash (FA) from coal-fired electricity production and ground granulated blast furnace slag (GGBFS) from
steel production. Alkali-activated materials (AAMs) are one of the most environmentally friendly alterna-
tives to OPC-based materials. So far, AAMs are increasingly used for non-structural applications. Currently,
widespread use of AAMs for structural applications is limited by lack of standards and understanding of their
long-term behaviour in engineering practice.

Deterioration of reinforced OPC-based concrete structures is often caused by the corrosion of reinforc-
ing steel. Corrosion of reinforcing steel in concrete is mostly a result of chloride ingress and/or carbonation.
Compared to OPC-based concrete, carbonation of AAMs is less understood despite many studies on the ef-
fect of various parameters on carbonation resistance of AAMs. Furthermore, the lack of data on long-term
performance of alkali-activated concretes makes it challenging to assist the predictive models of the service
life of alkali activated concretes. Other parameters, such as curing conditions and binder compositions fur-
ther complicate the understanding of the carbonation mechanism of AAMs. There is almost no information
that deals with the combined effect of binder composition, curing conditions and exposure conditions on the
carbonation of AAMs.

This thesis concentrates on understanding the carbonation mechanism of alkali-activated materials and
on strategies to improve their performance in view of carbonation. A three level concept was applied. The
information with respect to carbonation at the gel level (Level I) and paste level (Level II) has been used for
studying carbonation at the concrete level (Level III). The carbonation mechanism was studied from two as-
pects: (1) pore solution carbonation and (2) carbonation of gel phases. The combined effect of GGBFS con-
tent, curing conditions (sealed/unsealed) and exposure conditions (natural indoor/outdoor and accelerated
carbonation) was considered.

First, paste mixtures were developed for studying the carbonation mechanism. Their properties, such as
workability and strength, were tested in order to determine their suitability for making concretes. The chem-
ical compositions of phases in the raw materials, GGBFS and FA, were assessed. Next, a PhAse Recognition
and Characterization (PARC) software was - for the first time - used to determine the spatial distribution of
the dominant reaction products and their chemical composition as a function of different curing conditions.
While pure alkali-activated GGBFS paste consists of mainly three phases (GGBFS, CaMgNaAlSi, CaNaAlSi),
paste with GGBFS and FA exhibited compositionally different gel domains due to heterogeneity of raw FA. The
phase characterization provided stoichiometry of the phases and rate of reaction, which were necessary for
assessment of the carbonated pastes.

Second, the CO2 binding capacity of pastes was investigated. Direct carbonation has enabled time-series
measurements of the gel molecular changes. The CO2 binding capacity, carbonate phases, gel molecular
changes of crushed alkali activated pastes have been tested with TG-MS, QXRD and FTIR. Gel decalcification
was the main consequence of carbonation in alkali activated FA/GGBFS pastes. The carbonate phases were
intergrown with the gel, hence their identification was only possible with XRD. The most dominant carbon-
ate phases were amorphous calcium carbonates. Other carbonate phases were vaterite and calcite. The study
showed that AAMs had lower CO2 binding capacity compared to cement-based materials under 1% v/v CO2.

Third, the pore solution carbonation was studied. It was found that the pH was in the of range 13-14 at
28 days, depending on the composition of the mixture and curing conditions. These pH values guarantee the
presence of a passive layer around the reinforcing steel. The major effect of unsealed curing of the samples
on their pore solution is loss of Na+ due to the condensation of water on the surface and diffusive movement
of ions from the interior towards the surface of the samples. The substantial decrease of Na+ concentration
in the pore solution in unsealed cured samples resulted in a faster propagation rate of the carbonation front
in these specimens. Furthermore, pH was lower for unsealed cured samples compared to the sealed cured
samples after carbonation. Additionally, higher reduction in alkalinity was seen in pastes containing 0, 30, 50
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wt.% GGBFS in comparison to the specimen which contained 70 and 100 wt.% GGBFS. The main reason is
higher consumption of [Na+] and [OH−] in pastes containing 0, 30, 50 wt.% GGBFS for dissolution of FA. The
binding of Na+ by the gel phases of the alkali activated paste reduces the effective Na+ concentration in the
pore solution, therefore the alkalinity of the pore solution becomes lower. The pH of carbonated pastes did not
drop below 9.2 regardless the exposure conditions.

