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Introduction
1.1
1.1.1

Introduction
Alkali activated slag

Climate change is a global issue, and many countries are committing to reduce their
emissions of greenhouse gases to reduce the environmental impact. The fact that the
production of one ton of ordinary Portland cement (OPC) generates almost one ton of
carbon dioxide leads to the urgent need to search for alternative materials for the partial
or total replacement of Portland cement with reduced carbon footprint. The contribution
of OPC production worldwide to greenhouse gas emission is estimated to be about 6
% of the total greenhouse gas emissions [1]. With the rapid demand for cementitious
materials in construction and increasing global concerns on environment, an alternative
binder for cement is required to reduce the impact of cement on the CO2 -emission and
energy−cost. Table. 1-1 shows the comparison of CO2 emission between the OPC and
ground granulated blast slag (GGBS). It can be seen that one ton of GGBS releases
only about 70 kg of CO2 , which is only 7 % of CO2 of cement for the same quantity of
material produced.
Table 1.1: CO2 emissions for OPC and blast furnace slag [2].

OPC (kg)

GGBS (kg)

CO2 emission/t

CO2 emission/t

Calcination of CaCO3

540

0

Fossil fuel (coal)

340

20 (drying)

Electricity generation

90

50

Total

970

70

Items

Over the past decades, numerous scientific articles have reported great advantages,
such as strength [3] and durability [4−8] of alkali activated slag (AAS) produced from
various raw materials, different activators and curing methods, etc. However, it is important to note that not all alkali activated materials (AAM) products will possess all
of these properties, i.e. there is no single all−encompassing formulation that can possess
all the advantages. But AAS does show great potential in replacing cement with respect
to the material properties, costs and environmental benefits.
1
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1.1.2 Sodium carbonate activated slag
The utilization of the neutral salt sodium carbonate as the activator has been widely
investigated during the last decades, however, in most cases only for comparative purposes to waterglass activated slag [9−14]. In general, a prolonged reaction of sodium
carbonate activated slag (SCAS) is often reported [14,15], i.e. it generally takes approximate 3−5 d to start the initial hardening process depending on the designed recipe.
Thus it was of less interest to the market. However, recent studies show many advantages of sodium carbonate activation with respect to material properties, cost, energy
consumption and environmental benefits.
The strength development of SCAS is not as high as waterglass activation, but it shows
comparable mechanical properties to that of ordinary Portland cement. Fernández−Jiménez
and Puertas [16] studied the effect of activator mix on the hydration and strength behaviour of alkali-activated slag cements, and reported a strength of 50 MPa after 28
d of curing for SCAS. Abdalqader and Al-tabbaa [17] also found that the compressive strength of SCAS can be up to 80 MPa after 90 d of curing (10 % N a2 CO3 ),
and the curing methods (in water or sealed) made no significant difference on the
strength development. Fernández−Jiménez et al. [18] studied the mechanical strength
behavior of slag mortar activated by different activators, and found a general order of
N a2 SiO3 > N a2 CO3 > N a2 SO4 > NaOH. In terms of strength development, similar
order was also found by Wang et al. [19]. Furthermore, the strength of SCAS can meet
the mechanical requirements for most applications as constructional building materials.
It should be noted that the pH value of solution is known playing a significant role
on the initial dissolution of the precursor and the precipitation of C-S-H gel requires
a pH value higher than 9.5 [9,24]. With a lower initial pH, sodium carbonate shows a
relative better activation effect than that of high pH of NaOH solution (normally ≥ 14)
in terms of mechanical property and durability, though the pH of the pore solution in
SCAS will quickly rise to ≥ 13.5 after a few hours of mixing (chapter 3). Besides, in
the case of sodium carbonate activation, the Ca2+ concentration will be considerably low
due to the low saturation limitation of calcium carbonate at the early age reaction, which
also limits the initial precipitation of C−A−S−H gel. One of the reasons could possibly
related to the gel structural differences of samples activated by different activators giving
different proportions of Q2 and Q3 silicon sites as discussed by Fernández−Jiménez et
al. [25]. However, it is notable that the main secondary products are highly depending
on the activators and precursors used, which can also partly contribute to the differences
observed on the mechanical properties and durability and worth investigating.
On the other hand, the reaction of SCAS is generally slow, which, in turn, limits
its application in real construction. Previous studies were mainly focused on the way of
accelerating the reaction of SCAS, by e.g. increasing the alkali concentration [12], mixing
with NaOH [20,21] or incorporating waterglass [10], blending with reactive admixtures
(e.g. M gO [22] and lime [23]). With those methods, the reaction kinetics of SCAS can
be accelerated to certain degrees. However, these methods are either inefficient or costly
or having side effects, e.g. increasing the pH of the solution with the addition of NaOH
lead to the cost of the strength development. Though the CO3 2- anions in the pore
solution are generally considered to be responsible for the slow reaction of SCAS, while,
in fact, the early age reaction of SCAS is not clearly understood yet. For instance, when
the precipitation of calcium carbonate, gaylussite, hydrotalcite or C-A-S-H gel happens.
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Besides, the concentration of Ca2+ ion in the pore solution is generally considered to be
low due to the presence of CO3 2- anions which is gradually consumed by the Ca2+ ion
continuously dissolved from slag. Then a question rises, where the intensive Ca2+ ions
come from for the intensive precipitation of C-A-S-H gel after the long dormant period.
The shrinkage issue of alkali activated slags has been widely reported and limits its
application in practice. In overall, the shrinkage of alkali activated materials was found
to be higher than Portland cement (PC) based materials [26,27]. Many factors can affect
the shrinkage performance, e.g. alkali nature (especially activated by waterglass) [12],
properties of solid precursor (e.g. slag) (chapter 2), curing condition (e.g. relative humidity) [28], pore structure and reaction products, etc. Collins et al. [29,30] investigated the
cracking tendency and micro−cracking of alkali activated slag concrete and reported that
its shrinkage was about two times larger than ordinary Portland cement concrete. Cengiz
et al. [12] reported that N a2 CO3 activated slag has a similar or lower shrinkage than PC
mortar, while slag activated by waterglass generally shows 3−6 times higher than that of
PC mortar. The shrinkage of sodium carbonate activated slag has been widely studied
recently. Jin and Al−Tabbaa [31] found that increasing the sodium carbonate dosage
reduced the drying shrinkage of SCAS up to ≈ 50 %, while the effect of dosing M gO
on the shrinkage was not prominent. It should be noted that limestone powder (LP),
as a supplementary material, has been widely used in cementitious materials because of
its economic benefits and good performances [32−36]. In cement system, LP can act as
nuclei sites for hydration and can be involved in the chemical reaction with C3 S [37,38]
and C3 A [38−40]. However, the potential chemical involvement of LP in SCAS has been
rarely reported nor its effect on the durability, which worth further investigation.

1.2

Research aim and objective

1.2.1 Research aim
Sodium carbonate activated slag (SCAS) has shown advantages as an alternative
building material to ordinary Portland cement, e.g. mechanical properties, durability,
cost and environmental impacts. Currently, the studies on SCAS are mainly focused on
the strength development, while the chemical reaction process involved and the main
factors controlling the early age reaction are not clearly understood. Besides, as a potential building material, the strength development and durability of SCAS containing
supplementary materials need to be investigated. Therefore, the main research objective
of this project is formulated as follows:

Understanding the early age reaction of sodium carbonate activated slag,
and the effect of supplementary materials as well as exploring the potential
practical application.
1.2.2 Research objectives
Reaction analysis
Slow reaction of sodium carbonate activated slag (SCAS) is often reported, however,
fast reaction was also reported by a few researchers (chapter 2). The main differences
among these findings are slags, which possess different characteristics. In this thesis,
the effect of slag characteristics on the reaction of SCAS is studied. Furthermore, the

1

4

1

Chapter 1. Introduction

reaction products at different curing ages are characterized in order to understand the
reaction process, i.e. time−dependent characterization. Moreover, the influence of M g 2+
on the early age reaction are investigated for a deeper understanding of the influential factors, i.e. M g 2+ −stabilized amorphous calcium carbonate (M g 2+ −ACC, an intermediate
carbonate phase).
Microstructural modification
Limestone powder, as a supplementary material, has been widely applied in ordinary
Portland cement system, which contributes to lowering the environmental impact and
reducing the cost of the commercial products. It is interesting to point out that limestone
powder shares the same chemical composition with the main secondary reaction product
of SCAS, calcite. In this case, except physical modification, limestone powder could also
potentially involve in the chemical reaction. In this thesis, not only the physical modification of limestone powder on the strength development, pore structure, autogenous and
drying shrinkage of SCAS is investigated, but also the potential chemical involvement is
discussed. It should be noted that the incorporation of limestone powder significantly
increases the drying shrinkage. Instead of adding expanding agent to compensate the
shrinkage issue, the method of modifying the main secondary reaction products of SCAS
by introducing N a2 SO4 into the system is adopted, i.e. phase modification. Moreover,
modeling work is carried out as well for a deeper understanding of the shrinkage development of the slag activated by different activators, i.e. sodium carbonate, sodium sulfate
and their hybrid activator, respectively.
Engineering application
Furthermore, not only the potential ability as alternative materials to Portland cement in conventional concrete, but also its suitability for replacing cement in the production of autoclaved aerated concrete (AAC) is also researched. The role of sodium
carbonate activated slag is to replace cement to provide sufficient strength for the green
body development and the following transportation to the curing chamber in producing
AAC (porosity ≈ 80 %). The influential factors are studied, including: water content,
water temperature and sodium carbonate dosage. Furthermore, the material property
of produced product is compared to the reference sample made with ordinary Portland
cement, e.g. green strength development, pore structure, strength development, reaction
products, porosity, thermal conductivity and shrinkage.

1.3

Research targets

The main targets of the research are described as follows.
Effect of slag characteristics
Different reaction rates of SCAS are observed in literatures, which indicates that slag
characteristics play an important role on the early age reaction. The effect of slag characteristics on the early age reaction of SCAS is investigated in terms of reaction kinetics,
strength development and reaction products. The time to reach the main reaction peak
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(from calorimeter results) is considered to be the primary indicator of the reaction rate of
SCAS with different finenesses of slags. Furthermore, the influence of slag characteristics
on the strength development is studied.
Reaction process of SCAS
Slow reaction of sodium carbonate activated slag is often reported and the CO3 2anion concentration are generally considered to be responsible for. However, the detailed
reaction process of sodium carbonate at the early stages is not fully understood. A
time−dependent characterization of SCAS is carried out for a deeper understanding of
the reaction, according to the classification determined by the reaction kinetics. The
precipitating time of individual reaction product is investigated, and the formation of
the main reaction product C−A−S−H gel is identified.
Moreover, different polymorphs of calcium carbonate are found in the reaction products of SCAS at the early stages, i.e. aragonite, vaterite and calcite, which indicates
that carbonate salts can potentially play a role on the early age reaction. It is known
that amorphous calcium carbonate (ACC) is the least stable phase of calcium carbonate,
and will quickly convert to other polymorphs of calcium carbonate if it is not stabilized
by various factors including temperature, pH and dopants (e.g., M g 2+ , organics). Since
magnesium and calcium are both easily leached out at very first stage at the dissolution
of slag, ACC can potentially exist due to the relatively high pH and presence of M g 2+ .
As a result, the effect of ACC on the early age reaction of SCAS is studied in terms of
reaction kinetics and reaction products.
Potential chemical involvement
Limestone powder shares the same chemical composition with the secondary product
of SCAS, calcite, which indicates that LP could involve in the reaction of SCAS. The
reaction products of SCAS samples containing different amounts of LP are characterized
at different curing ages. The potential chemical involvement of LP on the modification of
the reaction products is then discussed, i.e. phase modification. Furthermore, the effect
of LP on the decrystallization of gaylussite is discussed.
Effect of LP on the strength development and durability
The mechanical property and durability are important factors determining the suitability of a supplementary material. The strength development of SCAS containing up
to 50 vol.% LP is investigated. The shrinkage of alkali activated slags is in general found
to be high, though that of sodium carbonate activation is relatively lower. In this case,
the influence of LP on the shrinkage is studied, including the autogenous and drying
shrinkage. Furthermore, the pore structure modification after incorporating LP and the
contribution of the dehydration of intermediates phases, gaylusste and natron, to the
enlarged drying shrinkage is discussed.
Method of compensating shrinkage
Most ways of reducing the shrinkage are using expanding agent together with superplasticizer for controlling the flowability. However, it has been found that superplasticizers working perfectly in cement system are rarely functional in alkali activated system.

1
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So the workability will be a problem if applying expanding agent to compensate the
shrinkage problem. In this thesis, another approach is proposed to modify the reaction
products by using a hybrid activator, i.e. phase modification. The reaction product,
strength development and drying shrinkage are investigated. The effectiveness of using
hybrid activators activation in reducing the shrinkage is then discussed.
Furthermore, to a deeper understanding of the differences observed for samples produced with different activators, following the approach of Chen and Brouwers [41], reaction models are proposed for the slag activated by different activators. The models
quantify the reaction products of the samples made with different activators. Moreover,
parameters such as density and molar volume are employed to discuss their role on the
material properties of products, e.g. water retention and chemical shrinkage.
Potential application
So far, the studies are mainly focused on the feasibility of applying SCAS in ordinary
concrete product, which in fact there are mainly other possibilities of using SCAS as the
binder. In this thesis, not only the feasibility of SCAS as alternative building materials for replacing cement in producing conventional concrete is investigated, but also the
suitability of applying SCAS in producing autoclaved aerated concrete (AAC) is carried
out. The influential factors, i.e. water content, water temperature and sodium carbonate
dosage, are studied in order to achieve an acceptable green strength for the transportation and comparable material properties of the final product to cement based AAC. The
properties of AAC produced with SCAS are investigated, including the green body development, reaction products, microstructure, drying shrinkage, thermal property, and pore
structure. The cement produced AAC is used as a reference and characterized as well.
Furthermore, the cost and environmental impact of using SCAS and ordinary cement are
also discussed in detail.

1.4

Outline of this thesis

The research framework of this thesis is presented in Figure 1.1. The contents of the
chapters are explained in the following paragraphs.
In Chapter 2, the effect of slag characteristics on the reaction kinetics, reaction products and mechanical properties of SCAS is studied. The raw slags are characterized
in terms of particle size distribution, Blain fineness, density, chemical composition, microstructure (SEM) and loss on ignition (LOI) The reaction kinetics of slags with different
fineness are investigated using an isothermal calorimeter (TAM AIR) and the effect of
sodium carbonate dosage is studied. The reaction products are characterized with XRD,
FT−IR and TG. The strength development of the samples at different curing ages is also
studied.
In Chapter 3, the reaction products of SCAS are characterized at different stages. The
classifications of the stages are defined based on the reaction kinetics using the isothermal
calorimeter. The reaction products are characterized at the curing ages of 1 h, 6 h, 1 d, 2
d, 3 d, 4 d and 7 d, respectively, applying XRD, FT−IR, TG−DTG and SEM. The time
of generating the main reaction product C−(A)−S−H gel is identified with FT−IR and
correlated to the reaction kinetic results. Besides, the long−term strength development
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Figure 1.1: Outline of the thesis

(up to 180 d) and the influential factors such as sodium carbonate dosage and water to
solid ratio are discussed.
In Chapter 4, the influence of metastable phase M g 2+ −stabilized amorphous calcium
carbonate on the early age reaction of SCAS is investigated by adding different amounts
of M gCl2 to the system. As references, samples with the same amounts of NaCl (due to
the reaction between M gCl2 and N a2 CO3 ) are also studied in terms of reaction kinetics.
The reaction is divided into different stages and characterized with XRD, FT−IR and
SEM. The time when the precipitation of calcium carbonate, gaylussite and hydrotalcite
begins is distinguished and the effect of M g 2+ −stabilized amorphous calcium carbonate
on the reaction is discussed.
In Chapter 5, the physical and chemical influences of limestone powder (LP) on
the reaction of SCAS are studied. The strength development of the samples containing
different levels (up to 30 wt.%) of LP powder is studied at the curing ages of 7 d, 28 d and
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180 d, respectively. The reaction products after incorporating LP are characterized with
XRD and FT−IR at desired curing ages and the phase changes are observed for samples
with relatively high LP contents (≥ 15 wt.%). The amounts of specified phases, such
as calcite and hydrotalcite, are quantified with TG−DTG as well. The effect of LP on
the decrystallization of the metastable phase gaylussite is discussed, and the relationship
between the LP content and the formation of new phase natron is studied.
In Chapter 6, the shrinkage related properties of SCAS after incorporating LP are
addressed. The autogenous shrinkage and drying shrinkage of the samples containing
up to 50 vol.% LP are investigated. The relationship between autogenous shrinkage and
heat release is drawn. The influential factors on the drying shrinkage are studied, e.g.
mass loss, reaction kinetic modification and pore structure changes (characterized by the
BET method). Furthermore, the effect of intermediate phases, such as gaylussite and
natron, on the shrinkage development of the products is discussed.
In Chapter 7, the method of reducing the shrinkage of SCAS is studied by modifying
the reaction products. Hybrid alkaline solution of sodium carbonate and sodium sulfate
is used as the activator. The strength development of the samples activated by different
activators are investigated and their reaction kinetics are studied as well. Moreover, the
drying shrinkage is measured, and the influential factors are discussed, especially the
effect of secondary reaction products. Furthermore, the relationship between the phase
modification and drying shrinkage, and the potentially involved chemical reaction are
discussed.
In Chapter 8, to further understand the shrinkage differences observed in the experiment, reaction models are proposed for the slags activated by different activators, i.e.
sodium carbonate, sodium sulfate and their combination. The predicted results quantify
the reaction products of each reaction, and with the parameters of each reaction product,
the water retention ability and volume change of slag activated by different activators are
discussed and compared. The models mainly focus on the effect of secondary products,
while the influence of C−A−S−H gel still needs further investigation.
In Chapter 9, besides applying SCAS in ordinary concrete, the suitability of fully
replacing cement with SCAS in producing autoclaved aerated concrete (AAC) is investigated. The material properties of the product are characterized in terms of green strength
development, mechanical properties, pore related properties such as porosity and thermal
conductivity, shrinkage and reaction products. As a reference, the material properties
of product produced with ordinary Pordland cement are also studied. Furthermore, the
potential benefits of using SCAS as the binder in AAC products are discussed, i.e. cost,
energy consumption and CO2 emission.
In Chapter 10, comprehensive conclusions of the present work are drawn and recommendations for future research are proposed.
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2
2

Evaluation of slag characteristics on the reaction
kinetics and mechanical properties of sodium carbonate
activated slag ∗

Abstract: This Chapter evaluates the slag characteristics on the reaction kinetics, reaction products and mechanical properties of SCAS. The results show that, by reducing
the slag particle size, the precipitation of strength-giving phase of SCAS can be dramatically accelerated, and the time to reach the reaction peak (TRRP) can be accelerated
from 86 h to 23 h and a 3 d−compressive strength of about 34 MPa is achieved. The
fresh behaviour of pastes is affected by the initial precipitation of calcium carbonate and
the formation of gaylussite is also accelerated when reducing the particle sizes of slags.
It is observed that the early strength development of samples is largely controlled by
the fineness of slag particles, while the later strength firstly increases with the reduction
of slag particles until reaching a turning point and then decreases. Furthermore, the
influential factors including the alkali activator dosage and slag characteristics on the
reaction kinetics of N a2 CO3 activated slag is discussed.

∗ This chapter is partially reproduced from: Yuan, B., Yu, Q. & Brouwers, H.J.H. (2017). Evaluation
of slag characteristics on the reaction kinetics and mechanical properties of Na2 CO3 activated slag.
Construction and Building Materials, 131, 334-346.
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Introduction

Sodium carbonate activated slag (SCAS) has been widely investigated during the
last decades, however, in most cases for comparative purposes [1−6]. In the few available
literatures [1,7], a prolonged reaction process is often reported, i.e. it generally takes
approximate 3−5 d before it can be demoulded depending on the designed recipe. The
further reaction is considered to be a cyclic hydration process with a buffered alkali environment controlled by carbonate anions maintained by the continuous dissolution of
CaCO3 [8]. A recent research [7] indicates that the delayed reaction process of N a2 CO3
activated slag is mostly attributed to the precipitation of CaCO3 and consumption of
CO3 2- anions provided by the activator. However, it should be noted that samples activated by N a2 CO3 with fast setting time are also reported [9−11], while the reasons were
rarely explained. Jin et al. [11] reported 3 dcompressive strengths of 5−39 MPa while
the samples were demoulded after 1 d of curing. Abdalqader et al. [10] recorded the time
to reach the reaction peak (TRRP) of 45−50 h with 3 dcompressive strengths of 25−38
MPa and the samples were demoulded after 2 d of curing. Fernández−Jiménez et al.
[9] also reported 3 dcompressive strengths of 24−42 MPa. Table 2.1 briefly summarizes
the reaction and performance of sodium carbonated activation. However, it is difficult
to compare these results or sometimes the results are conflicting because of the complex
influential factors, e.g. chemical compositions or fineness of raw materials, alkali dosage,
and water to solid ratio or curing method/temperature.
Only a few researches have studied the factors affecting the reaction kinetics, mechanical properties and durability of SCAS. By increasing the alkali concentration [5], mixing
with NaOH [12,13] or incorporating waterglass [3], blending with reactive admixtures
(e.g. M gO [10] and lime [14]), the reaction kinetics of SCAS can be accelerated to certain degrees. Nevertheless, all of these methods are either inefficient or costly or having
side effects. For example, by adding NaOH to the activator, the sample can obtain a 1
d−compressive strength of about 8 MPa, while nearly no further strength development
after 7 d of curing is observed [12,15]. Until recently, by using calcined layered double
hydroxides, Ke et al. [16] accelerated the reaction of sodium carbonate activated slag by
removing the carbonate anions which consequently yields a significant rise in pH and the
samples can be hardened within 24 h. However, its effect on the strength development
has not yet been investigated.
Up till now, limited attention has been paid to the effect of the physical properties of
raw materials, such as slag fineness. For waterglass activated slag, when reaching a critical
value (400 m2 /kg [17] or 450 m2 /kg [18]) the fineness makes no effect on the strength
development. Most recently, Lee et al. [19] studied the influence of slag fineness on the
mechanical properties of slag−fly blenders activated by waterglass, and found that earlier
strength (≤7 d) increased with the increase of slag fineness. However, a reduction on the
28 d strength was observed probably due to the formation of micro−cracks induced by
the incorporation of fine slag particles. Fernández−Jiménez et al. [9] studied the effect of
slag fineness on the mechanical properties of SCAS and reported that the influence is not
significant. However, to the authors knowledge, the slag fineness on the reaction kinetic
of SCAS has not been investigated. As discussed by Bernal et al. [7], the availability of
CO3 2- anions in the pore solution plays a significant role on the reaction kinetics. By
reducing the slag particle sizes, more Ca2+ ions can be dissolved at the early stage which
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Table 2.1: Summary of the recipes and performances of N a2 CO3 activated GGBS in
literatures.
References