Fourth, the effect of carbonation on the pore structure of pastes was investigated. The removal of cal-
cium from the C-N-A-S-H gel caused the polymerization of the remaining gel and loss of chemically bound
water. This resulted in an increase of pore volume and pore size in the samples. This weakened the cohesion
within the alkali-activated FA/ GGBFS pastes. Consequently, the modulus of elasticity of carbonated blended
pastes (S30, S50) was reduced. With increase of GGBFS content in the pastes, the deterioration of pastes due
to carbonation was significantly reduced.

Fifth, based on previous steps, a carbonation mechanism was proposed that can be applied for analysis
of carbonation of any alkali activated concrete mixture. The apparent diffusion of CO2 is controlled by the
CO2 transport through connected large gel pores (3-12 nm) and CO2 binding capacity of the gels. Carbonation
reactions affected initially the pore solution alkalinity and then the gel structure and composition. Regarding
the exposure conditions, both accelerated and natural carbonation resulted in similar carbonation products
and increase of porosity. However, the pH of alkali activated pastes was reduced more under accelerated than
under natural carbonation conditions. Beside pH difference, the change of microstructure has to be taken
into account for correlation between accelerated and natural exposure conditions. Gel formation is contin-
uous under natural carbonation conditions while it is not under accelerated carbonation conditions due to
short exposure time. For AAMs, this is of higher importance than for cement-based materials when it comes to
carbonation. Compared to cement-based materials where Ca(OH)2 and C-S-H gel are the main reaction prod-
ucts, in AAMs the main reaction products are the gel-type products. In AAMs, Na+ and OH− are consumed
continuously for gel formation. At the same time they are the main buffer for alkalinity of the pore solution of
the pastes when carbonation starts. Therefore, use of accelerated carbonation for predicting change of pH of
AAMs under natural carbonation conditions is not fully appropriate.

Despite low porosity of alkali-activated concrete, these concretes must have an appropriate curing in or-
der to be used in structural applications due to their lower carbonation resistance compared to cement-based
concrete. Their low CO2 binding capacity correlates with their lower carbonation resistance. Depending on
the exposure class and the application, service life of alkali activated materials should be examined not only
considering the decrease of pH, but also taking other parameters in consideration such as stiffness of the de-
teriorated concrete.

In summary, in this thesis knowledge has been generated of the carbonation mechanism at the paste level
and has been used for understanding carbonation of alkali activated concrete. Based on the parameter studies
(GGBFS content, curing, exposure conditions), recommendations for the design of alkali activated concrete
for engineering practice are given in view of carbonation resistance. With respect to the scope of this thesis,
several extensions of the presented study are proposed.



SAMENVATTING

Beton met Portland cement (OPC) als bindmiddel heeft een hoge impact op het milieu. Dit type beton is zeer
ongunstig in termen van CO2-uitstoot, energie en het verbruik van natuurlijke bronnen. Naar schatting is
de productie van beton verantwoordelijk voor ongeveer 8,6% van de wereldwijde CO2-uitstoot, waarbij OPC
klinkerproductie het grootste aandeel heeft. Een groot aandeel van de CO2-uitstoot van de betonindustrie kan
worden overwonnen door de vervanging van OPC voor verschillende industriële bijproducten, zoals vliegas
(FA) uit kolengestookte elektriciteitsproductie en gegranuleerde hoogovenslakken (GGBFS) van de staalpro-
ductie. Alkali-geactiveerde materialen (AAM’s) zijn één van de meest milieuvriendelijke alternatieven voor
OPC-gebaseerde materialen. Tot dusverre worden AAM’s in toenemende mate gebruikt voor niet construc-
tieve toepassingen. Momenteel wordt algemeen gebruik van AAM’s voor constructieve toepassingen beperkt
door een gebrek aan normen en kennis van hun langetermijngedrag in de praktijk.

Degradatie van gewapende betonconstructies wordt vaak veroorzaakt door wapeningscorrosie. Corrosie
van wapeningsstaal in beton is meestal een gevolg van indringing van chloride en/of ten gevolge van carbon-
atatie. Vergeleken met traditioneel beton, is carbonatatie van AAM’s minder begrepen ondanks vele studies
over het effect van verschillende parameters op de carbonatatieweerstand van AAM’s. Bovendien maakt het
gebrek aan gegevens over de prestaties op lange termijn van alkali-geactiveerd beton het een uitdaging om
levensduur voorspellende modellen van alkali-geactiveerd beton te ondersteunen. Andere parameters, zoals
nabehandeling en bindmiddelsamenstellingen bemoeilijken verder het begrip van het carbonatatiemecha-
nisme van AAM’s. Er is bijna geen informatie over het gecombineerde effecten van bindmiddelsamenstelling,
nabehandelingswijze en omgevingscondities op de carbonatatie van AAM’s.