Designed parameters

Descriptions

Notes

Bernal et al. [7]

Na2 CO3 = 8 wt.%
Slag fineness = 410 ±
102 /kg
0.174 μm with d50 of 15 μm
W/B = 0.40

fComp.7d = 31 MPa
fComp.28 d = 38 MPa
Calorimetry,
TRRP = ∼ 125 h

Demoulded
after 4 d
of curing

Fernández−Jiménez Na2 CO3 = 3 wt.% of N a2 O
et al. [1]
Slag fineness = 460 m2 /kg
W/B = 0.51

Calorimetry,
TRRP = ∼ 137 h

Initial setting
time ≤ 3 d

Abdalqader et al.
[10]

Na2 CO3 = 5 and 10 wt.%
Slag fineness = 545 m2 /kg
W/B = 0.31

5 %, fComp.3 d = 38 MPa
fComp.28 d = 45 MPa
10 %, fComp.3 d = 25 MPa
fComp.28 d = 60 MPa
Calorimetry,
TRRP = 45 ∼ 50 h

Demoulded
after 2 d of
curing

Jin et al. [11]

Na2 CO3 = 4, 6 and 8 wt.%
Slag fineness = 493 m2 /kg
W/B = 0.32

4 %, fComp.3 d = 5 MPa
fComp.28 d = 34 MPa
6 %, fComp.3 d = 11 MPa
fComp.28 d = 42 MPa
8 %, fComp.3 d = 39 MPa
fComp.28 d = 62 MPa

Demoulded
after 1 d of
curing

Kovtun et al. [14]

Na2 CO3 = 3.5 wt.% of
N a2 O
Slag fineness = 425 m2 /kg
0.4152 μm with d50 of 17μm
W/B = 0.26

fComp.28 d = 55 MPa
fComp.91 d = 58 MPa

Concrete
Initial setting
time = 455 min

Zivica [2]

Na2 CO3 = 3, 5 and 7 wt.%
Slag fineness
Not Mentioned
W/B = 0.31

Atis et al. [5]

Na2 CO3 = 4, 6 and 8 wt.%
of Na
Slag fineness = 425 m2 /kg
W/B = 0.5

Mortar
4 %, fComp.7 d = 17 MPa
fComp.28 d = 25 MPa
6 %, fComp.7 d = 22 MPa
fComp.28 d = 28 MPa
8 %, fComp.7 d = 27 MPa
fComp.28 d = 36 MPa

Initial setting
time (Pastes)
4 %, 190 min
6 %, 180 min
8 %, 170 min

Fernández−Jiménez Na2 CO3 = 3 and 4 wt.% of
et al. [9]
N a2 O
Slag fineness = 450 and
900m2 /kg
W/B = 0.51 and 0.61

450 m2 /kg (0.51),
3 wt.% N a2 O:
fComp.3 d = 30 MPa
fComp.28 d = 42 MPa
4 wt.% N a2 O:
fComp.3 d = 42 MPa
fComp.28 d = 50 Mpa
900 m2 /kg (0.61),
3 wt.% N a2 O:
fComp.3 d = 24 MPa
fComp.28 d = 42 MPa
4 wt.% N a2 O:
fComp.3 d = 40 MPa
fComp.28 d = 56 MPa

Cured at
25 o C

Initial setting
time (Mortar)
3 %, 01:00 h
5 %, 01:00 h
7 %, 00:40 h
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will be precipitated with CO3 2- anions, and thus potentially the slow reaction/setting of
SCAS can be solved.
This chapter aims to address the influence of slag characteristics on the reaction kinetics and strength development of slag activated by sodium carbonate. Four slags with
different finenesses and three different N a2 CO3 contents (3−5 % N a2 O by mass of slag)
were applied. Since extensive researches have been paid to the activation effect of waterglass, as a comparative purpose to sodium carbonate activation, the reaction kinetics
of waterglass activated products were also studied and compared. The raw materials
are characterized, including elemental composition (X−ray fluorescence (XRF)), crystal
phases (X−ray diffractometry (XRD)), particle size distribution (PSD), density, loss on
ignition (LOI), and Blaine specific surface area. Applying the isothermal calorimetry,
XRD, XRF, Fourier transform infrared spectroscopy (FT−IR), thermogravimetric analysis (TGA) and compressive strength test at different curing ages, the designed mixtures
are characterized and analyzed.

2.2

Materials and experiments

2.2.1 Materials
Three ground granulated blast furnace slags (GGBS) were studied (supplied by ENCI
B.V, the Netherlands). The coarsest slag was also ground to be the finest slag, and the
obtained slag is designated as Slag−1G. Detailed information about the slags will be
discussed in Section 3.1. Sodium carbonate (powder, analytical grade) was applied as the
activator in this study with different concentrations. All the designed activators (Table
2.3) were firstly mixed/dissolved in water followed by cooling down to room temperature
(20 1 ) prior to further actions.
2.2.2 Experiments
According to the different slags or activators applied, the specimens are divided into
different series as shown in Table 2.3. The definition of mixtures is depending on the
fineness of slag, types and concentrations of activators and concentrations. For example,
mixture AS3 means Slag−1 (A) activated by sodium carbonate (S) with the dosage of
3 wt.% (3) (equivalent N a2 O by mass of slag), and mixture series S means samples
activated by sodium carbonate. Accordingly, mixture series AW is Slag−1 activated by
waterglass.
Fresh behaviour
Following the EN 1015−3: 2007, the flowability of the designed mixtures was measured with a Hägermann cone (top diameter = 70 mm, base diameter = 100 mm, height
= 50 mm). The fresh samples were firstly filled into the Hägermann cone and after about
15 seconds the Hägermann cone was lifted vertically and the diameters of the resulted
paste spread were measured along two perpendicular directions. The average diameter
is interpreted as the flowability of the pastes. Besides, after mixing, the solution of the
fresh pastes with the coarsest slag particles was extracted by a centrifugal at the very
early age (0.5 h and 3 h after mixing). Subquently, the calcium ion concentration was
measured by an ion chromatography (Thermo ScientificTM ).
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Table 2.2: Mix proportions of specimens.

Series
Activators

Sodium carbonate

Waterglass

Series

S

W

Numbers

A

B

C

D

Slag−1

Slag−2

Slag−3

Slag−1G

3

3%

3%

3%

3%

3

3%

3%

3%

3%

4

4%

4%

4%

4%

5

5%

5%

5%

5%

−

4%

4%

4%

4%

W/S

0.4

Isothermal calorimetry
The heat release of samples activated by different activators was measured by a
calorimetry instrument set at 20 o C (TAM AIR Calorimeter). It should be noted that the
initial 4−6 minutes after mixing could not be measured due to the sample preparation
procedure and the initial 0.5 − 1 h of the recorded data could be inaccurate because of the
instability of instrument disturbed by the loading process. The results were normalized
by the mass of solid, excluding the water amount.
X−ray diffractometry
X−ray diffractometry (XRD) analysis was performed by using a Cu tube (40 kV, 30
mA) with a scanning range from 3o to 55o 2θ, applying a step 0.02o and 5 s/step measuring time. The qualitative analysis was carried out by using the Diffracplus Software
(Bruker AXS) and the PDF database of ICDD.
FT−IR
The FT−IR spectra of the reaction products were collected using a PerkinElmer
FrontierTM MIR/FIR Spectrometers using the attenuated total reflection (ATR) method
(GladiATR). All spectra were scanned 48 times from 4000 to 400 cm−1 at a resolution
of 4 cm−1 .
TGA
Thermogravimetry analyses (TGA) were also applied to analyze the reaction degree of
alkali−activation at different curing ages. The samples were firstly ground and then the
fineness was controlled by using a 63 m sieve. To check the reaction products of samples
from a finer slag at the early ages, mixture CS5 is selected, the samples were firstly
held isothermally at 20 o C for 3 h to stabilize the internal balance of TG instrument
and then heated up to 1000 o C at the rate of 1 o C/min. While the other samples of
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assessing the amount of chemically bound water were firstly heated up to 105 o C and
held isothermally for 3 h, then up to 1000 o C and held isothermally for 3 h, both at the
rate of 10 o C /min. Nitrogen was used as the carrier gas with the rate of 40 ml/min
during the TGA measurements.

2
Compressive strength
The starting raw materials were mixed with the designed activators in a mortar mixer
following the preparation procedure suggested by EN 196−1 [20]. Samples were cast into
the plastic moulds (40 × 40 × 160 mm3 ) followed by a manual vibration. Afterwards,
plastic foils were applied to seal the surface of the specimens to prevent the moisture
loss. Because of the different reaction rates cured at ambient temperature (20 ± 1 o C),
the samples were plastic cover−cured until the age of testing. The compressive strength
of the specimens was determined according to EN 196−1 [20].

2.3

Results and discussion

2.3.1 Physical characterization of slags
Table 2.2 shows the properties of slag−1−3 and slag−1G. As can be seen, Slag−2
and Slag−3 show similar contents of main elements, including Ca, Al, Si and M g, while
Slag−1 gives a higher content of SiO2 and M gO but lower content of CaO. However, the
differences are relatively small as they are all manufactured following the same procedure.
Table 2.4 summarizes the chemical composition of different blast furnace slags reported
in previous literatures about sodium carbonate−activation products [1,2,5,7,9,10,11,14].
In general, the oxide compositions of these slags were within the range of: SiO2 33−41 %,
CaO 39−43 %, Al2 O3 (except Ref [2], 7.32 %) 11−15 %, M gO 5−12 % and F e2 O3 < 1.2
%. Besides, Reinhardt [21] also reported that the typical range of chemical compositions
of GGBS are: SiO2 28−48 %, CaO 35−48 %, Al2 O3 6−17 %, M gO 2−11 % and SO3
0.8−3.0 %. In sum, the chemical compositions of the present slags are similar to the
previous studies and with a medium content of M gO, which could potentially induce the
formation of the secondary phase hydrotalcite and increase the extent of reaction degree
of alkali activation [22].
The particle size distributions and SEM images of these slags are presented in Fig.
2.1, respectively. It is clear that Slag−1 is the coarsest and Slag−1G is the finest one,
while Slag−2 and Slag−3 possess similar medium sizes but the former one is slightly finer.
On the other hand, by grinding materials the morphology of slag particles is changed
from irregular shape to broken particles as shown in Fig. 2.1 (Slag−1 and Slag−1G),
which could potentially change the reactivity. Table 2.2 gives the Blaine specific surface
area of these slags ranging from 373 to 722 m2 /kg. In the previous researches, only
few researches have presented the particles sizes distribution of the used slags [7,14]
for the sodium carbonate activation as shown in Table 2.1, increasing the difficulties to
effectively compare these results. Nevertheless, the Blaine fineness of slags was generally
characterized, and the fineness were mostly in the range of 410 460 m2 /kg, which is
similar to that of Slag−2 and Slag−3.
The effect of alkali activation can be significantly influenced by the chemistry of alkali
activators and characteristics of raw materials. In this research, four slags were applied
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Table 2.3: Chemical composition, density and Blaine fineness of GGBSs investigated.

Chemical compositions (%)

Slag−1

Slag−2

Slag−3

Items SiO2

34.61

30.24

30.23

CaO

37.63

40.68

40.51

Al2 O3

13.26

12.67

12.58

M gO

9.94

9.05

9.05

F e2 O3

0.47

0.64

0.60

SO3

1.24

3.53

3.47

K2 O

0.47

0.38

0.43

T iO2

0.98

1.49

1.48

Cl

0.01

0.05

0.03

−0.46

−0.36

−0.33

373

436

461

722

2930

2930

2920

2910

L.O.I
Blaine fineness (m2 /kg)
3

Specific density (kg/m )

Slag−1G

2

Same as Slag−1

as the sole binder (Table 2.3). Based on the characterized results and compared to the
previous studies [1,2,5,7,9,10,11,14], it is clear that all slags show similar contents of
chemical compositions, while the main difference is related to their physical properties,
i.e. particle size/fineness.
2.3.2

Reaction kinetics

Fig. 2.3 shows the heat evolution of the designed mixtures. As can be seen, the heat
release curves are similar as Portland cement based materials [23] or slag activated by
sodium silicate [22,24]. A pre−induction period (first/initial dissolution of slag particles) is generally observed during the initial 0.5 h, followed by an induction period with
different lengths depending on the slag fineness and alkali activators applied. Afterwards, corresponding to the major formation/precipitation of strength−gaining phase,
an intensive acceleration period and deceleration period (main reaction peak) are shown.
Furthermore, for samples activated by sodium carbonate, an additional peak is observed
at approximate 1 h after mixing, which could potentially be assigned to the initial precipitation of gaylussite (chapter 4).
A lengthened dormant period (DP) of up to around 2 d is observed for samples
with the coarsest slag (Mixture series AS) (see Fig. 2.3(a) for the definition of time to
reach the reaction peak (TRRP), DP and relative setting time (RST) and Table 2.3 for
the mixtures design). The strength−giving phases are generally precipitated after 3 d,
which corresponds to the phenomenon that most samples remain unhardened after 2−3
d of curing. This is also confirmed by other researches [1,7,10]. Fernández−Jiménez

34.47
36.79

Fernández−Jiménez et al. [1]

Abdalqader et al. [10]

35.50
34.72

900 m2 /kg

36.7

Atis et al. [5]
450 m2 /kg

40.19

Zivica [2]

Fernández−Jiménez et al. [9]

34.87

Kovtun et al. [14]

37

33.8

Bernal et al. [7]

Jin et al. [11]

SiO2

41.05

41.45

32.61

42.1

37.05

40

39.24

40.3

42.6

CaO

11.87

12.15

14.21

7.32

14.38

13

11.51

13.7

Al2 O3

8.24

8.34

10.12

8.06

8.03

8

8.1 0.42

11.8

5.3

M gO

0.44

1.01

0.98

1.16

0.89

1.03

0.4

F e2 O3

2.43

2.47

0.99

0.8

1.96

2.5

SO3

0.3

0.16

1.8

L.O.I

2

Chemical compositions

Table 2.4: Summary of chemical compositions (wt.%) of GGBS in literatures.
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Figure 2.1: Particle size distributions of slags

and Puertas [1] reported a dormant period of around 100 h of N a2 CO3 activated slag
cement with alkali concentration of 3 N a2 O.% by mass of slag and a water/binder ratio
of 0.51. A similar result was also observed by Bernal et al. [7] who found an reach the
reaction peak (TRRP) of about 130 h with 8 wt.% of N a2 CO3 by mass of slag and a
water to binder ratio of 0.4. With higher alkali contents (5 % and 10 %) and a lower
water to binder ratio (0.31), Abdalqader et al. [10] reported a faster reaction rate with
TRRP up to approximate 48 h after casting. Via analyzing the aged sodium carbonated
activated products and fresh pastes at different curing ages, Bernal et al. [7] proposed
a conceptual reaction model of sodium carbonate activated slag, suggesting that the
initially chemically precipitated CaCO3 is the main reason for the delayed reaction. On
the other hand, with a high alkali content Mix AS5 shows a relatively high heat release
(peak height) and a short time to reach the reaction peak, while lowering the alkali dosage
to 4 % or 3 % the difference is minimized, as shown in Fig. 2.3 (Mix AS3 and 4).
By reducing the slag particle size, both the reaction intensity and TRRP are accelerated as depicted in Figs. 3, especially the TRRP dramatically shifted from 67−87 h
to 25−40 h. In general, Mixture series CS (Table 2.3) show a faster reaction rate than
Mixture series BS, which corresponds to the particle sizes of these two slags. It is clear
that the alkali dosage mainly influences the intensity of heat evaluations, while its effect
on the TRRP is not prominent. In the previous research, a relatively fast reaction process of SCAS was also reported [11]. However, the reason for this phenomenon was not
investigated. In the present research, the possible reasons for the accelerated reaction
and its influential factors are studied.
Fig. 2.3(d) presents the heat release of slags activated by waterglass. As can be seen,
mixture CW (Table 2.3) shows a slightly faster and higher intensity reaction than mixture
BW, while mixture AW gives a relatively slow reaction and low intensity. It is obvious
that the fineness of slags can significantly affect the reaction of waterglass activation.
However, the influence of slag fineness is not as obvious as observed in SCAS. The
previous reports show that after reaching a critical value (400 m2 /kg [15] or 450 m2 /kg
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2

Figure 2.2: SEM pictures of anhydrous slags: (A) slag−1, (B) slag−2, (C) slag−3 and
(D) slag−1G.

[18]), the fineness of slag will have no effect on the alkali activation effect. Applying
an alkali dosage of 5 % (modulus 1.5), Ravikumar and Neithalath [24] reported a faster
reaction with the TRRP of around 19 h and a higher intensity of peak height of around
2.5 mW/g. It should also be noted that, besides alkali dosage and slag fineness, the
silica modulus can also influence the waterglass activation. Gao et al. [25] studied the
waterglass modulus on the reaction kinetics of samples with slag/fly ash blends and
reported TRRPs of around 12 h with an alkali content of 5.6 Na.% by mass of slag and
a water to binder ratio of 0.35. Depending on the proportion of waterglass applied, the
reaction rate varies. Nevertheless, reported researches provide an indication about the
effect of slag fineness on the reaction kinetics.
To eliminate the differences caused by the chemistry of raw slag, Slag−1G was applied
following the same recipes and the results are shown in Fig. 2.3. In comparison with the
other sodium carbonate activated products, Mix series DS (Table 2.3) show a relatively
faster reaction rate (TRRP < 24 h) and a higher intensity (1.4−1.5 mW/g), while the
differences caused by the alkali nature are relatively small. Reversely, high dosages of
sodium carbonate lead to slower reaction rates, which differs from the observation above
and other published results [7,10]. Moreover, no clear peak at around 1 h after mixing is
shown compared to the other sodium carbonate activated slags. It should be noted that
mixture DW shows a similar TRRP as mixture DS5, indicating the alkali nature is not
prominent in this range.
Fig. 2.4 summarizes the results discussed above. It clearly shows that by increasing
the slag fineness, the reaction of TRRP and intensity (peak height) can be significantly
improved, indicating that the slag fineness dominates the reaction kinetics of sodium
carbonate activated slag. However, the effect of alkali dosages on the reaction is not
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Figure 2.3: Heat evolutions of :sodium carbonate activated slags with different N a2 O.
wt.% dosages (by mass of slag): (a) 3 %, (b) 4 % and (c) 5 %, and (d) waterglass activated
slags. (TRRP is time to reach the reaction peak, DP is the dormant period and RST is
the relative setting time).

prominent.
2.3.3 Fresh behavior
The spread flow of the mixtures with a water−to−solid ratio of 0.4 was measured
and the results are shown in Fig. 2.5. It is clear that the flowability of the mixtures
drops dramatically from a high (Mixture AS4) to a low (Mixture BS4) and then to
approximately zero flowability (Mixture CS4). It is clear that the fineness of slag particles
determines the spread flow as a high specific surface area leads to a high water demand.
Rashad et al. [26] also studied the effect of the slag fineness on the mini flow of sodium
sulfate activated slag, and found the flowability is mainly influenced by the particle sizes
of slag while the effect of alkali dosages is not prominent. Yang and Song [27] investigated
the workability of mixtures with different alkali contents and reported that the initial
flow of produced mortar only slightly decreased with an increase of alkali content.
On the other hand, the effect of water to solid (W/S) ratios and sodium carbonate
content on the flowability of samples has been investigated and it is logical to find that
the flowability of pastes increases with the increase of W/S ratios but decreases with the
increase of alkali content [28]. It is clear that finer particles demand more water due to the
high specific surface area and consequently lead to a faster reaction but a lower flowability
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Figure 2.4: Summarized results of TRRP (time to reach reaction peak) and peak height
(intensities) for different mixtures (Table 2.3).

if the water dosage is fixed. However, it should be cautious that the initial precipitation of
calcium carbonate could also potentially affect the fresh behaviour of sodium carbonate
activated slag as the saturation limit of CaCO3 is very low while the CO3 2- anions
concentration is high [7]. To further study its effect, the calcium concentration in the
pore solutions extracted by a centrifugal of sodium carbonate activated slag at the initial
0.5−3 h after mixing was measured, and the results show that after 0.5 h, the Ca2+
concentration (0.28 mg/L) is slightly higher than that of 3 h (0.22 mg/L). Corresponding
to the initial concentration of CO3 2- anions, the saturation limit of CaCO3 is already
reached after 0.5 h of mixing, indicating the initial precipitation of CaCO3 is influencing
the workability of fresh pastes. In this case, except the increasing water demand, the
initial precipitation of calcium carbonate is also responsible for the dramatically decrease
of the spread flow when increasing the slag fineness.
2.3.4 Mechanical properties
Fig. 2.6 presents the compressive strength of the designed mixes at the curing ages
of 3 d, 7 d and 28 d, respectively. At low dosages (3 %) of sodium carbonate activation,
a higher alkali content and a finer raw material lead to a better mechanical performance.
In the case of higher dosages (4 and 5 %), the compressive strength firstly increases with
the decrease of slag particles and then slightly decreases when the slag fineness reaches
a critical point. Depending on the slag fineness and sodium carbonate dosages, the
compressive strength of samples ranges between 0−33.9 MPa, 29.2−44.4 MPa, 36.5−56.1
MPa at the curing ages of 3 d, 7 d and 28 d, respectively, while those mixtures activated
by waterglass show relatively higher strength ranging from 53.9 MPa to 79.4 MPa at
different ages.
As for Mix series W (Table 2.3), it is clear that the fineness of slags does not influ-
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Figure 2.5: Flowability of mixtures AS4, BS4 and CS4 (Table 2.3, the flow of DS4 was
zero).

ence the strength development as these samples show similar compressive strength at
different curing ages. Extensive concerns have been paid to the chemical properties of
binders and activators of alkali activated slags [1,24,13], while the physical properties
of starting materials are rarely reported [17,18]. In general, finer particles can dissolve
faster than coarser particles under the same conditions, leading to a faster reaction and
better material properties. Wang et al. [18] studied the effect of slag fineness on the
strength development of alkali activated products, and found that the strength increases
with the increase of slag fineness to some extent and then decreases after reaching the
optimal value. However, the effect of slag fineness on the later strength development
is not prominent. Besides, Shi and Li [17] also concluded that when the slag fineness
reaches a critical value (400 m2 /kg), it will have no effect on the strength development
(28 d). To conclude, within the range of investigated slag fineness, the slag fineness
shows a significant effect on the strength development of sodium carbonate activation
especially at the early age, and the strength increases with the increase of slag fineness
until reaching a turning point (in this study 436 m2 /Kg).
2.3.5 Reaction products characterization
In the previous research (chapter 3), we have characterized the reaction products
of sodium carbonate activated slag with a coarse slag (mixture AS5) (Table 2.3) and
confirmed that the initial formation of C−(A)−S−H gel starts after around 2−3 d of
curing. In the current study, as shown in Fig. 2.7, the reaction products of samples with
finer slags (mixture CS5) were characterized by XRD, FT−IR and TGA at the curing
ages of 1 d and 2 d. It is clear that after 1 d of casting, the main reaction products of
mixture CS5 are calcite (PDF # 00−47−1743) and gaylussite (PDF # 01−74−1235),
while C−(A)−S−H gel is poorly crystalized and its reflections are overlapped with calcite
as shown in Fig. 2.7(a). When the curing time comes to 2 d, the main reaction products
remain the same while the intensity of calcite/C−(A)−S−H gel increases dramatically.
It should be noted that the formation of gaylussite occurs much earlier than samples
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Figure 2.6: Compressive strength of samples activated by sodium carbonate and waterglass with different concentrations at different curing ages (Table 2.3).(Virtual value is
fabricated to show the weakness of the samples at the curing age of 3 d.).