Dit proefschrift concentreert zich op het begrijpen van het carbonatatiemechanisme van alkali-geactiveerde
materialen en op strategieën om hun prestaties te verbeteren met het oog op carbonatatie. Een concept met
drie niveaus is toegepast. De informatie met betrekking tot carbonatatie op gelniveau (niveau I) en pasta
niveau (niveau II) is gebruikt voor het bestuderen van carbonatatie op beton niveau (niveau III). Het car-
bonatatiemechanisme is bestudeerd vanuit twee aspecten: (1) carbonatatie van poriënoplossing en (2) car-
bonatatie van gelfasen. Het gecombineerde effect van het slakgehalte, nabehandeling (geseald/ongeseald) en
omgevingscondities (binnenklimaat/buitenklimaat en versnelde carbonatatie) werd overwogen.

Eerst werden er pasta mengsels ontwikkeld om het carbonatatiemechanisme te bestuderen. Hun eigen-
schappen, zoals verwerkbaarheid en sterkte, werden getest om hun geschiktheid voor het maken van beton
te bepalen. De chemische samenstellingen van de grondstoffen, GGBFS en FA werden beoordeeld. Vervol-
gens werd een PhAse Recognition and Characterization (PARC) software - voor de eerste keer - gebruikt om
de ruimtelijke verdeling van de dominante reactieproducten en hun chemische samenstelling te bepalen als
een functie van verschillende nabehandelingswijzen. Hoewel pure alkali-geactiveerde GGBFS-pasta uit voor-
namelijk drie producten bestaat (GGBFS, CaMgNaAlSi, CaNaAlSi), vertoonde de compositie van pasta met
GGBFS en FA verschillende gelproducten vanwege de heterogeniteit van ruwe FA. De karakterisering van de
gelproducten verschafte de stoichiometrie en reactiesnelheid van de fasen, die noodzakelijk waren voor de
beoordeling van de gecarbonateerde pasta’s.

Hierna werd de CO2-bindingscapaciteit van pasta’s onderzocht. Directe carbonatatie heeft metingen van
de moleculaire veranderingen door de tijd van de gel mogelijk gemaakt. De CO2-bindingscapaciteit, car-
bonaatfasen en gel-moleculaire veranderingen van gemalen alkali-geactiveerde pasta’s zijn getest met TG-MS,
QXRD en FTIR. Ontkalking van gel was de belangrijkste consequentie van carbonatatie in alkali-geactiveerde
FA/GGBFS-pasta’s. De carbonaatfasen werden met de gel vergroeid, waardoor hun identificatie alleen met
XRD mogelijk was. De meest dominante carbonaatfasen waren amorfe calciumcarbonaten. Andere carbonaat-
fasen in gecarbonateerde alkali-geactiveerde pasta’s waren vaterite en calciet. De studie toont aan dat AAM’s
een lagere CO2-bindingscapaciteit hebben vergeleken met materialen op cementbasis onder 1% v/v CO2.

Vervolgens is de carbonatatie van de poriënoplossingen onderzocht. pH-waarden binnen het bereik 13-
14 werd gevonden na 28 dagen, afhankelijk van de samenstelling van het mengsel en de nabehandeling. Deze
pH-waarden garanderen de aanwezigheid van een passieve laag rondom het wapeningsstaal. Het belangrijkste
effect van ongesealde nabehandeling van de proefstukken op hun poriënoplossing is het verlies van Na+ io-
nen ten gevolg van de condensatie van water op het oppervlak en diffuse bewegingen van ionen van binnenuit
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naar het oppervlak van de proefstukken. De aanzienlijke afname van de Na+ concentratie in de poriëno-
plossing in niet-afgedichte verharde proefstukken resulteerde in een snellere voortplantingssnelheid van het
carbonatatiefront in deze proefstukken. Tevens was de pH na carbonatatie lager voor niet-afgedichte verharde
proefstukken vergeleken met gesealde proefstukken. Bovendien werd een grotere vermindering van de alka-
liniteit waargenomen in pasta’s die 0, 30, 50% GGBFS bevatten in vergelijking met het monster dat 70 en 100%
GGBFS bevatte. De belangrijkste reden is een groter verbruik van [Na+] en [OH−] in pasta’s met 0, 30, 50%
GGBFS voor het oplossen van FA. De binding van Na+ door de gelfasen van alkali-geactiveerde pasta’s verlaagt
de effectieve Na+-concentratie in de poriënoplossing, daarom is de alkaliniteit van de poriënoplossing lager.
De pH van gecarbonateerde pasta’s daalde niet onder 9.2, ongeacht de omgevingscondities.