applying coarser slag particles (chapter 3) which happened after 2 d of curing.
The FT−IR spectra of anhydrous slag−3 and mixture CS5 at the ages of 1 and 2 d
are presented in Fig. 2.7(b). The raw slag shows a broad band centred at approximate
891 cm−1 and 674 cm−1 which can be assigned to the vibration of Si−O bands in the
SiO4 groups and Al−O bands in the AlO4 groups, respectively, while the weak bands
around 1455 cm−1 , 871 cm−1 and 717 cm−1 are the vibration of v3 [CO3 2- ], v2 [CO3 2- ]
and v4 [CO3 2- ], respectively. All hydrated samples show similar bands, suggesting very
similar reaction products. The structure of molecular water is identified by the bending
vibrations located at about 3300 cm−1 and 1646 cm−1 . After mixing with activator, the
vibration of Si−O bands in the SiO4 groups shifted to a higher range at 945 cm−1 which
is generally considered to be the consequence of the formation of calcium aluminosilicate hydrate, a C−(A)−S−H type gel [13,29]. Moreover, the intensity of band at 945
cm−1 increases with the increase of reaction time, indicating the ongoing generation of
C−(A)−S−H gel. On the other hand, the vibration of v3 [CO3 2- ] and Al−O bands in the
AlO4 groups shifted to lower bands at approximate 1400 cm−1 and 646 cm−1 , respectively, which could potentially attribute to the formation of new phases, e.g. gaylussite
and C−(A)−S−H gel.
Fig. 2.7(c) depicts the TGA and DTG results at the curing ages of 1 d and 2 d.
Both patterns show similar trends that firstly the mass decreases with the increase of
temperature due to the evaporation of free water or banded water or decompositions of
minerals such as gaylussite and C−(A)−S−H gel as identified by XRD and FT−IR, and
then increases after about 800 o C when further increasing the temperature possibly due
to the nitriding process of the unreacted slag particles. The small shoulder appeared at
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Figure 2.7: Characterization of mixture CS5: (a) XRD, (b) FT−IR and (c) TGA−DTG.

approximately 50 o C is possibly to be the dehydration of C−(A)−S−H gel or potentially
sodium carbonate groups (natron, trona or thermonatrite) but it is not confirmed by XRD
results. Beyond 200 o C, the main decomposition happened at around 609 o C which is
generally assigned to the decomposition of calcite, releasing CO2 . The small peak at
about 730 o C is also the carbonate decomposition, which contributes by gaylussite after
its first dehydration happened before 200 o C [30]. The thermal peaks at around 280 o C
and 529 o C could potentially be attributed to the decomposition of hydrotalcite [31,32],
however, the formation of this phase is not supported by the XRD results. A possible
reason is its low concentration or poor crystallization at the early age.
In the previous study (chapter 3), we have found that the transformation of initially
precipitated CaCO3 to other phases is the key of restarting the reaction. Considering the
above analysis of mixture CS5 with finer slag, one possible explanation of the accelerated
reaction process is that: by increasing the fineness, more slag particles can be dissolved
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at the early age. Consequently, more Ca2+ ions are available and quickly precipitated
with CO3 2- anions generating calcite, gaylussite or hydrotalcite as confirmed by XRD
and TGA results. When the slag fineness reaches the critical value that enough CO3 2anions can be consumed, the long dormant period will be shortened to some extent and
the C−(A)−S−H gel is precipitated as supported by FT−IR results.
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Figure 2.8: Mass loss of mixtures (Table 2.3) during the temperature of 105−1000 o C: at
the curing ages of (a) 3 d and (b) 7 d, and (c) summarized results.

It has been reported that the main reaction products of sodium carbonate activated
slag at the early ages are gaylussite, different polymorphous of calcium carbonate and
C−(A)−S−H gel [7,16]. As a result, the mass loss during the temperature 105−1000
o
C are mainly due to the release of chemically bonded water and CO2 from calcium
carbonate, which can potentially give an indication about the reaction degree of sodium
carbonate. The thermogravimetric analyse of the mixes (AS4, BS4 and CS4) at the ages
of 3 d and 7 d are performed and the results are shown in Fig. 2.8. As can be seen,
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the mass loss increases with the increase of the particle size/fineness of slags to a certain
degree and then decrease. In general, with a finer slag the mass loss is higher, indicating
a higher degree of reaction. This is expected as more slag particles can be dissolved at the
early stage, consequently leading to a higher degree of the dissolution of raw materials
and thus the precipitation of strength−giving phase. However, when the slag fineness is
over a certain limit, a faster reaction is observed but with a low reaction degree, probably
due to the insufficient alkali activation caused by the low flowability.

2.3.6

Influential factors on N a2 CO3 activated slag

Slow reaction of sodium carbonate activated slag has been extensively discussed.
Fernández−Jiménez et al. [1] investigated the effect of alkali nature on the setting time
and reported that the initial precipitation of calcium carbonate is responsible for the
delayed reaction process. Afterwards, limited attention has been paid to the reaction of
SCAS [2,5] until recently [1,5,11,33]. Bernal et al. [7] proposed a conceptual description,
stating that when the CO3 2- concentration is reduced to a certain level, the formation
of C−A−S−H starts and the subsequent reaction is similar as NaOH activated slag. By
applying calcined layered double hydroxides (CLDH), Ke et al. [16] found that the slag
pastes can set within 24 h after incorporating up to 10 % of CLDH.
As can be seen from Fig. 2.4, the alkali dosages are more crucial on the reaction
when the fineness of slag particles is low (373 m2 /kg). However, when increasing the
slag fineness to a certain degree (436−461 m2 /kg), the reaction process/ TRRP is significantly improved, while the alkali dosages make no significant difference on the reaction.
Nevertheless, further increasing the fineness of slag (722 m2 /kg) only slightly accelerates
the reaction process, while its contribution on the reaction degree is negative as shown
in Fig. 2.8. It should be noted that the intensity of the reaction (peak height) increases
with the increase of slag fineness. On the other hand, it has been experimentally confirmed that the precipitation of strength−giving phases is corresponding to the TRRP
(chapter 3). As shown in Fig. 2.4 and Fig. 2.7, it is clear that by reducing the particle
size of slags, the formation of strength−giving phases can be dramatically accelerated
and a 3 d−compressive strength of around 30 MPa is reached. Nevertheless, while the
early strength is mainly dominated by the fineness of slags, its contribution on the later
strength development is small as all samples show relatively similar compressive strength
after 7 d of curing.
It should be mentioned that the reactivity of slags could also lead to significant
differences on the reaction kinetics and strength development. According to Duxson
and Provis [34], the reactivity of slag particles is largely controlled by the degree of
deploymerization (DP) which is calculated from free Si/free Ca, assuming that all the
Mg present is in akermanite (2CaO · Al2 O3 · SiO2 ) and all the Al in gehlenite (2CaO ·
M gO · 2SiO2 ). Materials with a DP of about 1.3−1.5 are generally considered to have a
good depolymerisation ability. To further compare the reactivity of slags, methods (Eqs.
2.2 and 2.3) suggested by Pal et al. [33] using the hydraulic index (HI) have been taken
as well. Materials are considered to have a good reactivity if the HI from Eq. 2.2 is
about 1.0−1.3 and >1.65 from Eq.2.3. The summarized results are shown in Table 2.5.
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F reeCa
T otalCa − Ca in (gehlenite + akermanite) − Ca associated with S)
=
F reeSi
T otalSi − Si in (gehlenite + akermanite)
(2.1)
HI

=

HI

=

n(CaO) + n(M gO)
n(SiO2 ) + n(Al2 O3 )
n(CaO) + 1.4(M gO) + 0.56(Al2 O3 )
n(SiO2 )

(2.2)
(2.3)

As can be seen from Table 2.5, the DP is not suitable for determining the reactivity
of slag particles investigated by giving minus values or high values. On the other hand,
the proposal by Pal et al. [33] seems to be more reliable. In this case, the reactivity of
slag particles studied in this research were similar or slightly higher than the average of
literatures (Table 2.5). Nevertheless, though the present results clearly show the effect
of slag particle sizes on the reaction kinetics, it should be noted that the influence of
the chemistry of slag is much more complex and not fully understood yet. For example,
with a slag fineness of 460 m2 /kg, Fernández−Jiménez and Puertas [1] reported a TRRP
of −137 h, while Abdalqader et al. [10] a TRRP of 45−50 h with slag fineness of 545
m2 /kg. It seems that the critical value of slag fineness on the reaction kinetics of SCAS
can be different, depending on the chemistry of investigated slag. Further study on these
issues is still required.

2.4

Conclusions

The slag characteristics on the reaction kinetics, reaction products and mechanical
properties of sodium carbonate activated slag (SCAS) are evaluated by applying slags
with different fineness and activators with different dosages. Based on the presented
results, the following conclusions can be drawn:
• Slag fineness significantly influences the reaction kinetics of sodium carbonate activated slag when increasing the slag fineness to a certain degree (436−461 m2 /kg),
while the alkali dosages make no significant difference on the reaction;
• The initial precipitation of CaCO3 negatively affects the fresh behaviour of pastes
and the influences is larger when the slag particles become finer;
• A 3 d compressive strengths of about 34 MPa of SCAS are achieved in the recipes
with a fine slag particle (fineness of 436 m2 /Kg);
• The effect of sodium carbonate dosage (3−5 N a2 O wt.%) on the reaction kinetics
and strength development is not prominent.
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activated slag ∗
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Abstract: This Chapter aims to investigate the time-dependent characteristics of
sodium carbonate activated slag at the early stage and its compressive strength development. The reaction kinetics of N a2 CO3 activated slag is analysed at the curing
ages of 1 h, 6 h, 1 d, 2 d, 3 d, 4 d and 7 d, respectively, and the reaction products
are characterized employing FT−IR, XRD, TG-DTG and SEM. The results show that a
weak reflection of gaylussite is observed after 1 d of curing, while intensive accumulation
of gaylussite and formation of hydrotalcite are observed at 2 d/3 d. Meanwhile, the gelation of C−(A)−S−H after 3 d of curing is identified by FT−IR. The role of pH, CO3 2anion concentration and the formation of crystals such as gaylussite and hydrotalcite on
the reaction process are discussed. In addition, a relationship between the initial alkali
concentration and compressive strength at different curing ages of 7 d, 28 d and 180 d is
derived.

∗ This chapter is partially reproduced from: Yuan, B., Yu, Q. & Brouwers, H.J.H. (2017).
Time−dependent characterization of N a2 CO3 activated slag. Cement and Concrete Composites. 84,
188-197.
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Introduction

By far, only the reaction mechanism of sodium silicate and sodium hydroxide activated slag has been systematically addressed. Although sodium carbonate as an alkali
activator has shown great potential in alkali activated system and has a superiority in
terms of shrinkage, its reaction mechanism and activation effect is still not clearly understood. It is reported that a delayed reaction of slags activated by sodium carbonate is
caused by the initial formation of calcium carbonate and mixed sodium/calcium carbonate double salts, as explained by Fernández−Jiménez and Puertas [1]. Furthermore, a
reaction mechanism of sodium/potassium carbonate activated slags was proposed by Xu
and Provis [2] after examining the specimens cast between 1964 and 1982, considering
that M2 CO3 (M = Na, K) maintains a buffered alkaline environment for the ongoing
reaction. However, the reaction products of sodium carbonate at the early age remain
unclear, e.g. when the precipitation of CaCO3 , gaylussite, hydrotalcite or C−(A)−S−H
gel happens. More specifically, the time when the hardening process of sodium carbonate
starts is not yet clear.
As a matter of fact, carbonate anions are the main component of the pore solution
of aged samples, even the activator applied is not sodium carbonate [3,4]. When characterizing the reaction products of carbonated sodium silicate activated slag, Bernal et
al. [3] observed the formation of different hydrous sodium carbonate in the pore solution depending on the carbonation condition such as CO2 partial pressure, temperature
and relative humidity. Meanwhile, a recent research on the characterization of naturally
carbonated alkali activated slag concretes shows that after a long period exposed to atmosphere, calcite, vaterite, and natron are identified as the main carbonation products
[4]. It is obvious that carbonate anions play an important role on the strength development of alkali activated slag. As a result, a deeper understanding of sodium carbonate
especially at the early age is of great significance. However, up till now, investigations on
the early age behavior of sodium carbonate activated slag are limited and most researches
only claim that the initial precipitation of CaCO3 is responsible for the delayed reaction
process.
This study investigates the reaction kinetics of sodium carbonate activated GGBFS
at the early stage. The reaction process is measured by an isothermal calorimeter and
the reaction products at different ages, based on the reaction kinetics results, are characterized by Fourier transform infrared spectroscopy (FT−IR), X−ray diffractometry
(XRD), and thermogravimetric and derivative thermogravimetic analyses (TG−DTG).
Moreover, the strength development of samples with different recipes at different curing
ages were studied and the influential factors, including alkali dosage, water to solid ratio
and curing age, are evaluated. Furthermore, the mechanism for the restarted reaction
process after a lengthened dormant period is discussed.

3.2

Materials and experiments

3.2.1 Materials
The ground granulated blast furnace slag (GGBFS) used in this study was provided
by ENCI B.V., the Netherlands, with a Blaine surface area of 300 m2 /kg. Table 3.1
presents the chemical composition of the GGBFS, determined by X−ray Fluorescence
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Figure 3.1: Particle size distribution of GGBFS.

(XRF). The particle size distribution (PSD) was determined by laser granulometry (Mastersizer 2000) with the d(0.5) of 19.18 μm, as shown in Fig. 3.1. The investigated alkali
activator was sodium carbonate (powder form, analytical grade). The powder of alkali
activator was firstly dissolved in water and followed by cooling down to room temperature (20 ± 1 o C) prior to further use. Recipes with different contents of alkali activator
and different amounts of water were designed, as shown in Table 3.2.
Table 3.1: Chemical composition of GGBFS determined by XRF.

Components

CaO

SiO2

Al2 O3

F e2 O3

K2 O

N a2 O

M gO

L.O.I

Content (wt.%)

36.97

34.02

13.03

0.46

0.46

0.34

9.78

2.70

3.2.2 Experimental program
The evaluation of reaction heat, fresh behaviour and strength development are measured using the methods mentioned in section 2.2.2.
Reactoion production characterization
The FT−IR analysis was firstly carried out to the selected samples after 28 d of
curing. Afterwards, mixture M3 with the highest reaction rate studied here, which will
be discussed in Section 3.1, was selected for further characterization. Based on the
calorimetry analysis (see the identification in Fig. 3.2(b)), the samples of mixture M3
at different curing ages (1 h, 6 h, 1 d, 2 d, 3 d, 4 d and 7 d) were collected for further
analysis (Fig. 3.2), applying FT−IR, XRD, TGA−DTG and SEM. The samples were
firstly ground into powders (≈ 63 μm) in the ethanol solution (absolute, 99.99 %) and
then washed by the ethanol solution for three times and then put in the oven to dry for
3 h at the temperature of 40 o C. In general, samples before 2 d after casting were easily
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Table 3.2: Mix proportions.

Mixture No.

N a2 O wt.%

Mass /g

W/S ratio
N a2 CO3

1

Water

0.50

307.80

1953.90

0.45

307.80

1758.51

3

0.40

307.80

1563.12

4

0.50

246.24

1923.12

0.45

246.24

6

0.40

246.24

1538.50

7

0.50

184.68

1892.34

0.45

184.68

1703.11

0.40

184.68

1513.87

2

3

GGBFS

5

8

5

4

3

9

3600

1730.81

dispersed and separated into fine particles in the ethanol solution, while samples from 3 d
after casting needed to be ground because of the hardened condition. The samples at 28
d for the FT−IR analysis were taken from the crushed specimens after the compressive
strength test.
The FT−IR spectra for the reaction products were collected using a Varian 3100
FT−IR Spectrometer. All spectra were obtained with 48 scans per spectrum. Using a Cu
tube (20 kV, 10 mA) with a scanning range from 5o to 55o 2θ, the reaction products were
qualitatively analyzed by X−ray diffractometry (XRD, Bruker D5000), applying a step of
0.02o and 3 s/step measuring time. Furthermore, the reaction product was analyzed by
thermogravimetric and derived thermogravimetric analyses (TG−DTG) at the heating
rate of 1 o C min−1 from 20 o C to 1000 o C using a platinum holder. The scanning electron
microscopy (SEM) was applied to study the microstructure development of samples at
different curing ages.

3.3

Results and discussion

3.3.1 Isothermal calorimetry
Fig. 3.2 shows the heat release of the samples with different sodium carbonate
dosages and water−to−solid ratios. As can be seen, the reaction process can be generally
classified into five stages, which is similar to that of waterglass activation or cement
hydration [5−7]. However, sodium carbonate activation presents a prolonged dormant
period and the time to reach the reaction peak (TRRP) of the investigated mixture ranges
from 67 h to 112 h. Bernal et al. [8] reported a TRRP of ≈ 130 h with a water/binder
ratio of 0.40 and an activator (N a2 CO3 ) content of 8 wt.%. In previous research, the
authors reported that the fineness of slags has a significant role on the reaction rate
of sodium carbonate activated slag (chapter 2). Bernal et al. [9] also found that the
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Figure 3.2: Heat release of the designed sodium carbonate activated slags at 20 o C
measured by isothermal calorimeter.

M gO content of slag significantly influences the reaction kinetics of alkali activated slag
binders. In this case, accelerated reaction could be attributed to the different fineness
and chemistry of the slags applied.
It is clear that increasing the sodium carbonate dosage or lowering the water−to−solid
ratio also slightly accelerate the reaction (Fig. 3.2). Shi and Day [10] studied the early age
(up to 48 h) reaction kinetics of slag activated by different types of alkaline solutions at
different temperatures (25 o C and 50 o C), including N aOH, N a2 SiO3 · 5H2 O, N a2 CO3 ,
N a3 P O4 , N a2 HP O4 and N aF . They concluded that the initial pH is a key factor on
the initial reaction rate but the further reaction is dominated by the Ca−compounds.
By using calcined layered double hydroxides (CLDH), Ke et al. [11] observed that the
reaction of sodium carbonate activated slag was accelerated because CLDH removed
CO3 2- anion from fresh sample, yielding a significant rise in the pH. In this case, the
slight acceleration on the reaction can be attributed to the potentially high pH rising
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3
Figure 3.3: Pictures of mixture M3 at different curing ages

after dosing more alkalis with a lower water content.
As for waterglass activated slag, the heat evolution can be significantly affected by
the N a2 O−to−slag ratio and activator modulus (Ms) [12]. Within the range of 5 %−15
% (N a2 O) and 1.0−2.0 (Ms), the time to reach the reaction peak ranges from 1 h to 30
h, which is clearly different from sodium carbonate activated slag (67 h to 112 h). On the
other hand, slag activated by sodium hydroxide does not show a clear induction period
[10,12]. It is obvious that the reaction process of sodium carbonated slag, compared
to other activators activated slag, is different, by possessing a long period of dormant
period and showing another precipitation peak (Fig. 3.2(a)). To further characterize
the reaction process of sodium carbonate activated slag, mixture M3 was selected and
the reaction products were identified at different curing ages as shown in Fig. 3.2(b). A
more detailed analysis and discussion will be presented in the following sections.
3.3.2 FT−IR
Fig. 3.4(a) shows the FT−IR spectra of some selected samples. The results show
that though with different proportions, the reaction products remain similar, mainly
containing free water, CO3 2- anions and C−(A)−S−H gel. In this case, sample mixture
M3 with the highest reaction rate at the early age (Fig. 3.2(b)), which was selected
for further analysis, can generally represent the reaction process of sodium carbonate
activated slag. The pictures of the collected samples from mixture M3 are shown in Fig.
3.3. It can be seen that along with the reaction time, the colour of samples is gradually
changing to green, indicating the ongoing reaction process.
The infrared spectroscopic results of anhydrous slag and sample M3 at different
curing ages are presented in Fig. 3.4(b). The IR spectrum of anhydrous slag contains
a distinct intensity band centred at around 892 cm-1 (characteristic of T−O, T is Si
or Al, bonds of tetrahedral silicates) [13], and another small intense band at approximate 687 cm-1 represents the functional group of AlO2 [14]. After mixing with sodium
carbonate solution, two sharp peaks at around 1429 cm-1 and 874 cm-1 appear in the
spectrum of sample after 1 h of casting, which are assigned to the vibration of v3 [CO3 2- ]
and v2 [CO3 2- ], respectively. At the age of 3 d, a new peak centred at 951 cm-1 is observed, which is a typical Si−O asymmetric stretching vibration generated by Q2 units
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Figure 3.4: FT−IR spectra of: (a) mixtures at 28 d; (b) M3 at different curing ages.

(C−(A)−S−H gel) [15]. After 4 d, the bands centred at approximate 1429 cm-1 slightly
shift to 1409 cm-1 . The small peaks at 1645 cm-1 and 3346 cm-1 indicate that the samples
contain small amount of free water, possibly due to the absorbed free moisture during
the sample preparation.
In general, the vibration of CO3 2- groups can be attributed to the used activator,
the precipitated CaCO3 or new phases formed during this period. The carbonation or
weathering of the samples could also be partly responsible for these bonds. However,
these effects are minimized due to the applied preparation process. On the other hand,
it is clear the proportions of hump attributed to the gelation start to increase from 3 d
after casting.
3.3.3

XRD

The X−ray diffraction patterns of M3 collected from the alkali−activated slag paste
samples at different ages and unreacted GGBS are presented in Fig. 3.5. Only a broad
hump centred at around 30o 2θ is identified for the anhydrous slag, which is attributed
to the amorphous phase of short range order of CaO − M gO − Al2 O3 − SiO2 structure
[16−18]. After mixing with sodium carbonate solution, the main reaction products at
different ages are slightly different.
At the initial 1 h, the main crystalline binder phases identified in the samples are
calcium carbonate calcite (CaCO3 , PDF#00−047−1743), aragonite (CaCO3 , PDF#
01−071−2392), along with hydrous sodium carbonate: thermonatrite (N a2 CO3 · H2 O,
PDF# 00−008−0448) and nahcolite (N aHCO3 , PDF# 01−074−1203). Due to the high
concentration of CO3 2- provided by the activator, the precipitation of CaCO3 occurs
rapidly when the dissolved Ca2+ reaches the saturation limit. Meanwhile, the formation
of huntite (M g3 Ca(CO3 )4 , PDF# 00−014−0409) and dolomite (M gCa(CO3 )2 , PDF#
01−075−3699) shows weak reflections, probably due to the raw slag used which contains
a high Mg and Fe element (see Table 3.1).
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Figure 3.5: X−ray diffractograms of anhydrous slag and M3 at different curing ages.