Verder werd het effect van carbonatatie op de poriënstructuur van pasta’s onderzocht. De verwijdering
van calcium uit de C-N-A-S-H-gel veroorzaakte de polymerisatie van de overblijvende gel en het verlies van
chemisch gebonden water. Dit resulteerde in een toename van het poriënvolume en de poriegrootte in de
proefstukken, waardoor de cohesie binnen de alkali-geactiveerde FA/GGBFS-pasta’s verzwakte. Een bijgevolg
hiervan was de vermindering van de elasticiteitsmodulus van gecarbonateerde pasta’s (S30, S50). Met een
verhoging van het GGBFS-gehalte werd de aantasting van pasta’s door carbonatatie aanzienlijk verminderd.

Tenslotte, gebaseerd op voorgaande stappen, werd een carbonatiemechanisme voorgesteld dat kan wor-
den toegepast voor de beoordeling van carbonatatie van elk alkali-geactiveerd betonmengsel. De schijnbare
diffusie van CO2 wordt gecontroleerd door het CO2-transport door verbonden gelporiën (3-12 nm) en de CO2-
bindingscapaciteit van de gel. Carbonatatiereacties beïnvloedden aanvankelijk de alkaliniteit van de porieo-
plossing en vervolgens de gelstructuur en samenstelling. Met betrekking tot de omgevingscondities resul-
teerde zowel versnelde als natuurlijke carbonatatie in vergelijkbare carbonatatieproducten en een toename
van porositeit. Daarentegen werd de pH van alkali-geactiveerde pasta’s onder versnelde carbonatatie meer
verminderd dan onder natuurlijke carbonatatie. Naast het verschil in pH moet de verandering van de mi-
crostructuur in overweging worden genomen voor de correlatie tussen versnelde en natuurlijke carbonatatie.
Onder natuurlijke carbonatatie is er een doorgaande gelvorming, in tegenstelling tot versnelde carbonatatie
waarbij de testtijd dusdanig wordt verkort waardoor er geen additionele gelformatie optreedt. Voor carbon-
atatie van AAM’s is dit van groter belang dan voor op cement gebaseerde materiale. In AAM’s worden Na+
en OH− continu verbruikt voor gelvorming. Tegelijkertijd zijn dit ook de belangrijkste buffer voor de alkalin-
iteit van de poriënoplossing van de pasta’s wanneer carbonatatie optreedt. Daarom is het gebruik van ver-
snelde carbonatatie voor het voorspellen van de pH verandering van AAM’s onder natuurlijke carbonatatie
niet volledig geschikt.

Ondanks de lage porositeit van alkali-geactiveerd beton moet deze betonsoort, in verband met hun lagere
carbonatatieweerstand in vergelijking met cementbeton, een geschikte nabehandeling hebben om te kun-
nen worden gebruikt in constructieve toepassingen. De lagere CO2-bindingscapaciteit heeft een correlatie
met de carbonatatieweerstand. Afhankelijk van de milieuklasse en de toepassing, moet de levensduur van
alkali-geactiveerde materialen worden onderzocht. Niet alleen de daling van de pH beschouwend, maar ook
rekening houdend met andere parameters zoals stijfheid van het aangetaste beton.

Samenvattend, is in dit proefschrift kennis gegenereerd met betrekking tot het carbonatiemechanisme
op het niveau van de pasta’s en is het gebruikt voor het begrijpen van carbonatatie van met alkali geactiveerd
beton. Op basis van de parameterstudies (GGBFS-gehalte, nabehandeling, omgevingscondities) worden aan-
bevelingen gegeven voor het ontwerp van alkali-geactiveerd beton voor de praktijk met het oog op carbon-
atatieweerstand. Met betrekking tot de scope van dit proefschrift worden verschillende uitbreidingen van het
gepresenteerde onderzoek voorgesteld.