However, when it comes to 6 h, the crystalline structures detected are weakened
and only calcite, aragonite and thermonatrite can be identified. Starting from 1 d
after casting, the weak reflections at the positions of 13.9o , 32.8o and 35.8o 2 θ indicate the initial formation of gaylussite (N a2 Ca(CO3 )2 · 5H2 O, PDF# 00−021−0343),
while the weak reflection at 39.5o 2θ is possibly due to the presence of hydrotalcite
(M g0.667 Al0.333 (OH)2 (CO3 )0.167 · 0.5H2 O, PDF# 01−089−0460). A similar XRD pattern is obtained by sample at 2 d after casting but with a slightly intensive reflection of
gaylussite. After 3 d of casting, intensive reflections for the formation of calcite, gaylussite
and hydrotalcite are identified. For samples at the ages of 4 d and 7 d, the XRD patterns
are similar but with higher intensities of the new formed phases. Furthermore, the reflection at 49.8o 2 θ is identified as the formation of vaterite (CaCO3 , PDF#00−002−0261)
at the curing age of 7 d.
As the main crystalline carbonation products, the calcium carbonate calcite, aragonite and vaterite are identified at different ages. There are three crystal polymorphs
of CaCO3 , namely calcite, aragonite and vaterite, and it is known that the temperature
and environmental pH have strong effects on the preference of the CaCO3 polymorphs
[19]. The aragonite precipitated at the very early age (about 1 h) is a metastable polymorph of calcium carbonate and gradually transfers to the more stable phase calcite.
After 2 d of curing, the reflections of aragonite almost disappear. On the other hand,
hydrous sodium carbonates such as nahcolite and thermontrite are observed at the early
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stages as well. According to the phase diagram of N a2 CO3 − N aHCO3 − CO2 − H2 O
versus temperature and CO2 partial pressure [3], the formation of natron and trona
should be the main products. However, caused by the samples preparation process (oven
dried at 40 o C), these phases are not observed because the decrystallization of natron
and trona happens at very low temperature (below 40 o C). Nevertheless, the identified
thermonatrite, the recrystallized product of natron at 37−38 o C, indicates the existence
of natron (N a2 CO3 · 10H2 O) in the reaction products. Furthermore, the reflections of
hydrous sodium carbonates are gradually disappearing till 2 d of casting, indicating the
transformation of hydrous sodium carbonates to other new products, i.e. gaylussite and
hydrotalicte.
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Figure 3.6: (a) TG−DTG results of M3 at different curing ages; (b) DTG result of M3
after 7 d of curing.
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TG−DTG

The TG−DTG analysis results (M3) heated from 20 to 1000 o C at different ages are
shown in Fig. 3.6(a), confirming again different reaction products are formed at the early
stages. In general, the mass loss happening below 200 o C is due to the physically bound
water or free water evaporation. The peaks on the DTG curves at approximate 491 o C
and 614 o C are attributed to the decomposition of carbonate salts. Corresponding to the
XRD results, the carbonate salts can be different polymorphs of calcium carbonate, such
as aragonite [20] and calcite. Furthermore, due to the activator applied, the mass change
at about 903 o C is possibly attributed to the decomposition of sodium carbonate to N a2 O
and CO2 [21]. When the reaction approaches 3 d/4 d, a new decomposition peak centred
at around 296 o C is observed that is then slightly shifting to a higher position (326 o C)
and the peak at around 537 o C after 7 d of curing indicates the dehydroxylation and
decarbonation of hydrotalcite (Fig. 3.5). It is difficult to distinguish the decarbonation
of gaylussite and calcite, however, the small shoulder at around 138 o C shows that
dehydration of gaylussite [22]. The shoulder is also observed in the samples after 2 d
of curing, which is in line with the XRD results. Moreover, the peaks above 840 C can
be attributed to the decomposition of sodium carbonate, which can be the decomposed
reaction product from gaylussite after releasing CO2 [22]. It should be noted that the
mass loss before 200 o C is substantially increased after 3 d of curing, probably due to
the formation of C−(A)−S−H gel (Fig. 3.4).
3.3.5

SEM

Figure 3.7: SEM pictures of anhydrous slag and M3 at the ages of: (a) 1 h−1 d; (b) 2
d−7 d.
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The SEM images of samples M3 at different ages are presented in Fig. 3.7. As
can be seen, the initial dissolution of GGBS, precipitation of calcium carbonate and
initial gelation process of reaction products can be clearly observed. At the first 1 h,
the dissolution process of slag particles starts when it contacts with the alkali activator.
Small grains can be observed on the surface of slag particles (Fig. 3.7−1 h (a,b)) which
gradually become more obvious till 1 d after casting, and this is primarily considered
to be the initial precipitation process of calcium carbonate. When it comes to 2 d,
corresponding with the reaction kinetics (Fig. 3.2) and FT−IR (Fig. 3.4) results, the
gel−like structures on the surface of slag particles (Fig. 3.7−2 d(b)) are assigned to the
initial formation of C−(A)−S−H gel. Furthermore, an increased denser microstructure
of samples from 3 d to 7 d is observed, indicating the ongoing process of gelation. In the
meantime, the new phases are generated, as shown in Fig. 3.7−7 d(b).
3.3.6 Compressive strength
The compressive strength of N a2 CO3 activated slag with different alkali contents
and W/S ratios at the curing ages of 7 d, 28 d and 180 d, respectively, are shown in Fig.
3.8. It is clear that the factors of water to solid ratio, alkali content and curing age have
significant effects on the compressive strength. The 7 d, 28 d and 180 d compressive
strength of mixtures range from 18 MPa to 39 MPa, 26 MPa to 50 MPa and 32 MPa to
54 MPa, respectively, which shows that these materials can be applied to construction
with different strength class requirements to a large extent.
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Figure 3.8: Effect of alkali content, water to solid ratio and curing age on the compressive
strength of N a2 CO3 activated GGBFS.

As can be seen, the compressive strength of samples is proportional to the sodium
carbonate content and W/S ratio. Within the range of the factors studied (AC, 3 % to 5
%; W/S, 0.4 to 0.5), the effect of water to solid ratio is considered to be more prominent
than that of alkali content. To specify, when the alkali content increases from 3 % to 5
%, the increase of 7 d compressive strength of samples with a W/S of 0.45 is 41 %, while
with an alkali content of 4 % that of W/S from 0.5 to 0.4 is up to 63 %. The reason
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could be related to the fact that more concentrated alkali solution is more effective in
attacking the slag particles and the reaction rate is supposed to be faster (Fig. 3.2).
The relationship between the sodium carbonate concentration and the compressive
strength of the samples at different curing ages is investigated. As shown in Fig. 3.9,
it is obvious that within the investigated range here, the initial alkali concentrations
play a dominating role on the mechanical properties. Moreover, an approximately linear
relationship is observed for samples at the different ages. The interaction between AC
and W/S is also observed to have a certain degree of influences, which means that alkali
content will more effectively affect the compressive strength of samples produced with
a lower alkali content. For example, from W/S ratios of 0.45 to 0.4 at 7d curing, the
average increase of strength of AC 3 % samples is 29 %, whereas to the AC 5 % samples
it is only 21 %.
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Figure 3.9: Relationship between initial alkali concentration and compressive strength of
samples at 7 d, 28 d and 180 d, respectively.

3.3.7 Discussion
Previously, Xu and Provis [2] proposed a mechanism and reported that initially Ca2+
dissolves from slags and then forms CaCO3 , which will decrease the pH of the system.
Then the formation of C−S−H gel will take Ca2+ from CaCO3 , releasing CO3 2- to participate another cycle of reaction. However, the mechanism proposed is based on the characterization of aged products, which explains the ongoing reaction process of N a2 CO3
activated GGBFS rather than the initial reaction. Bernal et al. [8] reported a conceptual description of the pore solution chemistry within a sodium carbonate−activated slag
binder, however, the reactions happened during the dormant period and the key factors
triggering the restarted reaction still require further investigation.
Based on the present results, it is clear that the gelation process of C−(A)−S−H
gel started at 2−3 d after casting, confirmed by the FT−IR (Fig. 3.4) and SEM results
(Fig. 3.7). As a result, the phase changes before gelling is of great interest. The
precipitation of calcium carbonate is confirmed by the XRD and TG results (Fig. 3.6(a)).
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Figure 3.10: pH value and temperature changes of N a2 CO3 activated GGBFS paste
during the initial mixing stage.

Bernal et al. [8] proposed that the gaylussite was formed at ≈ 1 d and then started
converting to CaCO3 from days 1 to 5−7. In the meantime, the M g 2+ dissolved from
slag will react with Al forming hydrotalcite. However, different phenomena are observed
in the present study. The intensive formation of gaylussite is only observed during
the curing along with the generation of hydrotalcite after around 2 d/3 d, which is
in line with the TG−DTG results. While at the early age (≤ 2 d), only the existence
of different polymorphs of calcium carbonate, such as aragonite and calcite, and a tiny
amount of gaylussite can be clearly identified. It is clear that the CO3 2- concentration
in the pore solution controls the reaction of sodium carbonate activated slag due to the
low saturation limit of calcium carbonate. In this case, according to the results, it is
most likely that the accumulation of gaylussite and formation of hydrotalcite decrease
the CO3 2- concentration to a certain level, and then the Ca2+ concentration increases,
leading to the precipitation of C−(A)−S−H gel.
On the other hand, it has been reported that pH value of solution plays a significant
role on the initial dissolution of the precursor and a pH value lower than 9.5 is not
sufficient to form the C−S−H gel [23,24]. As a result, changes on pH of sodium carbonate
activated slag are worth to be further studied. Because of the lengthened reaction process,
the fresh paste remains unhardened after 2 h of mixing, which provides the possibility of
measuring its pH changes during the mixing time. By incorporating a pH meter (780 pH
Meter, Metrohm) into the fresh paste during the mixing, the pH values of the fresh paste
were measured and the results are shown in Fig. 3.10. As can be seen, the pH value
increases firstly dramatically until about 60 min after mixing and then increases slowly
till the end of testing. It is clear that the pH of the pore solution is already sufficient to
dissolve slag particles at the early stage, releasing ions for the gelation of C−(A)−S−H
gel. In this case, the only barrier to the gelation process is the Ca2+ concentration that
is controlled by the CO3 2- concentration. The results confirm that the accumulation of
gaylussite and formation of hydrotalcite play a significant role on decreasing the CO3 2-
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anions, which then lead to the formation of the strength−giving phases, i.e. C−(A)−S−H
gel.

3.4

3

Conclusions

This study aims at the time−dependent characterization of GGBFS activated by
sodium carbonate. The reaction process and reaction products of N a2 CO3 activated
slag were investigated by employing isothermal calorimetry, FT−IR, XRD, TG−DTG
and SEM. Furthermore, the influential factors such as the alkali dosages, water to binder
ratio and curing age on the mechanical properties were evaluated by a full factorial
experiment. The following conclusions can be reached:
• A long dormant period of approximate 40 − 70 h and a trend of an increasing pH
value of the pore solution at the early age is observed.
• The gelation of C−(A)−S−H gel starts approximately 2 d after casting.
• The accumulation of gaylussite and formation of hydrotalcite play a significant role
on decreasing CO3 2- anions, which then lead to the formation of C−(A)−S−H gel.
• Water to solid ratio is a determinant factor of the compressive strength.
• A linear relationship between the initial alkali concentration and compressive strength
at different ages is derived.
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Chapter

4

Role of Mg2+/Mg2+ stabilized amorphous CaCO3 on the
early reaction of Na2CO3 activated slag

4

Abstract: The time−dependent characterization of sodium carbonate activated slag
is investigated in Chapter 3 and different polymorphous of calcium carbonates formed
at the early stages are found. However, their effects on the early age reactions are not
understood yet. This Chapter investigates the effect of M g 2+ ions on the early age
reaction of SCAS. M gCl2 is used as the M g 2+ source while the CO3 2- concentration is
kept the same as the reference sample. The results show that the reaction, including the
reaction rate and reaction products at different stages, is highly depending on the dosage
of M g 2+ . The precipitation of calcium carbonate happens right after mixing and the first
reaction peak is assigned to the precipitation of gaylussite. The existence of amorphous
calcium carbonate (ACC) is confirmed by SEM. Due to the effect of M g 2+ −stabilized
ACC, the time of gaylussite formation is significantly delayed.
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4.1

4

Introduction

Applying near neutral salts, e.g. sodium carbonate, as activator for alkali activated
materials has received increasing attention because of its good properties, low price and
environmental benefits [1−3]. However, slow reaction of sodium carbonate activated slag
(SCAS) was often reported, while current understandings about the long dormant period
are still limited to the effect of CO3 2- anion in controlling the Ca2+ ion at the early age
reaction [4,5]. 3 out of 4 polymorphous of calcium carbonate are widely reported as
the secondary products of SCAS at the early stages, i.e. aragonite, vaterite and calcite.
While the least stable phase of calcium carbonate, amorphous calcium carbonate (ACC),
has not been reported. It is known that pH and M g 2+ , to some extent, can stabilize
ACC [6,7], which indicates that the other 3 phases of CaCO3 can be originally converted
from ACC. Considering the pore solution environment, ACC can potentially plays an
important role on the early age reaction of SCAS.
It has been reported that M g 2+ can stabilize the unstable phase amorphous calcium carbonate [6,7]. Rodriguez−Blanco et al. [6] reported that M g 2+ and pH influence the stability, structure, solubility and transformation pathway of ACC. They
also found that increasing the M g 2+ content increases the stability period of ACC,
e.g. the prepared M g 2+ −stabilized amorphous calcium carbonate (M g 2+ −ACC) with
[Ca2+ aq] : [M g 2+ aq] of 1 : 1 was not crystalized at ambient temperature even after 1 day.
M g 2+ −ACC has been already reported in alkali activated slag system, and was found to
play an important role on the carbonation resistance due to its ability in preventing the
declassification of C−A−S−H gel [8]. However, Morandeau and White [8] mainly focused
on the material properties of samples at the hardened states, using sodium hydroxide
and sodium silicate as the activators, while the effect of M g 2+ −ACC on the reaction of
sodium carbonate has not been studied. The acceleration effect of M gO on the reaction
of sodium carbonate activation was observed [9,10]. It should be noted that M gO will
start hydration forming the precipitate of M g(OH)2 (M gO + H2 O = M g(OH)2 ), and
then react with N a2 CO3 forming M gCO3 and NaOH because of the solubility difference
between M g(OH)2 (0.00064 g/100 ml, 25 o C) and M gCO3 (0.0139 g/100 ml, 25 o C).
Afterwards, the pH of the pore solution will quickly rise and thus the acceleration effect
of M gO on the reaction of SCAS is possibly attributed to the rising pH. While the effect
of M g 2+ /M gCO3 on the early age reaction of SCAS is not clear yet.
The main reaction product of SCAS is C−A−S−H gel, which is similar to that
of cement hydration product. Gaylussite, calcite and hydrotalcite are normally found
as the secondary reaction products, and it is widely accepted that the formation of
these carbonate salts consumes CO3 2- anion which allows the further precipitation of
C−A−S−H gel. However, the process from CO3 2- anions to these carbonate salts on
the effect of early age reaction is not clearly understood yet. It should be noted that
gaylussite cannot be produced by simply mixing N a2 CO3 solution and Ca2+ containing
salts. Dheilly and Tudo [11] discussed different ways of preparing gaylussite and reported
that simply mixing N a2 CO3 with CaCl2 solution leads to an intensive formation of
calcite with only a small amount of gaylussite. The precipitation of products is mainly
depending on the concentration of each ion in the solution and the solubility of the
products. It is known that calcite is the least soluble phase of calcium carbonate while
ACC is on the contrary, i.e. ACC is about 100 times more soluble than calcite [6,12].
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In this case, the formation of gaylussite at the early age can be related to the stabilized
ACC by pH, M g 2+ and/or SiO2 [6,7,13].
This study aims to investigate the effect of M g 2+ on the early age reaction of SCAS.
M gCl2 was used as the M g 2+ source. The utilization of M gCl2 is to avoid an intensive
pH increase to the solution, and the effect of Cl− on the reaction kinetics of SCAS is
studied by using N aCl as the reference. The reaction kinetics and reaction products
of the samples containing different amounts of M g 2+ are characterized with isothermal
calorimeter, X−ray diffraction (XRD), Fourier transform infrared spectroscopy (FT−IR),
and scanning electron microscope (SEM). Based on the results, the role of M g 2+ , especially the intermediate phase M g 2+ −ACC, on the early age reaction of SCAS is discussed.

4.2
4.2.1

Materials and experiments

4

Materials

The ground granulated blast furnace slag (GGBS) used in this study is the same to
the slag-2 in the chapter 2. Sodium carbonate (powder, analytical grade) was applied
as the activator in this study with different concentrations. The designed N a2 CO3
concentrations (table 4.1) were firstly mixed/dissolved in water followed by cooling down
to room temperature (20 ± 1 o C) prior to further actions. M gCl2 (powder, analytical
grade) was used as the source of M g 2+ and mixed with the prepared N a2 CO3 solutions
about ≈ 20 s using a vibrator (ensuring the completed reaction of M g 2+ and CO3 2- )
before mixing with the slag powders.
Table 4.1: Mix proportions of specimens.

Items

N a2 CO3 dosage

M gCl2 dosage

N aCl dosage

Unit

[N a2 O wt.%]

[N a2 O wt.%]∗

[N a2 O wt.%]

Reference

4.00

M g/Ca 1/9

4.44

N a/Ca 1/9

4.00

M g/Ca 2/8

5.00

N a/Ca 2/8

4.00

M g/Ca 3/7

5.71

N a/Ca 3/7

4.00

W/S

0.44
0.44
0.4

1.00
1.00
1.71
1.71

∗ means that the M gCl2 dosage is calculated by the same mole of N a2 CO3 and shown as
the dosage of equivalent N a2 O wt.% by mass of slag. Due to the reaction of M gCl2 +
N a2 CO3 = M gCO3 + 2 N aCl, the N a2 CO3 dosage will keep the same to be 4.00 N a2 O
wt.% for all the mixtures.
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4.2.2

Experiments

The reaction kinetics of the samples with different amount of M g 2+ incorporation
was investigated applying the method mentioned in section 2.2.2 and the presented results
were normalized by the total mass of the sample. The FT-IR spectra was collected
similar to 2.2.2 as well as XRD characterization but with a measuring time of 30 s/step.
The microscopic analysis was performed using a JSM−IT100 InTouchScopeTM Scanning
Electron Microscope (SEM).

4.3
4.3.1

4

Results and discussion
Reaction kinetics

Fig. 4.1 shows the heat release of sodium carbonate activated slag with different
dosage of M g 2+ . It is clear that, in overall, the reaction process can be classified into
five stages, while the duration of each stage is highly depending on the dosage of the
M g 2+ . The reference sample shows a similar reaction pattern to previous studies [4] and
(chapter 3), but with a shortened dormant period. This phenomenon can be explained
by the fineness of the applied slag (chapter 2). Bernal et al. [4] reported that the
CO3 2- anions concentration in the pore solution controls the reaction of sodium carbonate
activated slag. In this case, more Ca2+ ions can be dissolved from finer slag particles
and precipitated with CO3 2- anions, which consequently lead to a faster reaction.
After dosing a small amount of M g 2+ , the first peak on the heat release curve is
slightly delayed by about 1 h (from 1 h to ≈ 2 h), as shown in Fig. 4.1. However,
further increasing the M g 2+ dosage leads to a significant delay up to 12 h (M g/Ca 2/8)
and 39 h (M g/Ca 3/7), respectively. The time to reach the second peak (i.e. the main
reaction peak) was also significantly extended. Besides, the peak height of the samples
also decreased with the increase of M g 2+ content. The total heat release during the
main reaction is roughly estimated, as shown in Table 4.2. As can be seen, though the
intensity of the second reaction peak is decreased with the increasing content of M g 2+ ,
the total heat release of the mixtures is similar to the reference sample or reduced but
rather insignificant. It is obvious that the incorporated M g 2+ dominates the reaction
kinetics of sodium carbonate activated slag. Ke et al. [10] reported that the reaction of
sodium carbonate activation is highly depending on the M gO content in the raw slags,
and found that a higher M gO content leads to a faster reaction. Abdalqader et al. [14]
also found that the incorporation of M gO slightly accelerates the reaction of sodium
carbonate activated slag. On the contrary, the current study shows opposite results, and
the reasons will be discussed later.
To assess the influence of Cl− caused by the addition of M gCl2 (M gCl2 + N a2 CO3
= M gCO3 + 2 N aCl), the heat release of samples with the same amount of N aCl was
studied, as shown in Fig. 4.1(b). As can be seen, the influence of N aCl on the reaction of
sodium carbonate activated slag is rather insignificant, compared to that of M g 2+ . The
time to reach the main reaction peak is only slightly delayed compared to the reference
sample, and the reaction intensity is also slightly reduced. Therefore, it can be concluded
that the main reaction difference between samples with and without M gCl2 addition is
caused by the M g 2+ ions.
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Ref.

Mg/Ca 1/9

Mg/Ca 2/8

Mg/Ca 3/7

Normalized heat flow (mW/g)

First reaction peak

Peak height

Second reaction peak

Peak area
TRRP

(a)

Reaction time (Hour)

4

0.8

Ref.

NaCl 1/9

NaCl 2/8

NaCl 3/7

Normalized heat flow (mW/g)

0.7

3.0

0.6
2.5

2.0

0.5

1.5

0.4

1.0

0.5

0.3
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.2

0.1

0.0
0

(b)

24

48

72

96

120

144

168

Reaction time (Hour)

Figure 4.1: Heat evolutions of sodium carbonate activated slag with different (a) M g 2+
dosages and (b) N aCl dosages. (TTRP is time to reach the reaction peak).

4.3.2 FT−IR
Fig. 4.2 shows the FT−IR spectra of samples with different M g 2+ dosages at the
curing age of 7 d. In overall, all the samples show similar infrared patterns by giving
the same peak positions. The broad peak centred at around 3350 cm-1 , which is the
scissor bending of molecular water, and the peak at about 1640 cm-1 can be attributed
to the H−O−H stretching vibrations, i.e. free water [15,16]. Besides, the vibrations of
v3 [CO3 2- ], v2 [CO3 2- ] and v4 [CO3 2- ] are clearly shown in the infrared spectra as indicated
by the peaks centred at about 1410 cm-1 , 873 cm-1 and 711 cm-1 , respectively. The
carbonate anion vibrations can be possibly attributed to the precipitated calcium carbonate, or carbonate salts such as gaylussite and hydrotalcite [14,17,18]. The formation
of calcium aluminosilicate hydrate, i.e. C−(A)−S−H type gel [17,19], is also identified
as shown by the vibration of Si−O bonds in the SiO4 groups centred at around 945 cm-1 .
Differences were shown for the sample with the highest M g 2+ dosage (mixture M g/Ca
3/7) where the vibration of Si−O bond at 945 cm-1 is very evident. This is in line with
the isothermal calorimetric result, which shows that the main reaction of this mixture
starts at around 6 d. In this case, the intensity of the peak for the C−(A)−S−H gel will
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Table 4.2: Summarized results of TTRP (time to reach reaction peak), peak height
(intensities), and peak area (identified in Fig. 4.1(a)).

Items

4

Peak height

TTRP

Peak area

Reference

0.65

36.81

78.30

M g/Ca 1/9

0.46

58.96

70.03

Na/Ca 1/9

0.61

40.35

77.65

M g/Ca 2/8

0.36

95.93

61.33

Na/Ca 2/8

0.59

41.37

78.09

M g/Ca 3/7

0.18

201.49

53.78∗

Na/Ca 3/7

0.60

45.39

80.21

∗the value is relatively low because the main reaction (second reaction peak) is not finished
yet.

be consequently low, compared to other mixtures. Besides, an intensive peak located
at 855 cm-1 is also observed for the mixture with the highest M g 2+ dosage, which is
assigned to the v2 [CO3 2- ] out−of−plane bending modes. This peak is generally found
together with the v1 [CO3 2- ] vibration of the peak centered at around 1082 cm-1 , which
is due to the presence of aragonite.
4.3.3

Reaction products

The reaction product of the mixture M g/Ca 2/8 is characterized at different curing
ages, as shown in Fig. 4.3. It is evident that significant differences are observed at different reaction stages after incorporating M g 2+ , which is different from previous studies
[2,4]. The presence of sodium chloride is identified at the early ages (≤ 64 h), which is due
to the reaction of M gCl2 and N a2 CO3 forming M gCO3 precipitate and N aCl. Then
the N aCl is disappeared at later ages (≥ 7 d), which is most likely to be incorporated
into the structures of layered double hydroxide [14,20]. The main reaction product of
the mixture at the first 7 h is only the calcite, which is in consistence with the reaction
kinetics that only dissolution peak of the slag particle is observed. When the curing time
goes to 18 h, the formation of gaylussite is noticed, which is mostly to be the reflection of
the first reaction peak as shown in the calorimetric results (Fig. 4.1). The identification
of first reaction peak of sodium carbonate activated slag has been rarely discussed in
previous studies [4] probably because it occurs too fast (< 1 h after mixing). Besides,
the time of gaylussite formation is hard to confirm as it normally happens at very early
stage together with the precipitation of calcite. In this study, due to the stabilization
effect of M g 2+ (will be discussed later), the time of gaylussite formation and the first
reaction peak are successfully identified and correlated.
When the curing time reaches 64 h, the main reaction products remain the same as
that of 18 h, which is in line with the isothermal calorimetric results that during this stage
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Figure 4.2: FT−IR spectra of the samples with different dosages of M g 2+ after 7 d of
curing.

no obvious reaction peak is found. Besides, the intensity for the reflection of gaylussite is
increased, indicating the accumulation of this reaction product, consuming CO3 2- anions.
After 7 d of curing, the main reaction products contain hydrotalcite, aragonite, vaterite,
gaylussite, calcite and C−(A)−S−H gel, resulted from the main reaction (Fig. 4.1).
Aragonite, vaterite and calcite are three different polymorphous of calcium carbonate,
which was often observed in sodium carbonate activated slag system [4,10]. However,
aragonite and vaterite are metastable phases, which will gradually convert to calcite. As
can be seen, after 21 d of curing, only the existence of calcite can be clearly identified.
Besides, the intensity for gaylussite is significantly decreased due to the declassification
process [4], while the reflection for C−(A)−S−H gel becomes the most intensive one. A
slight amount of hemicarboaluminate is also identified, which is due to the high content
of aluminate in the raw slag [1].
4.3.4 Role of Mg2+ stabilized amorphous calcium carbonate
Fig. 4.4 presents the SEM picture of the reference sample after 6 h of casting.
As can be seen, two distinguishable products can be clearly identified, i.e. calcite with
hexagonal crystalline structure and many clusters of irregular micro−particles. The
sample was washed with distilled water and then left dried on the silica plate. Considering
the chemical reaction involved in the early reaction of SCAS, the micro−particles can
be assigned to the amorphous calcium carbonate (ACC), which is known as the least
stable polymorphous structure of calcium carbonate. In most conditions, the ACC will
quickly convert to more stable products, i.e. aragonite, vaterite and/or calcite. However,
methods such as increasing the pH [21] or dosing additives [13], to some extent, can delay
the process.
The time of gaylussite formation is significantly extended with the increasing content
of M g 2+ . It is known that pH and M g 2+ can increase the stability of amorphous calcium
carbonate (M g 2+ −ACC) [6]. Rodriguez−Blanco et al. [6] found that the prepared
M g 2+ −ACC was not crystallized at ambient temperature even after 1 day using a mix
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Figure 4.3: XRD results of the mixture M g/Ca 2/8 at different curing ages.

proportion of [Ca2+ aq ] : [M g 2+ aq ] of 1 : 1. Goodwin et al. [22] reported that a possible
reason could be that the hydrated Mg is located within the nanostructure of ACC, which
retards the hydration of ACC and slows the crystallization process. The XRD pattern at
7 h (Fig. 4.3) in general shows an amorphous structure, except the crystalline structure
of N aCl and a slight amount of calcite, which is in line with the fact that ACC is an
amorphous product. It should be noted that the dissolution of Ca2+ from slag particles
takes certain time, which means that the designed proportions of M g/Ca in practice will
be higher than the theoretical values. In this case, the retardation effect of M g 2+ will be
better than previous findings [6,22]. For example, Rodriguez−Blanco et al. [6] reported
a ≈14 min delay (crystallized to calcite) with [Ca2+ aq ] : [M g 2+ aq ] = 9 : 1, while in
the current study, the effect is much more significant, as can be seen by the differences
between the time to reach the first reaction peak (Table 4.2).
Based on the discussion above, it is clear that the incorporation of M g 2+ stabilizes
the amorphous calcium carbonate (M g 2+ −ACC), which explains the delay of the initial
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Figure 4.4: SEM picture of reference sample after 7 h of curing (washed with water and
then left dry).

precipitation peak of gaylussite. However, why the main reaction peak, i.e. precipitation
of C−(A)−S−H gel is also significantly prolonged is not clear yet. In theory, when the
pH of the pore solution rises over 10.52, M gCO3 will turn to M g(OH)2 , and its ability
in stabilizing ACC will not be prominent. This could be a synergetic effect of Mg, pH
and SiO3 2- , which requires further study on the early age reaction of sodium carbonate
activated slag.
Stage 1

Stage 2

Na2CO3
solution
Slag

ACC

Mg2+ stabilized ACC

Stage 3
Aragonite
/Vaterite
Calcite

Calcite

Gaylussite

Gaylussite

Hydrotalcite
/Gaylussite

Figure 4.5: Function of M g 2+ /M g 2+ stabilized amorphous CaCO3 on the early reaction
of SCAS.

Fig. 4.5 presents the carbonate consumption routine of the samples with the addition
of M g 2+ . In general, if the initially precipitated amorphous calcium carbonate is not
stabilized, it will quickly react with N a2 CO3 forming gaylussite, or convert to other more
stable polymorphous of CaCO3 such as aragonite, vaterite or calcite. In this case, the
reaction in stage 1 and stage 3 could happen simultaneously. The formation of these
products was also found in Bernal et al. [4]. However, when the initially precipitated
ACC is stabilized by M g 2+ (stage 2), the formation of gaylussite is consequently delayed,
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as shown in Fig. 4.3. The duration of this stage is highly depending on the dosage of
M g 2+ , which can vary from a few hours to days. It should be noted that the effect of
M g 2+ on the time to reach the first/second reaction peaks (or duration of stage 2) is
also depending on the characteristics of the slag (not shown). In overall, the finer slag is
the insignificance of the M g 2+ on the delaying effect will be. A possible reason could be
that the pH development of the samples with the finer slag particles is faster than that
of mixtures with coarser slag, and then the reaction is more similar to that of samples
dosing M gO due to the pH differences. This will be further investigated in the future
study.

4.4

4

Conclusions

This study investigates the effect of M g 2+ −stabilized amorphous calcium carbonate
on the reaction of sodium carbonate activated slag (SCAS). A significant difference between dosing M gCl2 and M gO (from literatures) are observed. The results demonstrate
that M g 2+ stabilized amorphous calcium carbonate (ACC) plays a significant role on
the early age reaction of SCAS. The first reaction peak of SCAS is assigned to the precipitation of gaylussite, while the second reaction peak is attributed to the precipitation
of C−A−S−H gel together with the generation of hydrotalcite−like structures. A higher
dosage of M g 2+ leads to a longer delay to the main reaction, which demonstrates that
the accelerated reaction of using high M gO content slag or dosing M gO are most likely
attributed to effect of pH.
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Chapter

5

Assessing the chemical involvement of limestone
powder in sodium carbonate activated slag ∗

Abstract: This Chapter aims to investigate the effect of limestone powder (LP) on the
reaction of sodium carbonate activated slag (SCAS). The results show that the incorporated LP up to 30 % improves the strength development, especially at advanced curing
ages. A slightly accelerated reaction is observed for samples containing low amount of
LP (≤ 5 %), while mixture with 10 % LP shows the optimized results with respect to
the heat release and strength development. Chemical effect of incorporating LP is observed at high replacement levels (≥ 15 %), indicated by the formation of a new phase,
natron (N a2 CO3 · 10H2 O). Besides, relatively high contents of hydrotalcite−like phases
are generated when increasing the dosage of limestone powder. The chemical changes,
including the volume changes of generating natron and the transformation of natron to
calcite, is potentially responsible for the enhanced mechanical properties.

∗ This chapter is partially reproduced from: Yuan, B., Yu, Q. & Brouwers, H.J.H. (2017). Assessing the chemical involvement of limestone powder in sodium carbonate activated slag. Materials and
Structures, 50(2):136.
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Introduction

As a supplementary material, limestone powder (LP) has been widely applied in
Portland cement based building materials because of its low price and good performance
[1−5]. The effect of LP on the hydration of cement has been extensively investigated,
ranging from the filler effect to the chemical involvement in cement hydration: 1) inert
filler acting as nuclei sites; 2) accelerating the hydration of C3 S [6,7] and 3) reacting
with C3 A forming calcium carboaluminates [7−9]. However, the function of LP on the
reaction of alkali activated materials has not been systematically studied yet. Up till now,
only limited efforts [10−12] have been devoted to this topic partly because the system of
alkali activated material (AAM) is more complex than Portland cement system due to
the different activators and raw materials applied [13−15].
It is reported that in the low−calcium containing alkali activated metakaolin system,
LP is dissolved in the sodium hydroxide solution and its presence enhances the release of
Al and Si ions from metakaolin, leading to the formation of layered calcium carboaluminates [10]. While in high−calcium containing alkali activated slag system, the function
of limestone is not well understood. LP is often regarded as an inert filler in the slag
based alkali activated system [6−8]. Besides, intensive Ca2+ ions will be released from
slag particles and thus the dissolution of LP releasing Ca2+ ions is actually detained
compared to its hydrolysis in the low−calcium containing alkali activated system. As
a result, LP is more likely to be restricted to an inert filler, acting as nucleation sites.
Gao et al. [11] characterized waterglass activated slag−fly ash−limestone blends, and
reported that the incorporation of LP shows good filler effect by giving a slightly higher
strength than that of fly ash. However, no trace of chemical involvement can be identified
as there are no monocarboaluminate or new phases found on the XRD pattern. Most
recently, Rakhimova et al. [16] studied the influence of different LP on the properties of
slag activated by sodium carbonate based waste and found that the 28 d strength was
not weakened up to 50 % addition of LP (Blain fineness ≥ 400 m2 /Kg). However, they
stated that the benefits on the strength development is mainly attributed to the physical
activity of LP.
It is noteworthy that LP could act differently in sodium carbonate activated slag
(SCAS) system due to its particular reaction mechanism. As reported by Bernal et al.
[17] and our previous study (chapter 3), CO3 2- anions concentration in the pore solution
and the initially precipitated calcium carbonate significantly control the sodium carbonate activation process. According to the previous researches [17,19−22], the main reaction products of sodium carbonate activated slag are C−(A)−S−H gel, calcium carbonate
(CaCO3 ), gaylussite (N a2 Ca(CO3 )2 ·10H2 O), hydrotalcite (M g6 Al2 CO3 (OH)16 ·4H2 O),
etc. With respect to the carbonates groups in the minerals, the presence of limestone
could be potentially involved in the reaction, e.g. Ca2+ can be potentially involved in the
formation of C−(A)−S−H gel. Furthermore, the incorporation of LP contributes to the
strength improvement and lowered cost. Moseson [12] developed concretes with strength
up to around 41 MPa at 3 d and 65 MPa at 28 d while the CO2 emission and energy
consumption is reduced by 97 % compared to Portland cement (PC) based materials.
However, that research was mainly focused on the economic benefits and CO2 emission,
while the chemical function of LP on the reaction of SCAS was not discussed.
This chapter aims to study the effect of LP on the reaction kinetics, reaction products
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and strength development of sodium carbonate activated slag. The heat evolution of mixtures with different LP incorporation levels was measured, up to 7 d. Furthermore, the
specimens was ground for microstructural analyses, including X−ray diffraction (XRD),
Thermogravimetry and Derivative Thermogravimetry (TG−DTG) and Fourier transform
infrared spectroscopy (FT−IR), etc. The strength developments were characterized at
different curing ages. The fresh behaviour was evaluated. The chemical involvement of
LP especially at a high content in the sodium carbonate activation is observed and the
related mechanism is discussed.

5.2
5.2.1

Materials and experiments
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Figure 5.1: Particle size distributions of the GGBS and LP.

Ground granulated blast furnace slags (GGBS) (provided by ENCI B.V, the Netherlands) and limestone powder were applied as raw materials. The oxide compositions of
these two materials were determined by using X−ray Fluorescence (XRF), as shown in
Table 1. The basicity coefficient of GGBS was calculated based on the chemical composition, following the formula (Kb = (CaO + M gO)/(SiO2 + Al2 O3 )), yielding 1.3.
The particle size distributions (PSDs) of the GGBS and LP, determined by Mastersizer
2000, are presented in Fig. 5.1, with the d(0.5) of 19.37 μm and 10.30 μm, respectively.
Sodium carbonate (powder form, analytical grade) was firstly dissolved in water followed
by cooling down to room temperature (20 ± 1 o C), prior to further actions.
5.2.2

Experiments

The samples were prepared with different proportions of slag and limestone powder
(Table 5.2) and the tested with the methods mentioned in section 2.2.2, including: fresh
behaviour, strength development, reaction kinetics, and microstructural analysis, such
as XRD, TGA-DTG and FT-IR.
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Table 5.1: Chemical composition of the GGBS determined by XRF.

Chemical composition ( %)
SiO2
CaO
Al2 O3
M gO
F e2 O3
SO3
K2 O
T iO2
Cl
L.O.I
Density (Kg/m3 )
Blaine fineness (m2 /Kg)

5

GGBS
35.50
38.60
13.60
10.20
0.48
1.27
0.48
1.01
0.01

Limestone
0.84
53.96
0.24
1.01
0.32

2930
373

0.34

43.01
2710
546

Table 5.2: Deigned mixtures with different contents of LP.

Mixture

Slag content

LP content

N a2 CO3 dosage

wt.%

wt.%

N a2 O wt.%

Ref.

100

0

LP 5 %

95

5

LP 10 %

90

10

LP 15 %

85

15

LP 30 %

70

30

Units

5.3
5.3.1

4.0 %

Water/Solid ratio

0.4

Results and discussion
Flowability

As shown in Fig. 5.2, the incorporation of LP increases the flowability of the mixtures
up to a replacement level of about 15 %. When further increasing the dosage of LP to
30 %, the workability of the mixtures is slightly decreased. Improvement on the fresh
behavior of pastes were also observed in PC based materials after incorporating LP
[23,24]. This can be contributed by two mechanisms. Firstly, the packing of the mixture
is improved by the applied LP as it is finer than slag particles (see Blaine fineness),
leading to a better flowability. A similar phenomenon was found by Brouwers and Radix
[25] and Quercia et al. [26] that an improved packing of mixtures leads to a better spread
flow. Secondly, due to the presence of sodium carbonate in the solution, the dissolution of
LP is prohibited because of the saturation limitation. The LP consumes less water than
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slag particles as the dissolution of those particles increases the water demand. However,
when increasing the dosage of LP from 15 % to 30 %, the flowability of the mixture
decreases, which can be explained by the reduced volume percentage of water.
28.0

R

2

= 0.97

Spread flow (cm)

27.5

27.0

26.5

26.0
0

5

10

15

30

Limestone powder content (%)

Figure 5.2: Spread flow of the mixtures versus the LP content.

It should also be noted that the fresh behavior is also affected by the initial reaction
of sodium carbonate activated slag, i.e. precipitation of CaCO3 and gaylussite (chapter
2). Due to the high concentration of CO3 2- anion provided by the activators and low
saturation limit of CaCO3 , the precipitation and formation of gaylussite will quickly
occur when slag starts to release Ca2+ ions. The early age reaction will negatively affect
the flowability of the samples. By replacing slag particles, the initial reaction is delayed
to a certain content (when the LP dosage ≥ 10 %), as shown in the calorimetric results
(Fig. 5.4). Consequently, the workability of the pastes is improved.
5.3.2
Sodium carbonate activation kinetics
Fig. 5.3 presents the heat evolution of sodium carbonate activated slag with different
LP replacement levels. It is shown that the reaction process of SCAS incorporating LP
is similar to that of PC hydration or other alkali activated materials [27−31], which can
generally be divided into five stages. Similar to the previous research results [17,18],
the dormant periods of the mixtures are relatively long due to the initial precipitation
of calcium carbonate. As depicted in Fig. 5.3, with 5 % LP addition, the heat release
intensities of the samples are slightly improved, indicating a slightly faster reaction of slag
particles after incorporating LP. When increasing the LP dosage to 10 %, the reaction
is delayed but the intensity is increased. However, further increasing the LP content
leads to a slower and less intensive reaction as shown in Table 3. It should be noted
that LP with 10 % replacement level gives the strongest intensity on the heat evolution,
indicating the optimal effects of LP addition (replacement levels between 5 % and 30 %).
The same trend is also found in the compressive strength development of the samples
containing different levels of LP (Fig. 5.4).
Ke et al. [22] investigated the reaction kinetics of SCAS by using calcined layered
double hydroxides (CLDH), which removed the CO3 2- anions, yielding a significant rise
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0.4
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24
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Reaction time (Hour)

Figure 5.3: Heat flow normalized by total mass.
Table 5.3: Summary of heat evolutions.

5

Mixture

Peak Height

TTRP

Total 7 d heat

mW/g

h

J/g

Reference

0.35

74.77

98.65

LP 5 %

0.35

72.71

98.95

LP 10 %

0.37

79.59

107.82

LP 15 %

0.36

84.65

93.08

LP 30 %

0.27

93.52

90.39

Units

in the pH and consequently fast reaction. Bernal et al. [17] also reported that the
concentration of CO3 2- anions in the pore solution plays a significant role on the early
age reaction of SCAS. In the current study, the incorporated LP provides extra surface
areas for the precipitation of reaction products, but, in the meantime sufficient Ca2+
ions need to be dissolved to consume the same amount of CO3 2- anions which require a
further dissolution of slag particles due to the dilution effect, i.e. a deeper dissolution. In
this case, the incorporation of LP can accelerate (mixture LP 5 %) or intensify (mixture
LP 10 %) the reaction. However, dilution of binder can also lead to the reduction on
the intensity and the time to reach the reaction peak, especially when the replacement
level is high (≥ 15 %), as shown in Fig. 5.3. In PC based system, the incorporation of
LP has been reported to show acceleration effect on the cement hydration [6], and both
intensity and time to reach reaction peak (TTRP) were improved when PC/C3 S were
blended with LP. The similar results were obtained by Zajac et al. [32] who studied the
influence of limestone on the hydration of PC, and found that a mixture with 4 % of LP
addition showed a slightly faster and intensive reaction than pure PC mixture. As shown
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in Fig. 5.3, the acceleration effect of adding LP on the reaction was found in the sodium
carbonate activated slag−LP blends when the LP content is 5 %. When increasing the
LP content to 10 % or higher, different behaviours were observed between PC and sodium
carbonate activated system. This will potentially affect the reaction products as well as
other hardened behaviour such as strength, and this will be discussed in the following
sections.
5.3.3
Compressive strength
The compressive strength of the mixtures at different curing ages was measured and
the results are shown in Fig. 5.4. The strength in overall ranges between 32.9 MPa and
38.1 MPa, 51.5 MPa and 54.5 MPa and 62.0 MPa and 67.6 MPa at the curing ages of
7 d, 28 d and 180 d, respectively. At the early stage, the mechanical properties of the
mixtures increase with the increase of LP content up to 10 % and then slightly decline.
From the long−term strength development point of view, samples containing LP up to
30 % are slightly improved compared to mixtures without LP. It is remarkable that the
incorporation of LP does not weaken the mechanical strength of the samples, e.g. the
compressive strength of mixture containing 30 % of LP is only 2.4 % lower than the
reference sample (28 d).

5
80

7 d

28 d

180 d

Compressive strength (MPa)

70

60

50

40

30

20

10

0
Ref.

LP 5%

LP 10%

LP 15%

LP 30 %

Designed mixtures

Figure 5.4: Compressive strength of the mixtures at different curing ages versus the LP
content.

LP has been widely applied in Portland cement based materials and its effect on the
mechanical properties of PC has been intensively studied [5−8]. Kumar et al. [5] studied
the replacement levels (up to 50 %) of LP on the strength development PC type I/II
and found that the compressive strength of samples at different ages is roughly linearly
proportional to the PC content. For example, when the PC was replaced by 30 % LP, the
compressive strength of the mixture at 28 d is decreased from about 44 MPa (reference
without LP) to about 30 MPa, namely a relative decrease of about 32 %. Kumar et
al. [33] investigated the influence of the LP fineness on the PC hydration and reported
that after 28 d of curing all samples containing LP (15 % replacement) show similar
compressive strength and the strength is about 13 % lower than the reference samples.