CURRICULUM VITÆ

PERSONAL INFORMATION

Name Marija Nedeljković
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3. M. Nedeljković, Y. Zuo, K. Arbi, G. Ye, New test method for assessing the carbonation front in
alkali-activated fly ash and slag binders: microscopic complementary techniques, Key engi-
neering materials, 761, 148-151 (2018).
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11. Y. Zuo, M. Nedeljković, G. Ye, Pore Solution Composition and Solubility of Alkali-Activated
Fly Ash, In the 6th International Conference, Non-Traditional Cement and Concrete, Brno,
Czech Republic, Edited by Sarka Nenadalova, Vlastimil Bilek, Zbynek Kersner, Stanislav Seitl
and Dr. Hana Simonova, (19–22 June 2017).
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accompanying the dissertation

CARBONATION MECHANISM OF ALKALI-ACTIVATED FLY ASH AND SLAG
MATERIALS

- IN VIEW OF LONG-TERM PERFORMANCE PREDICTIONS

by

Marija NEDELJKOVIĆ

1. The evolution of Na+ in the pore solution and microstructure development (gel
phases) are crucial for understanding the degradation mechanism of carbonation
in alkali activated materials.

2. Sealed curing is the first preventive measure against carbonation of alkali activated
concrete.

3. For prediction of carbonation of reinforced alkali activated concrete it might be
more important to evaluate the mechanical properties than to measure the
initiation of the steel bar corrosion.

4. For a reliable design of future concrete structures, reinforced concrete must be
durable in the first place and sustainable in the second place.

5. The people who study and apply innovative materials are ignorant.

6. Unlike in science, in music a new generation shall not destroy the works of its
predecessors.

7. Ph.D. research is like a Gordian knot. Instead of untying, it can be cut.

8. To grow, it is better to follow ideas of young and spirited students than to listen to
mature minds. The experiences of mature minds will always be comfortable.

9. With regard to performance, commitment, effort, dedication, there is no middle
ground. Or you do something very well or not at all. (Ayrton Senna)

10. The Ph.D. research is like an Olympic sport: a good coach does not guarantee
achieving the best result. What you learn during the process and how you apply it
determines whether your participation has had particular value.

11. Long-term consistency beats short-term intensity. (Xiǎolóng Lı̌)

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotors prof. dr. ir. K. van Breugel and dr. G. Ye.



Stellingen

behorende bij het proefschrift

CARBONATION MECHANISM OF ALKALI-ACTIVATED FLY ASH AND SLAG
MATERIALS

- IN VIEW OF LONG-TERM PERFORMANCE PREDICTIONS

door

Marija NEDELJKOVIĆ

1. De verandering van Na+ ionen in de poriënoplossing en de ontwikkeling van de
microstructuur (gelfasen) zijn cruciaal om het degradatiemechanisme van
carbonatatie in alkali geactiveerde materialen te begrijpen.

2. Afgesloten curing is de eerste preventieve maatregel tegen carbonatatie van alkali
geactiveerd beton.

3. Voor het voorspellen van carbonatatie van gewapend alkalisch geactiveerd beton
kan het belangrijker zijn om de mechanische eigenschappen te beoordelen, dan
om de initiatie van de corrosie van de wapening te meten.

4. Voor het betrouwbaar ontwerpen van toekomstige betonconstructies moet gewa-
pend beton in de eerste plaats de levensduur garanderen en op de tweede plaats
duurzaam zijn.

5. De mensen die innovatieve materialen bestuderen en toepassen zijn onwetend.

6. Anders dan in de wetenschap, zal een nieuwe generatie in de muziek de werken
van haar voorgangers niet vernietigen.

7. Ph.D. onderzoek is als een Gordiaanse knoop. In plaats van los te maken, kan deze
worden doorgehakt.

8. Om te groeien, is het beter om ideeën van jonge en bezielde studenten te volgen
dan naar volwassen gedachten te luisteren. De ervaringen van volwassen gedach-
ten zullen altijd comfortabel zijn.

9. Met betrekking tot prestaties, inzet, inspanning, toewijding is er geen middenweg.
Of je doet iets heel goed of helemaal niet. (Ayrton Senna)

10. Een Ph.D. onderzoek is als een Olympische sport: een goede coach is geen garantie
voor het bereiken van het beste resultaat. Wat je tijdens het proces leert en hoe je
het toepast, bepaalt of jouw deelname een bijzondere waarde heeft gehad.

11. Consistentie op lange termijn verslaat korte termijn intensiteit. (Xiǎolóng Lı̌)

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotors prof. dr. ir. K. van Breugel and dr. G. Ye.
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