70
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Ramezanianpour [3] reported the mechanical properties of PC based samples decrease
with the increase of LP replacement levels. Nevertheless, samples with up to 10 % LP
replacement show comparable properties to PC concrete.
For the alkali activated slags (AAS), since the slags do not contain the ingredients
C3 A or C3 S, as a result, theoretically the benefits of incorporating limestone in the AAS
are mainly based on the inert filler effect, i.e. providing extra specific surface area acting
as nuclei sites. Abdalqader et al. [34] characterized the mixtures of sodium carbonate
activated slag−fly ash blenders, and found that the effect of fly ash on the strength
development at the early ages is not prominent. Gao et al. [11] studied the properties of
alkali activated slag−fly ash blends with limestone addition using waterglass as activators,
and found that increasing the LP content with a constant slag content leads to a slightly
better strength development. However, in both studies the main reaction products remain
the same and no trace of chemical involvement was observed.
As for sodium carbonate activated slag, due to the initial precipitation of calcium
carbonate at the very early stage [17,18,35], the incorporated limestone powder (calcium
carbonate) can potentially influence the reaction process as they share the same chemical
composition, affecting the strength development. It is certain that LP can provide extra
surface area and act as nuclei sites, accelerating the reaction of the specimens. However,
the dilution effect normally plays a more important role leading to a slower strength
development for instance in Portland cement based system. The possible reasons for the
strength enhancement of sodium carbonate activated slag blended with LP (optimal LP
replacement 10 %) will be discussed in the following sections.
5.3.4
XRD
Fig. 5.5 shows the XRD patterns of the mixtures at different curing ages. Three
main phases, calcite (PDF #47−1743), gaylussite (PDF #74−1235) and hydrotalcite
(PDF # 14−0191), can be identified for all the samples at the curing age of 7 d and 28
d, respectively. The reflections of the calcite in the mixtures containing LP are intensive
while the intensities of other crystalline phases are relatively weak. The intensities of
the calcite increase with the increasing addition of LP in the mixtures, and no other
polymorphous of calcium carbonate, i.e. aragonite and vaterite, are detected, possibly
due to their low contents or poor crystallization.
Gaylussite is identified as a secondary reaction product for all samples prepared
with different contents of LP at the early ages. No clear difference can be observed on
the intensity of the produced gaylussite. When approaching the curing age of 28 d, the
intensities of gaylussite for all the mixtures decrease, especially for the samples with high
levels of LP replacement (over 15 %). After 180 d of curing, the reflections of gaylussite
are vanished, indicating it has dissolved and converted to other reaction products [17,36].
N aCa(CO3 )2 · 5H2 O = CaCO3 + 2N a+ + CO3 2- + 5H2 O

(5.1)

Bernal et al. [17] reported that the entire gaylussite seems to convert to more
stable products after 180 d of curing. Kovtun et al. [21] found that the intensity of
gaylussite decreased in all accelerated pastes using accelerators such as sodium hydroxide
and cement. The formation of hydrotalcite is also observed at the early ages but with only
weak reflections (Fig. 5.5(a)), and with the ongoing reaction the intensity is increasing.
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Figure 5.5: XRD patterns of the mixtures at different curing ages as versus the LP content
(Strongest calcite peak is truncated for clarity).
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Furthermore, the intensity of the hydrotalcite is improved after 28 d of curing, indicating
the continuing alkali activation.
It should be noted that after 28 d of curing, the formation of natron is clearly
identified in the mixtures contenting over 15 % LP, while at the curing age of 7 d only
very weak reflections at around 30.8o 2θ are shown, indicating that the incorporation of
LP chemically affects the reaction process. The potential mechanisms will be discussed
in Section 4.

5

5.3.5
TG−DTG
Fig. 5.6 presents the TG−DTG results of mixtures at the curing ages of 7 d, 28 d
and 180 d, and all samples possess similar patterns by showing 3 main peaks. The first
mass loss before 200 o C is caused mainly by the removal of free water and partly by the
dehydration of C−(A)−S−H gel [20]. It should be noted that there are several other small
separate peaks shown in the low temperature range of 20 − 200 o C, while in the previous
researches only one broad peak centred at around 105 o C is shown [20,34]. Considering
the XRD results, these peaks can potentially be attributed to the dehydration of sodium
carbonate salts. For example, natron (N a2 CO3 · 10H2 O) is stable at room temperature
but dehydrates to sodium carbonate heptahydrate, N a2 CO3 · 7H2 O, at 32 o C and then
to sodium carbonate monohydrate, N a2 CO3 · H2 O, at above 38 o C. Furthermore, most
mixtures show similar trends and intensities at the low temperature range, while the
mixture with 30 % LP replacement shows an intensive peak at around 50 o C after 28 d
of curing, indicating the dehydration of natron. The existence of natron in the reaction
products is also confirmed by the XRD results as shown in Fig. 5.4 for the samples with
a high content of LP (≥ 15 %).
The decomposition of hydrotalcite can be generally classified into three stages [37−39]:
(1) removal of interlayer water before 200 o C, (2) decomposition of structural hydroxyl
groups (≈ 350 o C) and finally (3) the decomposition of interlayer carbonate anions (≈
440 o C). According to the DTG pattern, in this case, the second decomposition peak
appearing at around 310 o C can be assigned to the dehydroxilation of brucite−like layers of hydrotalcite and the small shoulder at 400−560 o C could be the decarbonation
of hydrotalcite. The decarbonation of the other phases happens at around 600−700 o C,
including: calcite, LP and gaylussite after its dehydration happening at approximate 130
o
C [40]. In addition to these main peaks, the tiny peak centred at about 950 o C can be
regarded as the thermal decomposition of sodium carbonate [41].
Table 4 summarizes the mass loss of mixtures at different temperature ranges, representing different reaction products as discussed above. As can be seen, at the early age
(7 d), 4m1 shows that higher contents of hydrotalcite−like phases are generated in the
mixtures with lesser LP addition as more Mg/Al are available from the slag particles.
However, at advanced curing ages (≥ 28 d), mixture with 5 % LP gives the highest content of hydrotalcite−like phases while the differences among the mixtures are small. It
is noteworthy that the mixture with LP 30 % only contains 70 % slag of the reference
mixture. Therefore, the amount of hydrotalcite−like phases should be approximately 70
% of the reference assuming a similar reaction degree, while the determined value is 99
%, indicating a much higher reaction degree of slag particles in this condition. Besides,
a clearly increased mass loss between 400−560 o C (4m2 ) and 560−700 o C (4m3 ) is
observed for the decomposition of calcium carbonate minerals when increasing the LP
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Figure 5.6: TG−DTG results of the mixtures versus the LP content at the curing ages
of (a) 7 d, (b) 28 d and (c) 180 d, respectively (The mass losses of mixture LP 30 % for
4m2 (400−560 o C) and 4m3 (560−700 o C) are calculated slightly differently depending
on the DTG results).
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Table 5.4: Summary of mass loss (by percentage) at different temperature ranges (according to the definition of Fig. 5.6).

Mixture ( %)

7d

28 d

180 d

∆m1

∆m2

∆m3

∆m1

∆m2

∆m3

∆m1

∆m2

∆m3

Ref.

3.07

1.75

1.17

2.94

1.74

1.02

4.22

2.34

1.03

LP 5 %

2.98

1.84

2.79

3.29

1.87

2.68

4.33

2.33

2.92

LP 10 %

2.72

1.97

4.31

2.87

1.91

4.15

4.27

2.68

4.30

LP 15 %

2.66

2.60

5.74

2.87

2.14

5.11

4.24

2.94

5.66

LP 30 %

3.29

3.67

9.49

2.33

3.89

8.84

4.16

3.62

10.16

content in the mixtures. It should be noted that a reduction on the calcite content from
7 d to 28 d is observed and it then increases from 28 d to 180 d in all mixtures.

5

5.3.6
FT−IR
Fig. 5.7 presents the FT−IR spectra of samples with different LP contents at the
curing age of 7 d. All mixtures are showing similar patterns by giving similar curves and
peak positions while the intensities of the peaks vary, indicating that they all contain
similar reaction products but with different contents. In general, corresponding with
the peak at approximate 1640 cm-1 , the broad peak centred at around 3333 cm-1 due
to the scissor bending of molecular water can be considered as the H−O−H stretching
vibrations, i.e. the existence of free water in the reaction products [42,43]. The peaks
centred at about 1410 cm-1 , 873 cm-1 and 711 cm-1 are assigned to be the vibrations of
v3 [CO3 2- ], v2 [CO3 2- ] and v4 [CO3 2- ], respectively, which can be attributed to the vibrations of activators used, initially precipitated calcium carbonate or generated carbonate
salts such as gaylussite and hydrotalcite [19,44,45]. In general, the intensities of the peaks
at around 873 cm-1 , the vibration of carbonate anions, are proportional to the content
of LP in the designed mixtures.
The sharp peak at around 946 cm-1 is generally observed for sodium carbonate activated slags of the generated C−(A)−S−H [34,46], while for the waterglass activated
slags the position of this peak shifts to a higher wavenumber between 950−1000 cm-1
[45,47,48], pointing to a different chemical proportion (Si/Ca ratio) [44,49,50]. Nevertheless, the LP incorporation does not affect the peak position, indicating that the gel
structure of C−(A)−S−H remains the same regardless of the LP dosages. However, it
should be noted that the accuracy of using FT−IR to check the gel structure and Ca/Si
ratio at micro−level is not fully understood yet and still open for discussion. To reach a
more convincing conclusion, further research is still needed.
5.3.7 Discussion
The delayed reaction process is caused not only by the dilution effect, but also by the
chemical effects. When having a lower slag content, the mixtures will take more time to
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Figure 5.7: FT−IR spectra of the mixtures at the curing age of 7 d.

release sufficient Ca2+ to be precipitated with CO3 2- anions forming CaCO3 , lowering the
CO3 2- concentration as the reaction is controlled by the concentration of CO3 2- anions
in the pore solution [17]. Gaylussite (N a2 Ca(CO3 )2 · 5H2 O) is a secondary reaction
product of sodium carbonate activation and will be entirely transferred to more stable
products (Eq. 5.1) [17,19]. As shown in Table 4, the amounts of calcite of all samples
after a long period of curing are remaining at the same levels, indicating that the released
CO3 2- anions from gaylussite are transferred to other phases such as hydrotalcite−like
phases. However, different from Rakhimova et al. [16], the formation of a new phase,
natron (N a2 CO3 · 10H2 O), is clearly observed for the samples containing ≥ 15 % LP. In
this case, it is most likely that insufficient ions are released from slag particles to react
with CO3 2- anions when the dosage of LP is high, leading to the formation of natron.
On the other hand, it is also reasonable to assume that the ions released by slag particles
are largely consumed due to the presence of LP, indicating a higher reaction degree.
LP in general shows a negative effect on the strength development of PC based
materials [2]. However, an improved strength development with up to 30 % of LP addition
is clearly observed for sodium carbonate−slag activation (Fig. 5.4). The results are in
agreement with Rakhimova et al. [16], however, they stated that this is mainly due to the
physical activity of LP. It is clear that the incorporation of LP densifies the microstructure
and provides extra surface area for the precipitation of reaction products, which benefits
the strength development.
However, it should be noted that the molar volume of natron together with reprecipitated calcite is higher than that of gaulyssite which can consequently refine the pore
structure (especially for mixtures containing ≥ 15 % LP). Besides, the transformation of
natron to calcite during the long period curing (28 d to 180 d) also releases free water
to the hydration of slag particles and the gradual precipitated calcite is similar to the
carbonation process [51] which can also further modify/alter the pore structure. On the
other hand, another potential benefit of incorporating LP is that at advanced curing time
the concentrations of both Ca2+ and CO3 2- are low, then the hydrolysis of CaCO3 can
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provide Ca2+ :
CaCO3

Ca2+ + CO3 2-

(5.2)

2-

which will generate C−(A)−S−H gel while the CO3 is consumed by the formation
of carbonate−containing phases such as hydrotalcite. All of these contribute to the
strength development.
In general, the chemical effects lead to an enhanced strength development, including
the formation of natron originated from gaylussite and transition of natron to calcite.
It is reasonable to assume that the formation of natron is mainly caused by the lack
of sufficient ions from slag particles such as M g 2+ and Al3+ to react with the released
CO3 2- anions from the conversion of gaylussite. Abdalqader et al. [19] characterized the
reaction products of sodium carbonate activated slag−fly ash blenders and reported that
no new phase was formed with up to 25 % addition of fly ash or difficult to be identified.
While, in the present study, the presence of LP in the mixture is observed to be involved
in the chemical reaction.

5.4

5

Conclusions

The effects of limestone powder on the workability, reaction kinetics, reaction products and strength development of sodium carbonate activated slag are investigated. Different analytical approaches are applied to study the microstructure and chemical phases.
Based on the obtained results, the following conclusions can be drawn:
• The flowability of the pastes increases with the increase of LP content till the mass
replacement level of 15 %.
• The reaction is accelerated when the LP dosage is lower than 5 % and then is
delayed due to the dilution effect.
• Considering the reaction kinetics and strength development, an optimal dosage 10
% of LP replacement is concluded.
• The presence of LP does not affect the main reaction products but chemically
affects the decrystallization of gaylussite, resulting in the formation of a new phase
especially when the dosage of LP is higher than 15 %.
• A relatively high content of hydrotalcite−like phases is generated for the mixtures
containing LP.
• The formation and transformation process of natron result in the enhanced mechanicals properties.
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[35] A. Fernández−Jiménez, F. Puertas, Setting of alkali−activated slag cement. Influence of activator nature, Adv. Cem. Res. 13 (2001) 115−121.
[36] J.L. Bischoff, D.B. Herbst, R.J. Rosenbauer, Gaylussite formation at Mono Lake ,
California, Geochim. Cosmochim. Acta. 55 (1991) 1743−1747.
[37] E. Kanezaki, Thermal behavior of the hydrotalcite−like layered structure of Mg and
Al−layered double hydroxides with interlayer carbonate by means of in situ powder
HTXRD and DTA/TG, J. Chem. Soc. Faraday Trans., 106 (1998) 279−284.
doi:10.1016/S0167−2738(97)00494−3.
[38] K. Rozov, U. Berner, C. Taviot−Gueho, F. Leroux, G. Renaudin, D. Kulik, L.W.
Diamond, Synthesis and characterization of the LDH hydrotalcite pyroaurite solid
solution series, Cem. Concr. Res. 40 (2010) 1248−1254.
[39] S. Miyata, Physico−Chemical Properties of Synthetic Hydrotalcites in Relation to
Composition, Clays Clay Miner. 28 (1980) 50−56.
[40] D.R. Jornson, W.A. Ross, Gaylussite: Thermal Properties by Simultaneous Thermal Analysis, Am. Mineral. 58 (1973) 778−784.

5

80

Chapter 5. Physicochemical effect of Limestone powder

[41] J.W. Kim, H.G. Lee, Thermal and carbothermic decomposition of N a2 CO3 and
Li2 CO3 , Metall. Mater. Trans. B. 32 (2001) 17−24.
[42] P. Innocenzi, Infrared spectroscopy of sol−gel derived silica based films: a spectra
microstructure overview, J. Non. Cryst. Solids. 316 (2003) 309−319.
[43] M.O. Yusuf, M.A. Megat Johari, Z.A. Ahmad, M. Maslehuddin, Strength and
microstructure of alkali−activated binary blended binder containing palm oil fuel
ash and ground blast−furnace slag, Constr. Build. Mater. 52 (2014) 504−510.
doi:10.1016/j.conbuildmat.2013.11.012.
[44] F. Puertas, M.T. Carrasco, Use of glass waste as an activator in the preparation
of alkali−activated slag. Mechanical strength and paste characterisation, Cem.
Concr. Res. 57 (2014) 95−104. doi:10.1016/j.cemconres.2013.12.005.
[45] I. Garcia Lodeiro, D.E. Macphee, A. Palomo, A.J. Fernandez, Effect of alkalis on
fresh C−S−H gels. FT−IR analysis, Cem. Concr. Res. 39 (2009) 147−153.
doi:10.1016/j.cemconres.2009.01.003.

5

[46] B. Yuan, Q.L. Yu, H.J.H. Brouwers, Reaction kinetics, reaction products and compressive strength of ternary activators activated slag designed by Taguchi method,
Mater. Des. 86 (2015) 878−886. doi:10.1016/j.matdes.2015.07.077.
[47] D. Ravikumar, N. Neithalath, Effects of activator characteristics on the reaction
product formation in slag binders activated using alkali silicate powder and NaOH,
Cem. Concr. Compos. 34 (2012) 809−818. doi:10.1016/j.cemconcomp.2012.03.006.
[48] I. Garcia−Lodeiro, A. Fernández−Jiménez, M.T. Blanco, A. Palomo, FT−IR study
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Chapter

6

Autogenous and drying shrinkage of sodium carbonate
activated slag altered by limestone powder incorporation
∗

Abstract: This Chapter aims to study the shrinkage mechanism of sodium carbonate
activated slag containing limestone powder (LP). The workability, pore structure, reaction kinetics and strength development were characterized. The results show that the
autogenous shrinkage increases when the dosage of LP is low (≤ 30 vol.%) primarily
because of the intensified and accelerated reaction, but decreases when further increasing the LP content due to the dilution effect caused by the reduced binder content. A
high amount of limestone powder incorporation slightly increases the pore volume in the
range of mesopore and macropore, while its effect on the autogenous shrinkage is not
prominent. However, the drying shrinkage of the samples is significantly increased with
the increase of LP, caused by the more free water as indicated by the mass loss of the
samples. In addition, the decomposition of gaylussite and natron also contributes to the
enlarged drying shrinkage.

∗ This chapter is partially reproduced from: Yuan, B., Yu, Q. & Brouwers, H.J.H. (2017). Autogenous
and drying shrinkage of sodium carbonate activated slag altered by limestone powder incorporation.
Construction and Building Materials, 153, 459-468.
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Chapter 6. Effect of limestone powder on the shrinkage

Introduction

The role of limestone powder (LP) in Portland cement based materials concerning
durability has been widely studied. Most researches [1−3] found that the incorporation
of LP does not significantly alter or sometimes even reduces the drying and autogenous
shrinkage, e.g. Benachour et al. [2] reported that an addition up to 35 % did not enlarge
the drying shrinkage. Bouasker et al. [4] observed that the presence of limestone filler
causes an acceleration of the chemical shrinkage since the very first hours of hydration,
but it does not significantly modify the relationship between chemical shrinkage and
hydration degree of the cementitious materials. The effect of LP on the strength development of SCAS was investigated and the potential chemical and physical effect was
also discussed in the last chapter. Jin et al. [5] investigated the shrinkage of N a2 CO3
activated slag and successfully reduced the drying shrinkage by dosing reactive M gO
powder. Nevertheless, the influence of limestone powder on the shrinkage of samples
produced by sodium carbonate activation was rarely reported.
Many factors can affect the shrinkage performance, e.g. alkali nature [6], precursors
[7], curing condition (e.g. relative humidity) [8], pore structure and reaction products.
Atis [6] found that N a2 CO3 activated slag has a similar or lower shrinkage than PC
mortar, while slag activated by waterglass generally shows a shrinkage 3−6 times higher
than that of PC mortar. Neto et al. [9] studied the drying and autogenous shrinkage
of wasteglass activated slag cement and found that the amount of silicate contained in
the activator plays an important role. Colins and Sanjayan [10] found that AAS pastes
have a much higher proportion of mesopore than OPC pastes, which may be the reason
for the higher drying shrinkage of AAS pastes. Li et al. [11] also observed a linear
relationship between the autogenous shrinkage and volumetric percentage of pores in the
range of 5−50 nm. Besides, as discussed in last chapter, we found that the conversion of
gaylussite is chemically affected by LP (chapter 5). The main reaction products of SCAS
are C−(A)−S−H gel, CaCO3 , gaylussite (N a2 Ca(CO3 )2 · 10H2 O), and hydrotalcite
(depending on the M gO content in the raw materials. When the LP content ≥ 15 wt.%,
a new phase natron is observed (chapter 5). It should be noted that both gaylussite and
natron are not stable phases and will decompose with time, which can potentially affect
the durability of the matrix.
This Chapter aims to study the effect of limestone powder on the drying and autogenous shrinkage of sodium carbonate activated slag. The reaction kinetics and strength
development of the specimens are characterized. The pore structure of the selected mixtures is characterized employing the Brunauer, Emmett and Teller (BET) method. The
autogenous shrinkage and drying shrinkage are measured up to 56 days of curing. A correlation between the autogenous shrinkage and reaction kinetics is derived. Furthermore,
the effect of pore structure modification by limestone powder on shrinkage is discussed.

6.2

Materials and experiments

6.2.1 Materials
The raw materials applied were ground granulated blast furnace slags (GGBS) (provided by ENCI, the Netherlands) and limestone powder (LP). Table 6.1 and Fig. 6.1
show the chemical compositions and particle size distributions of the GGBS and limestone
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Figure 6.1: Particle size distributions of the GGBS and limestone powder.

powder measured by an X−ray Fluorescence spectrometer and a particle size analyser
applying laser diffraction (Mastersizer 2000), respectively. The used GGBS has a basicity
coefficient (Kb, (CaO + M gO)/(SiO2 + Al2 O3 )) of 1.5. The designed activators were
prepared by dissolving sodium carbonate (powder form, analytical grade) in water and
then cooled down to room temperature (20 ± 1 o C) prior to application.

6
6.2.2 Experimental methods
The reference paste sample was sodium carbonate activated slag with the dosage
of sodium carbonate 4 % (equivalent N a2 O by mass of slag) and water to solid ratio
0.4 (solids include slag and sodium carbonate powder), while the other mixtures were
designed with different contents of limestone powder (up to 50 vol.%). The name of the
mixtures was designated as the replacement level of limestone powder, e.g. Mixture LP
10 % and Mixture LP 50 % mean that 10 % and 50 % volume of slag were replaced by
LP, respectively.
The fresh behaviour, strength development and reaction kinetics were measured
using the methods mentioned in section 2.2.2.
Shrinkage
Three paste samples per mixture were prepared for the drying shrinkage with the
dimension of 40 × 40 × 160 mm3 . A climate chamber with the controlled temperature
and relative humidity was used for the drying shrinkage measurement. Different from
previous investigations, a slightly higher relative humidity of 65 % was selected for the
experiments based on DIN 52450: 1985. A digital length comparator (± 0.001 mm) was
adopted to measure the linear dimension variation of the samples along the longitudinal
axis. The autogenous shrinkage was determined with standardized samples using corrugated polyethylene tubes ( 29 mm × 420 mm) as suggested by ASTM C 1698 − 09 and
all paste samples were stored in a climate room (20 ± 1 o C and RH 50 %).
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Table 6.1: Chemical composition of the GGBS determined by XRF.

Chemical composition

GGBS (%)

Limestone powder (%)

SiO2

30.48

0.84

CaO

40.05

53.96

Al2 O3

12.92

0.24

M gO

9.49

1.01

F e2 O3

0.57

0.32

SO3

3.48

K2 O

0.39

T iO2

1.48

Cl

0.02

L.O.I

43.01

Density (Kg/m3 )
2

BET surface area (m /g)

6

0.34

2930

2710

1.87

1.33

Nitrogen sorption
Nitrogen sorption analysis was performed using a BET specific surface area and
porosity instrument (TriStar II 3020, Micromeritics) after drying the samples at 40 o C
in an oven until the mass was constant and the surface area was calculated by the
Brunauer, Emmett and Teller (BET) method using the adsorption branch [12]. The
pore size distribution was determined with Barrett−Joyner−Hallenda method from the
adsorption branch [13].

6.3

Results and discussion

6.3.1 Flowability and strength development
Fig. 6.2 presents the spread flow of samples, incorporating different LP contents up
to 50 vol.% of GGBS. As can be seen, a linear relationship between the flowability and
limestone powder content is observed. Similar results were obtained in Portland cement
based materials containing limestone powder [14,15]. The limestone powder is coarser
than that of slag particles (see Table 6.1), thus it demands less water, which leads to
an improved workability. It has been found that the precipitation of calcium carbonate
activated slag happens fast due to the low saturation limits and high concentration of
CO3 2- provided by the activator [7], which thus negatively affects the flowability. In
this case, limestone powder was, to some extent, behaving like an inert material at the
early stage of reaction (chapter 5), which consumed less water than slag particles as the
dissolution of those particles increased the water demand, resulting in a better flowability.
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Figure 6.2: Spread flow of the mixtures versus limestone powder content.

Fig. 6.3 presents the compressive strength of the specimens. It can be clearly seen
that the incorporation of LP does not obviously weaken the compressive strength of
samples up to 30 % replacement, e.g. the reductions of mixture LP 30 % compared to
reference are 9 %, 6 % and 2 % at the curing ages of 7 d, 28 d and 91 d, respectively.
Further increasing the LP content leads to a decrease of strength development but the
reductions are relatively low, e.g. 19.7 % reduction on the compressive strength of sample
containing 50 % LP after 28 d of curing is observed compared to the reference. Similar
results were obtained in the previous research by the present authors when adding up
to 30 % limestone powder (chapter 5). Rakhimova et al. [16] found that the fineness
of LP significantly affects the strength, and the improved strength was observed for
specimens containing up to 50 % LP addition when the Blaine fineness of LP is larger
than 400 m2 /kg. Nevertheless, the LP addition in cement system decreases the strength
development, linearly proportional to the LP replacement level [27−30]. Diab et al. [17]
studied the long−term compressive strength of mixture with up to 25 % LP and found
that the negative effect of LP addition at a higher level was more pronounced than at
a lower level. Kumar et al. [18] reported a 13 % reduction on strength development of
cement materials with a dosage of 15 wt.% of cement.
6.3.2
Reaction kinetics
Slow reaction of sodium carbonate activated slag has been often reported and its
hardening process takes approximately 3−5 days because of a very long dormant period
[19]. However, by increasing the fineness of slag particles, the reaction process can be
significantly accelerated (chapter 2). As can be seen in Fig. 6.4, the reaction of the
reference sample is similar to cement hydration or other alkali activated materials which
can be generally classified into five stages [20−22]. The reaction is also relatively faster
than most of the previous researchers by showing a time to reach peak (TRRP) of 38 h.
The time to reach the reaction peak of the reference samples happens at around 1.5 days
and the onset of the main reaction starts before 24 h. It is clear that the incorporation
of limestone powder delays the time to reach the reaction peak due to the dilution effect

6

86

Chapter 6. Effect of limestone powder on the shrinkage

7 d

70

28d

91 d

Compressive strength (MPa)

60

50

40

30

20

10

0
0

10

20

30

40

50

Limestone powder contents (vol.%)

Figure 6.3: Compressive strength of the mixtures at different curing ages versus limestone
powder content.

6

(part of slag is replaced by LP). However, when the heat release is normalized by the
mass of slag, i.e. the binder precursor, the intensity and total heat release in 7 d of
the reaction increase with the increase of LP addition (Fig. 6.4(a)), meaning that the
incorporation of LP accelerates the reaction degree of slag particles.
Considering the designed system (Fig. 6.4(b)), the total heat release firstly increases
when dosing 10 vol.% of LP, and then gradually decreases when further adding LP. However, the heat release of samples containing 40 vol.% LP is still higher than that of the
references. A similar trend is also found in the compressive strength development of the
samples containing different levels of LP (Fig. 6.3). Nevertheless, the improved heat
release clearly shows that the incorporation of LP intensifies the reaction of sodium carbonate activated slag. Though the TRRP and intensity (peak height) of the reaction
decrease with the increasing LP content, the total heat release is higher than the reference sample when replacing the binder with up to 40 vol.% of LP. It clearly indicates that
the incorporation of limestone powder up to 50 % replacement accelerates the reaction
process. The similar results were also obtained in previous researches [16] (chapter 5).
Rakhimova et al. [16] studied the influence of limestone content, fineness, and composition on the properties of alkali−activated slag cement and found that the added LP
promotes the reaction of sodium carbonate activation. In cement system, Pera et al. [23]
concluded that calcium carbonate has an accelerating effect on C3 S and cement hydration, and leads to the precipitation of some calcium carbosilicate hydrate. Zajac et al.
[24] also noticed a fast and intensive reaction after incorporating 4 % of LP. As has been
discussed (chapter 5), the main reasons could be that they act as nuclei sites in the early
ages.
6.3.3 Pore structure characterization
Fig. 6.5(a) presents the nitrogen sorption−desorption isotherms for samples containing 0, 10 and 30 vol.% of limestone powder at various relative pressures (p/po ). It is
clear that all samples show a type V classification with a hysteresis loop with an inflec-
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Figure 6.4: Heat evolution of samples normalized by (a) binder mass and (b) total mass
of raw materials.

tion point at a fairly high relative pressure [25]. According to the classification suggested
by the International Union of Pure and Applied Chemistry system [26], the reaction
products contain micropores (< 2 nm), mesopores (2−50 nm) and macropores (> 50
nm). The different shapes of isotherm curves of the mixtures show the modification of
the pore structures due to the incorporation of limestone powder [8]. It can be seen that,
in the adsorption branch, the mixture with 10 vol.% LP content tends to adsorb a larger
quantity of adsorbents than the other two samples. However, the mixture LP 30 vol.%
adsorbs slightly lower adsorbents than the reference samples (without containing LP)
when the p/po ranges between 0.45 and 0.85, but adsorbs higher adsorbents within the
range of 0.85−1.0. The results show that the pore refinement is enhanced when the LP
dosage is 10 %.
It is clear that the main reaction product of alkali activated slag is C−(A)−S−H
gel, which is a porous gel with a high specific surface area. The previous researches have
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Figure 6.5: (a) Nitrogen sorption isotherm curves for mixtures with different amount of
limestone powder content and (b) BJH pore size distributions.

reported that the incorporation of limestone powder intensifies the reaction of sodium
carbonate activation and the strength development is not weakened up to 30 % replacement (chapter 5) (or 50 % LP [16]). Table 6.1 presents the BET surface area of the
selected mixtures. Depending on the mixture proportions and treatments, the BET
surface area of hydrated ordinary cement ranges between 10−100 m2 /g [25,27] and the
obtained values are within the expected range. As can be seen, sample containing 10
% of LP gives the highest specific surface area, while the reference sample and mixture
LP 30 % show similar surface areas. The reason could be related to the fact that higher
strength−giving phases such as C−(A)−S−H gel are generated when dosing 10 % of
limestone powder, while further increasing the dosage to 30 % leads to a reduction on
the total amount of reaction products, as shown by the calorimetric results (Fig. 6.4).
This is also confirmed by the present strength results (See Section 3.1). However, the
porosity in the mesopore and macropore ranges of the mixture LP 30 % increases due to
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the lower content of binder, i.e. dilution effect.
Table 6.2: BET surface areas of the selected mixtures.

Mixtures
BET surface area (m2 /g)

Reference

LP 10 %

LP 30 %

11.7

13.7

11.6

A further analysis of the nitrogen sorption isotherms was conducted via pore size distribution calculations by applying the Barrett−Joyner−Halenda (BJH) method [12] and
the adsorption branch was chosen to plot to avoid the uncertainty caused by the narrow
ink bottle−shaped pores during the desorption process [28]. The pore size distributions
of the selected mixtures are shown in Fig. 6.5(b). As can be seen, the incorporation of
the different LP contents leads to different microstructure changes of the reaction product. When the LP dosage is low (10 vol.%), the reaction of slag binder is intensified
and consequently a higher amount of strength−giving phase is produced, resulting in a
higher porosity within the range of < 15 nm as shown in Fig. 6.5(b) (gel pores). However,
further increasing the LP content to 30 % leads to the lowest porosity at a low range (<
15 nm), but the highest porosity in the range from 15 nm till the limit of this technique.
In fact, the pores existing in the C−S−H gels, the so−called gel pores, range from 0.5
nm to 10 nm [29], which is in line with the results that 10 % of LP addition intensifies
the reaction while 30 % LP reduces the total amount of the generated C−A−S−H gel.
It should be noted that the density of LP is lower than the GGBS, which consequently
refines the pore structure of the mixtures after incorporating LP and its effect is more
pronounced at a high LP replacement level. However, the gel pores (≤ 10 nm) are caused
by the reaction products of slag activation, while the refinement of pore structure is more
pronounced in larger pore size range. In this case, the effect of density differences on the
pore structure is still clear as the amount of mesopores and macropores of the mixtures
are increased after incorporating LP.
6.3.4 Autogenous shrinkage
The autogenous shrinkage and shrinkage rate of the selected pastes are depicted
in Fig. 6.6. The autogenous shrinkage is attributed to the chemical reaction induced
self−desiccation. In general, the total volume of the reaction product is smaller than
that of the starting materials, which consequently will lead to a volume reduction due to
the chemical reaction, i.e. chemical shrinkage [30]. After setting, due to the consumption
of water and no moisture exchange between the reacting system and surrounding environment, the capillary pressure induced by the water/air menisci generated in capillary
pores increases, leading to autogenous shrinkage. As can be seen, the autogenous shrinkage of the samples increases when the dosage of the limestone powder is low (≤ 30 %),
but decreases when further increasing the LP content (≥ 50 %). On the other hand, the
autogenous shrinkage of mixture LP 30 % overtakes that of the reference samples after
1 d, which is in line with the calorimetric results. The autogenous shrinkage rate is also
calculated, as presented in Fig. 6.6(b). It is clear that the shrinkage mainly happens at
the early ages (< 7 d), which is in line with the main reaction process as observed in Fig.
6.4. After the main reaction, the autogenous shrinkage rates of the measured samples
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Figure 6.6: (a) Autogenous shrinkage of the mixtures containing different amounts of
limestone powder and (b) Autogenous shrinkage rate.

reduce significantly. It should be noted that the intensity of the shrinkage rate increases
and the time to reach the peak point slightly delays with the incorporation of limestone
powder (≤ 30 %), while increasing the dosage of LP up to 50 % leads to the reductions
on both intensity and time.
Neto et al. [9] investigated the autogenous shrinkage of slag activated by waterglass
and reported a similar autogenous shrinkage as the reference sample. They found that the
autogenous shrinkage increases with the increase of SiO2 due to the intensified reaction,
and mentioned that the self−desiccation is greater than that of Portland cement paste
due to the pore size refinement. Chen and Brouwers [30] proposed the reaction models of
alkali activated slag which yielded good agreement with a number of experimental results
in literature, and they concluded that the chemical shrinkage of AAS (12−14 ml/100 g)
is remarkably higher than Portland cement based materials (6−10 ml/100 g). Ghafari et
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al. [31] also observed a strong correlation between the natural logarithm of autogenous
shrinkage and the porosity (especially the fine pores, measured by the BET method)
of ultra−high performance concrete. In the present study, the pore size distributions
(< 50 nm) of the samples remain at the same level, regardless of the slight differences
caused by the incorporation of the different amount of LP. Li et al. [11] reported that
the autogenous shrinkage of the samples is proportional to the volumetric percentage of
pores whose diameters are between 5 and 50 nm. In this case, the contribution of the
pore size differences caused by limestone powder addition induced self−desiccation to the
main autogenous shrinkage differences may not prominent, and thus the main autogenous
shrinkage differences obtained could be attributed to the initial chemical reaction (< 7
d) differences caused by the LP addition.

80

70

Heat release (J/g)

60

50

40

30

6

Trend line (solid)
20

10

Ref.

Y = 225.9

X + 8.5

LP 10 %

Y = 230.4

X + 20.2

LP 30 %

Y = 237.8

X + 30.0

LP 50 %

Y = 246.1

X + 41.8

0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Autogenous shrinkage (%)

Figure 6.7: (a) Autogenous shrinkage versus heat release normalized by total mass (≤ 7
d).

By comparing the heat releases (≤ 7 d) and autogenous shrinkages of the mixtures,
linear relationships can be observed after all samples have reached stable conditions, as
shown in Fig. 6.7. The liner relationships indicate that the main driving force of the
autogenous shrinkage is the chemical reaction released heat and the increasing rates a
(Y=aX+b, as shown in Fig. 6.7) are very similar. In this case, the intensified reaction of
mixture LP 10 % and mixture LP 30 % (Fig. 6.4(b)) could be responsible for the high
autogenous shrinkage. Moreover, a slight difference on the increasing rate a is observed
for the samples with different amounts of LP. It has been found that the pore volume of
the pore size below 50 nm increases with the increase of LP content (Fig. 6.5(b)), and
thus it is most likely that the differences on the increasing rates a could potentially be
attributed to the pore structure modification caused by the LP incorporation.
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Figure 6.8: (a) Drying shrinkage and (b) mass loss of the mixtures containing different
amounts of limestone powder.

6.3.5

Drying shrinkage

The time−dependent drying shrinkages of the mixtures containing different levels of
limestone powder are shown in Fig. 6.8(a). It is clear that the drying shrinkage of sodium
carbonate activated slag continuously increases with the reaction time and reaches about
0.8% after 2 months of testing. A similar trend was also obtained by Jin et al. [5]
who reported a drying shrinkage of 0.98 % (28 d) and 1.15 % (91 d) with a similar
recipe. Atis et al. [6] found that the mortar samples activated by sodium carbonate
(4 %) showed a lower drying shrinkage (0.08 %) after 6 months of measuring compared
to that of PC (0.10 %), while the main drying shrinkage happened before 28 d. The
incorporation of limestone powder, depending on the content, significantly affects the
drying shrinkage of the mixtures. As can be seen, with 10 % limestone powder content
mixture LP 10 % shows a similar trend and magnitude of shrinkage to the reference
sample. However, further increasing the limestone powder content in the mixtures leads
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to significant increases in the drying shrinkage, e.g. the shrinkage of mixtures LP 20
% and LP 50 % was 26.0 % and 80.6 % higher than the reference at the end of the
measurement, respectively. Nevertheless, the main drying shrinkage of the mixtures
containing higher amount of LP (≥ 20 %) happens before 40 d, which is faster than the
other samples (LP ≤ 10 %). Fig. 6.8(b) shows the mass loss (up to 33 d) of the mixtures
with the different LP contents. As can be seen, the mass loss of samples increases with
the increasing content of limestone powder, which is in line with the trend of shrinkage
results. It indicates that more free water is released from the mixtures with a higher
amount of LP content, leading to a higher shrinkage.
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Figure 6.9: Contributions of autogenous shrinkage to drying shrinkage.

Fig. 6.9 presents the contribution of autogenous shrinkage to the drying shrinkage. It should be noted that the calculated contributions should not be simply considered as the actual percentage due to the changed testing conditions. The autogenous
shrinkage is measured under a sealed environment, while samples for drying shrinkage
determination are exposed to the environment with the set relative humidity. However,
the calculated values can still give fair indications on the practical application [9]. If
comparing the autogenous shrinkage with the drying shrinkage, the contribution of the
autogenous shrinkage to the drying shrinkage increases when the LP dosage is low (≤
10 %) and then decreases when further increasing the LP content (≥ 30 %). According
to the Kelvin−Laplace equation that determines the relations between relative humidity
(RH), capillary pressure and radius of meniscus [32] at the studied RH, all pores with
radii greater than about 5 nm are emptied when an equilibrium is reached [8]. Collins
and Sanjayan [10] investigated the effect of pore size distribution on drying shrinkage of
alkali−activated slag concrete (AASC) and reported that the higher percentage of mesopores of AASC (82.0 %) may be responsible for the high drying shrinkage, compared
to that of OPC (36.4 %). In this case, the enlarged drying shrinkage can partly be attributed to the increased porosity with the increase of the LP content, especially in the
range of mesopores and marcorpores (Fig. 6.5(b)). However, considering the fact that
the pore structure differences among the mixture are relatively small, the main driving
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force could be related to other factors after adding LP, such as reaction products.

6

Nevertheless, it should be noted that the incorporation of LP in the Portland cement
mixtures does not harm the total shrinkage [1−3]. Ahmed et al. [1] found that limestone
powder (up to 25 % addition) generates a similar/or even lower drying shrinkage to
that of ordinary Portland cement (≈ 1200 µm/m after 6 months of measurement), while
Benachour et al. [2] reported that the addition can be up to 35 %. The reason for
this phenomenon could be attributed to the reduced amount of binder, i.e. C−S−H gel.
Besides, in the waterglass activation system, Gao et al. [33] also reported that generally
mixtures containing lower slag show a lower drying shrinkage. However, in the current
study, the shrinkage increases with the increase of LP addition, even though the content
of binder is reduced, showing that the presence of LP in the sodium carbonate activated
slag system shows different behaviour compared to the cement system. As shown in Fig.
6.8(b), the enlarged drying shrinkage is mainly attributed to the more evaporated water
from the samples. The source of water in this case can be originated from the unreacted
water due to the dilution effect and the decomposed water from crystalline structures,
such as gaylussite. Gaylussite is commonly found as a secondary reaction product of
sodium carbonate activated slag [19]. It is known that gaylussite is not a stable phase and
will dehydrate in dry condition following the reaction of Eq. 5.1, which releases a certain
amount of chemically bound water, which consequently can lead to the increase on mass
loss and thus drying shrinkage (Fig. 6.8(a)). Bernal et al. [19] observed that the majority
of gaylussite is converted to other phases after 28 d of curing, which is in consistence with
the fact that the major shrinkage of sodium carbonate activated slag happens before 28 d
[5,6]. Moreover, the authors have reported (chapter 5) that the incorporation of limestone
powder also chemically influences the dehydration of gaylussite and a new phase, natron
(N a2 CO3 · 10H2 O), is generated when the LP content is higher than 15 %. Natron
is a transition phase and will gradually decompose to other carbonate salts, releasing
free water, e.g. sodium carbonate heptahydrate or thermonatrite. Thermonatrite was
also found in sodium carbonate slag after 28 d or longer curing [19]. In this case, the
decomposition of gaylussite and natron will provide a certain amount of chemical water,
which could consequently increase the drying shrinkage.

N aCa(CO3 )2 · 5H2 O = CaCO3 + 2N a+ + CO3 2- + 5H2 O

(6.1)

As can be seen in Fig. 6.8, a high amount of LP in the mixtures shortens the time
to reach the stable stage, e.g. the main drying shrinkage of mixture LP 50 % happens
before 21 d, while mixture LP 20 % needs 40 d. It can be expected that a higher dosage
of LP will lead to a larger amount of natron formed in the reaction products when the
activators are kept the same. In this case, the decomposition of gaylussite and natron
are partly responsible for the increased the drying shrinkage. Besides, due to the dilution
effect caused by replacing slag with LP, less reaction products will be generated, which,
in turn, leads to a higher amount of available free water in the pore structure. As a
result, the incorporation of LP enlarges the drying shrinkage of the samples. However,
it should be noted that further investigations, e.g. quantifying the content of gaylussite
and natron, are still needed to further understand the shrinkage modification.

6.4. Conclusions
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Conclusions

In this paper, the effect of limestone powder on the autogenous and drying shrinkage
of sodium carbonate activated slag was studied. The reaction kinetics, strength development, and pore structure of the designed samples were characterized. The autogenous
shrinkage and drying shrinkage were determined. The influences of reaction kinetics,
reaction products and pore structure refinement by limestone powder on shrinkage were
investigated. Based on the obtained results, the following conclusions can be drawn:
• LP addition (≤ 10 vol.%) intensifies the reaction and increases the total amount of
gel pores (i.e. C−(A)−S−H gel), while further increasing the LP content leads to
a reduction.
• The compressive strength of the mixtures is not obviously weakened up to 30 vol.%
LP addition, while further increasing the LP content leads to a slight decrease on
the strength development.
• High amounts of LP addition (≥ 30 %) lead to an increase in the pore volume in
the mesopore and macropore range (> 15 nm).
• The autogenous shrinkage increases when the LP dosage is low (≤ 30 %) due to
the intensified reaction, and then decreases when LP content is high due to the
dilution effect resulted slow reaction.
• The release of chemically bound water from the dehydration of crystalline phases,
e.g. gaylussite and natron, and increased volumetric percentage of mesopores and
marcopores, could be responsible for the increased drying shrinkage.
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Phase modification induced drying shrinkage reduction
on Na2CO3 activated slag by incorporating Na2SO4 ∗

Abstract: This Chapter aims to study the phase modification, reaction kinetics, mechanical properties and drying shrinkage of sodium carbonate activated slag by incorporating sodium sulfate in the activator. The results show that the reaction process is
firstly controlled by CO3 2- anions, and then similar to that of sodium sulfate activation.
Besides, the relatively unstable phase gaylussite, commonly found in the sodium carbonate activation, is not observed in the reaction products upon hybrid activation, and
monosulfoaluminate rather than ettringite is identified, caused by the reduced aluminateto-sulfate ratio and increased pH value. The drying shrinkage is considerably reduced by
up to 41 % when replacing 50 wt.% sodium carbonate by sodium sulfate, most possibly
attributed to the induced phase modification. Furthermore, the relationships between the
phase modification and drying shrinkage, and the potentially involved chemical reaction
are discussed.

∗ This chapter is partially reproduced from: Yuan, B., Yu, Q. & Brouwers, H.J.H. (2017). Phase
modification induced drying shrinkage reduction on Na2 CO3 activated slag by incorporating Na2 SO4 .
Materials and Structures, 50, 220.
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Introduction

In the previous chapter, it was found that incorporating limestone powder to SCAS
system will significantly increase the drying shrinkage. Besides, it was also found that
the decomposition of the intermedia phases, gaylussite and natron, also contributes to
the enlarged drying shrinkage. Methods such as increasing sodium carbonate dosage or
applying additive M gO [1] have been applied by Jin et al. [1] and found to be positive
on reducing the drying shrinkage. For instance, they found that increasing the sodium
carbonate dosage from 4 wt.% to 6 wt.% reduced the drying shrinkage by about 53 %
after 90 d of curing. It should be noted that the main secondary reaction products
are remained to be similar to SCAS, i.e. gaylussite, calcite and hydrotalcite. Since
the presence of gaylussite will negatively affect the drying shrinkage, another method
compensating the shrinkage problem can be related to modify the reaction products.
It is clear that both slag characteristics and activators applied essentially affect
the reaction products of alkali activated slag [2,3]. When a slag with a high M gO
content is used, the secondary reaction products can be: hydrotalcite if activated by
waterglass [4]; calcite, gaylussite and hydrotalcite when activated by sodium carbonate
[5]; ettringite and monosulfoaluminate or no crystalline structures (depending on the
Al2 O3 content) if activated by sodium sulfate [6]. As a result, by proper mix design of
the activators, the reaction products can be modified. In fact, Bernal et al. [7] evaluated
the slag activated by a blended sodium carbonate and sodium silicate activator, and found
pirssonite (N a2 Ca(CO3 )2 · 2H2 O) and hydroxysodalite (N a8 Al6 Si6 O24 (OH)2 (H2 O)2 )
instead of gaylussite as the main secondary products. The present authors also found the
absence of gaylussite when the activator of sodium carbonate was mixed with a certain
amount of waterglass [8]. As the shrinkage is mainly controlled by the amorphous and
unstable phases, it is reasonable to assume that by modifying the reaction products of
the sodium carbonate activation, the shrinkage problem can be, to some extent, tackled.
To compensate the shrinkage, a preferable option would be introducing expanding
sources into the matrix [9]. Ettringite is known as an expanding source in ordinary Portland cement systems, and it has also been reported in the alkali sulfate activated slag
[10-11]. Mobasher et al. [11] evaluated the structure of an alkali sulfate activated slag
cement, and found that ettringite, C−A−S−H, and a hydrotalcite−like Mg−Al layered
double hydroxide (LDH) are the main reaction products. However, Bernal [6] also mentioned that the secondary reaction products are highly depending on the content of M gO
and Al2 O3 . A high content of M gO and/or low content of Al2 O3 favors the formation of
poorly crystalline LDHs and AFm type phases, while a reversed condition leads to the
generation of monosulfoaluminate and ettringite. It should be noted that both hydrotalcite and ettringite basically belong to the group of layered double hydroxides, while their
synthesis conditions are different [6,12]. In this case, by combining the alkaline solutions
of sodium carbonate and sodium sulfate as the activator, it is possible to enhance the
crystallinity by forming new LDHs and avoiding the formation of gaylussite, which will
reduce the shrinkage.
This chapter aims to study the effect of sodium sulfate incorporation in the sodium
carbonate activated slag system on the reaction kinetics, mechanical properties and drying shrinkage. The microstructural modification caused by the incorporated sodium sulfate is analyzed applying X−ray diffraction (XRD), Scanning electron microscope (SEM)
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and Fourier transform infrared spectroscopy (FT−IR). The relationship between phase
modification and drying shrinkage is investigated. Furthermore, the potentially involved
chemical reaction are discussed.

7.2

Materials and experiments

7.2.1 Materials
Ground granulated blast furnace slag (GGBS) (supplied by ENCI, the Netherlands)
applied in this study is the same to the slag in the chapter 6. Sodium carbonate and
sodium sulfate, both in powder form with analytical grade, are used as alkali sources
(Table 7.1). Sodium carbonate activation is designated as SC, sodium sulfate activation
SS, hybrid activators activation without limestone powder (SCS) and with limestone
powder (SCSLP) in the following sections for clear interpretations of the results. The
activators were first prepared and cooled down to room temperature (20 ± 1 o C) prior
to further application.
Table 7.1: Designed mixtures.

Items

N a2 CO3 dosage

N a2 SO4 dosage

Limestone powder

Unit

[N a2 O wt.%]

[N a2 O wt.%]

[vol.%]

SC

4

SCS

2

SS
SCSLP

2

W/S

0.4

4
2

2

50

7
7.2.2 Experiments
The strength development, reaction kinetics and microstructural analysis (i.e. XRD
(measuring time 30 s/step), FT-IR) were measured using the methods mentioned in
section 2.2.2. The drying shrinkage was determined similar to section 6.2.2. The microscopic analysis was performed using a JSM−IT100 InTouchScopeT M Scanning Electron
Microscope (SEM).

7.3

Results and discussion

7.3.1 Mechanical properties
Fig. 7.1 presents the strength development of the samples at the curing ages of 3 d, 7
d and 28 d, respectively. As can be seen, the compressive strength of all samples increase
with the increase of curing age. Sodium carbonate activation is often reported to be slow.
Nevertheless, slag characteristics (Chapter 2) have been found to be an important factor
in controlling the reaction kinetics, and a high early strength is achievable by adjusting
the fineness of slag particles. In this study, a compressive strength of 28.89 MPa after
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Figure 7.1: Compressive strength of the mixtures at different curing ages.
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3 d of curing is observed for the sodium carbonate activated slag. The sodium sulfate
activated slag shows a relatively lower strength at all ages, compared to that of sodium
carbonate activation. The result is in line with previous findings that the activation
effect of N a2 CO3 is better than N a2 SO4 with respect to mechanical properties [13].
However, the strength development of mixture SS is faster than most of the previously
published results [11,13]. Mobasher et al. [11] studied the activation effect of N a2 SO4
and reported a compressive strength of 17 MPa after 28 d of curing. Wang et al. [13]
found that the strength of sodium sulfate activation is highly depending on the slag type,
and they obtained 3 MPa, 20 MPa and 30 MPa with three slags, acid, neutral and basic
slag, respectively, after 28 d of curing. Besides, Rashad et al. [10] reported that the
slag fineness played a significant role on the strength development, while the dosage only
influenced the early age reaction. In this case, the relatively high compressive strength of
N a2 SO4 activated slag can be attributed to the fine slag particles and its high basicity
coefficient (Kb = (CaO + M gO)/(SiO2 + Al2 O3 ) = 1.50, i.e. basic slag). It should be
noted that the samples of the mixture SS broken into pieces after 28 d of curing (RH >
99 %), while the samples cured at RH 65 % only showed some slightly visible cracks. One
possible reason could be that a high humidity curing condition modifies the formation
of reaction products which increases the internal stress, i.e. a high humidity condition
accelerates the formation of ettringite. Nevertheless, this phenomenon requires further
investigation.
When the slag was activated by the hybrid activators of N a2 CO3 (2 N a2 O wt.%) and
N a2 SO4 (2 N a2 O wt.%) (Mixture SCS), the compressive strength of the specimens are
more close to the strength development of N a2 SO4 activation. The low early strength
(3 d) could be attributed to the unfinished heat release, as shown in the calorimetric
results. As the saturation limitation of CaCO3 is lower than that of C−A−S−H gel
and CaSO4 [14], the reaction will be firstly controlled by CO3 2- anions and then the
pore solution condition is similar to that sodium sulfate activation. In this case, the
precipitated environment of calcium silicate hydrates in the hybrid activators activation
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system is more close to that of sodium sulfate activation. The C−A−S−H gel is the main
reaction product of alkali activated slag, which could possibly be one of the reasons to the
phenomenon that the strength development of hybrid activators activation. Furthermore,
the influence of additive limestone powder (LP) on the strength was also studied and the
results show that the incorporation of LP slightly weakens the mechanical properties, i.e.
with 50 vol.% of slag replaced by LP the compressive strength at 28 d only declines 16.0
%. The similar results were found in previous findings in sodium carbonate activated slag
system [15]. Rakhimova et al. [15] reported that the strength development of samples
were not weakened up to 50 % replacement of slag by LP. It should be noted that, due
to the dilution effect, the delayed reaction of samples containing LP is also contributing
to the slow strength development.
7.3.2
Reaction kinetics analysis
Fig. 7.2 depicts the heat release of all mixtures with different activators and the
process generally can be classified into five stages which is in accordance with previous
researches [4,16−18]. The time to reach reaction peak (TRRP) of sodium carbonate
activation is shortened to around 50 h compared to previous reports [5], which is in line
with our previous study that the reaction can be significantly accelerated by controlling
the slag characteristics (chapter 2). As for the activation of sodium sulfate, the reaction is
slightly different from previous studies [10−11] by giving an intensive reaction peak after
8 h of casting. Mobasher et al. [11] reported very long induction periods (between 100
and 125 h, measured at 25 o C) with the dosages of 0.8, 1.7 and 5.1 (N a2 O equivalent).
While Rashad et al. [10] found that the reaction is highly depending on the slag fineness
(2500 and 5000 cm2 /g) and N a2 SO4 dosage (1 % and 3 % (N a2 O equivalent)) and
in general a dormant period of 25−70 h (tested at 40 o C) is shown. In this case, the
accelerated reaction of sodium sulfate activation in the present study can be explained
by the different slag characteristics and relatively high dosage. It is noticed that the
solubility of CaCO3 (0.0013 g/100 ml at 25 o C) is much lower than CaSO4 (0.21 g/100
ml at 25 o C) or CaSO4 ·2H2 O (0.2−0.25 g/100 ml at 25 o C) in water, while the solubility
of CaSO4 or gypsum is also higher than C−A−S−H gel at pH of 12−13 [10]. In this
case, the reaction of sodium sulfate activated slag should be faster than sodium carbonate
activation when the same amount of activators is used, which is in line with the current
result (Fig. 7.2) and previous reports when similar slags were applied [5,11].
On the other hand, the reaction of slag activated by hybrid activators, N a2 CO3
and N a2 SO4 (2+2 N a2 O wt.%), is similar to that of sodium carbonate activation but
shows a slightly slower reaction rate and lower intensity. As discussed by Bernal et
al. [5], the sodium carbonate activation is a solubility controlled reaction, i.e. CO3 2concentration in the pore solution. Because the saturation limit of CaCO3 is lower than
C−(A)−S−H gel, the precipitation of CaCO3 will happen first. In this case, the early
reaction is primarily controlled by CO3 2- and then similar to that of SO4 2- activation.
This explains that the reaction process of slag activated by the hybrid activators is similar
to that of sodium carbonate, while the strength development is similar to sodium sulfate
activation because the formation of C−(A)−S−H gel is similar to the condition of sodium
sulfate activation. Moreover, the reaction of samples activated by the hybrid activator is
≈8 hours later than sodium carbonate activation, which indicates the potential inhibiting
effect when both CO3 2- and SO4 2- anions are available. However, the hybrid activators
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Figure 7.2: (a) Heat release of the mixtures and (b) summary of heat evolutions.

activation system is so complex that further investigation is still required to reveal the
phenomenon. Furthermore, similar to a previous research (chapter 6), the reaction is
significantly delayed after replacing 50 vol.% of GGBS by limestone powder. Due to the
dilution effect, sufficient Ca2+ requires more dissolution time to be precipitated with
CO3 2- and SO4 2- , which, in turn, leads to a slower and less intensive reaction.
7.3.3 Reaction products characterization
Fig. 7.3 presents the characterized reaction products of the samples at the curing
age of 28 d. As can be seen, the main reaction products are highly depending on the
activators applied. When the slag is activated solely by sodium carbonate, the main secondary reaction products are calcite, gaylussite and hydrotalcite (when the M gO content
in the slag is high [4]), which is in line with previous findings [5,20]. Besides, hemicarboa-
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Figure 7.3: XRD results of the mixtures at 28 d.

luminate (PDF #00−036−0129), also named hemicarbonate, is also observed [20]. The
existence of this phase indicates that the system is abundant with aluminum because the
M gO content is not sufficient to consume all Al2 O3 , forming hydrotalcite [20−22]. When
switching the activator to sodium sulfate, the secondary reaction products change to ettringite. However, it should be noted that monosulfoaluminate could also be possibly
existing as identified by Mobasher et al. [11] applying XRD together with solid−state
27
Al MAS NMR spectroscopy. They found the possible existence of hydrotalcite−like
phase in the reaction products, which were not observed in the XRD pattern. Bernal
[6] reported that the reaction products of sodium sulfate activation are considerably depending on the M gO and Al2 O3 content in the raw slags. A high M gO and low Al2 O3
content lead to the formation of poorly crystalline hydrotalcite−like phase and/or AFm
type phases rather than ettringite and/or monosulfoaluminate.
On the other hand, when the slag is activated by the hybrid activators of N a2 CO3
and N a2 SO4 , hydrotalcite and monosulfoaluminate are identified as the main secondary
reaction products, while ettringite is not presented. Besides, gaylussite, commonly found
as a secondary reaction product in sodium carbonate activation, is not observed either.
In this case, it is reasonable to conclude that the hybrid activators change the chemical
reaction process, leading to the formation of different phases. The potentially involved
chemical reactions will be discussed in Section 3.5. Furthermore, 50 vol.% of slag is
replaced by limestone powder and the presence of limestone powder leads to the formation
of a new phase, natron (N a2 CO3 · 10H2 O). It is worth to note that natron is chemically
unlikely to be the initial reaction product or the residual activators. As discussed above
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Figure 7.4: SEM pictures of the mixtures at 28 d.
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(Fig. 7.2), the early age reaction process is mainly controlled by the CO3 2- anions, while
the later stage reaction is similar to SO4 2- activation. Sufficient CO3 2- anions should
be consumed prior to further reaction, e.g. precipitation of C−(A)−S−H. In this case,
natron should be converted from the decomposition of gaylussite, as discussed in the
Introduction. The same phenomenon was also found in our previous study (chapter 5)
that a high dosage of limestone powder in the sodium carbonate activated slag system
leads to the formation of natron.
Fig. 7.4 shows the SEM pictures of all samples at the curing age of 28 d. As can
be seen, the morphology of mixture SC (Table 7.1) shows a layered crystalline structure
embedded in the matrix, which is likely to be a LDH as revealed by the XRD result (Fig.
7.3), i.e. hydrotalcite and/or hemicarboaluminate. While in the case of sodium sulfate
activation (mixture SS), the morphology shows a crystalline structure of needle shape,
i.e. ettringite. It should be noted that gypsum also shows a needle shape that could be
coexisting in the system. Mobasher et al. [19] identified the traces of unreacted N a2 SO4
after 6 months of curing via 23 N a MAS NMR spectroscopy. In the case of the hybrid
activator activation (mixture SCS), hydrotalcite was also observed, which is in line with
the analysis that the ion exchanged ability of CO3 2- is higher than SO4 2- , so preferred
to be incorporated in the layered double hydroxide structures (LDHs). Layered double
hydroxide structure was also found in the mixture SCSLP after incorporating 50 vol.%
limestone powder.
Fig. 7.5 presents the FT−IR spectra of samples activated by different activators
at the curing age of 28 d. As can be seen, the vibration of free water in the reaction
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Figure 7.5: FT−IR spectra of the mixtures at 28 d.

products was observed in all samples, indicated by the broad peaks at approximate 3315
cm-1 and 1644 cm-1 . Depending on the activators applied, CO3 2- and SO4 2- anions are
also identified in the samples as shown in the spectra. The peaks centered at about 1410
cm-1 and 1493 cm-1 are assigned to be the vibrations of v3 [CO3 2- ], which can be calcium
carbonate or hydrotalcite [23−25]. A small peak at this position was also observed in
the mixture activated by pure sodium sulfate, possibly due to a slight carbonation or
originated from slags. Besides, all spectra give intensive peaks at around 950 cm-1 ,
indicating the formation of C−(A)−S−H gel. However, a slightly lower position was
observed for the mixture SC (944 cm-1 ). Puertas et al. [26], Palacios and Puertas [27] and
Puertas and Carrasco [23] found that the position in the range between 900−1000 cm-1 is
highly corresponding to the chemical composition of calcium silicate hydrate, i.e. Ca/Si
ratio. A different wavenumber indicates a different chemical proportion (Si/Ca ratio)
[23,26,28]. In this case, the low position indicates that the formation of C−(A)−S−H gel
is mainly controlled by SO4 2- anions as the gel structure is more similar to that of samples
activated by sodium sulfate. This phenomenon is in consistence with the analysis above.
Nevertheless, the utilization of using FT−IR to check the microstructure, i.e. chemical
composition of calcium silicate hydrate still requires deeper investigation and is open for
discussion.
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Drying shrinkage analysis
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Figure 7.6: Drying shrinkage of the mixtures.
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Fig. 7.6 presents the drying shrinkage of the mixtures activated with different activators. Similar to previous finding [1], sodium carbonate activation presents a drying
shrinkage of 0.75 % after about 43 d of curing. However, the shrinkage of sodium sulfate
activated slag is much lower, giving 0.37 %, which is around 50 % lower than that of
sodium carbonate activation. Up till now, only a few available investigations [6,10−11,29]
reported the sodium sulfate activation, and the shrinkage was rarely investigated. However, the main secondary reaction products are ettringite and monosulfoaluminate that
are stable phases, and monosulfoaluminate is also known as expanding sources in ordinary cement systems. While in the case of sodium carbonate activation, gaylussite is
not stable and will gradually decompose, releasing free water. As a result, the drying
shrinkage of the sodium sulfate activation is lower compared to that of sodium carbonate
activated slag.
When the slag is activated by the hybrid activators, the drying shrinkage (0.44 %)
is slightly higher than that of sodium sulfate activation probably attributed to the absence of the expanding source ettringite, but much lower than that of sodium carbonate
activation. As can be seen in Fig. 7.3, the main secondary reaction products are calcite,
monosulfoaluminate and hydrotalcite, which are all relatively stable phases under ambient conditions, while the unstable phase gaylussite (Eq. 1), commonly found in only
sodium carbonate activation and will completely converted to other reaction products
at ambient condition [5], is not presented. In this case, the improved drying shrinkage
could be attributed to the phase modification. Furthermore, after replacing 50 vol.% slag
by limestone powder in the hybrid activation system, the drying shrinkage is considerably increased to 1.21 %, which is about 2.8 times higher than that of samples without
limestone powder. In our previous study (chapter 6), the present authors found that the
amount of mesopores and macropores increases with the increase of limestone powder,
while that of gel pores decreases due to the reduced amount of C−(A)−S−H gel (LP >
30 vol.%). Due to the dilution effect, more free water is available in the pores and will be
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dried out (≥ 5 nm) according to the Kelvin−Laplace equation [30], which consequently
enlarges the drying shrinkage. It should be noted that in waterglass activated slag−fly
ash blenders system, Gao et al. [31] found that the drying shrinkage of samples decreased
with the decrease of slag content. In this case, the decomposition process of gaylussite
and natron releasing free water from the structures to the pores can also contributed
to the enlarged drying shrinkage. However, to what extent the contributions are still
requires further investigation.

7.3.5

Phase modification analysis

Up till now, attempts on the hybrid activators were rarely explored [7−8,32]. From
the chemical point of view, as shown by the XRD results, the main reaction products
of slag activated by hybrid activators are slightly different from the activation by a sole
activator. The existence of hemicarboaluminate in the sodium carbonate confirms the
excess of Al3+ ions in the system. Besides, hydrotalcite instead of ettringite is observed
in the hybrid activation system (Fig. 7.3). Hydrotalcite−like structure is a typical
layered double hydroxides (LDHs) and widely synthesized in the laboratory using a wide
variety of methods [12]. Considering the coexistence of SO4 2- and CO3 2- anions, the
formation of LDHs at the current condition is very similar as the one prepared using the
ion−exchange method. He et al. [12] reviewed the preparation of LDHs and reported
that the exchange ability of anions increases with the increasing charge and decreasing
ionic radius, i.e. CO3 2- > SO4 2- . Besides, Bontchev et al. [33] also found that the order
of ion exchange preference was not affected by the co−intercalation of a second anion.
As a result, in the hybrid activators system, CO3 2- anions are preferred to be firstly
incorporated in the structure LDHs generating hydrotalcite, while the remaining Al3+
will react with SO4 2- , forming monosulfoaluminate instead of hemicarboaluminate.
It should be noted that monosulfoaluminate (Ca4 Al2 (SO4 )(OH)12 ·6H2 O) instead of
ettringite (Ca6 Al2 (SO4 )3 (OH)12 · 26H2 O) was observed in the samples activated by the
hybrid activators. One possible reason could be related to the reduced amount SO4 2- anions provided by the activators. Clark and Brown [34] found that aluminate−to−sulfate
ratio dominates the reaction and ettringite was the only crystalline phase ultimately
formed at a molar ratio of 1:3, regardless of the pH and temperature. However, at
a high aluminate−to−sulfate ratio (1:1), sodium−substituted monosulfoaluminate, also
named U−phase, became the dominant phase after increasing the NaOH concentration
[35]. Gabrisovd et al. [36] also found that increasing the pH value from 11.6 to 12.5
changed the reaction products from ettringite to monosulfoaluminate. Rashad et al. [10]
monitored the pH value of the pastes made with slag activated by 1 % and 3 % N a2 O
equivalent of N a2 SO4 and found that the pH value is fluctuated at around 12.5, which is
considerably lower than that of other activators. In our previous study, the pH of sodium
carbonate activated slag was checked by immersing pH sensor into the fresh paste which
quickly increased up to around 13.5 after 2 hour of mixing. In this case, the preference
of forming monosulfoaluminate could also probably due to the increased pH value. Nevertheless, the hybrid activators activation is so complex that needs further investigation
to reveal/optimize its benefits with respect to durability related modifications.
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7.4

Conclusions

The effect of sodium sulfate on the phase modification, mechanical properties and
drying shrinkage of sodium carbonate activated slag is studied in the present paper.
The microstructure changes and chemical reaction process are discussed. Based on the
obtained results, the following conclusions can be drawn:
• The reaction of slag activated by hybrid activators is firstly controlled by CO3 2anions, and then is similar to that of sodium sulfate activation.
• The main secondary reaction products of hybrid activators activation are calcite,
hydrotalcite and monosulfoaluminate.
• Hydrotalcite instead of hydrotalcite−SO4 2- is preferred to be formed in the hybrid
activation system because of the higher ion exchange ability of CO3 2- compared to
SO4 2- .
• Monosulfoaluminate is preferred to be precipitated rather than ettringite in the hybrid activators activation system, attributed to the increased aluminate−to−sulfate
ratio and pH value compared to pure sodium sulfate activation.
• The drying shrinkage of slag activated by hybrid activator is about 41 % lower than
that of plain carbonate activation mostly attributed to the phase modification, i.e.
the main secondary reaction products are changed from calcite, gaylussite and
hydrotacite to calcite, monosulfoaluminate and hydrotalcite. However, quantifying
the contributions still need further investigation.
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8

Reaction models of slag activated by Na2CO3, Na2SO4
and their hybrid alkaline solution, following the approach
by Chen and Brouwers

List of symbols
Oxides
A Al2 O3
S
SiO2
C CaO
F F e2 O3
M M gO
s
SO3
c
CO2
H H2 O

Greeks
ρ Density (g/cm3 )
ω Molar volume (cm3 /mole)
Ψ Chemical shrinkage

Subscripts
Calcium silicate hydrates
Hydrogarnet
hydrotalcite
Hydrotalcite−SO42−
Hemicarboaluminates
Ettringite
Calcite
Sodium sulfate
Calcium sulfate
Sodium carbonate

Ca Ab SHc
C6 AF S2 H 18
M5 AcH 19
M5 AsH 19
C4 Ac0.5 H 12
C6 As3 H 32
Cc
Ns
Cs
Nc
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Introduction

The present results as well as literatures show that the shrinkage of alkali activated
materials (AAS) is higher than that of ordinary Portland cement (OPC) [1,2], and the
shrinkage also varies depending on the utilized activators [2,3]. Many researches focused on the parameters studies, e.g. the porosity [4], activators [2,3] and structure of
C−A−S−H gel [1]. Collins and Sanjayan [4] found that high percentage of mesopores
of AAS (up to 82.0 %), compared to that of OPC (36.4 %), could be responsible for the
high drying shrinkage. A recent study by Ye and Radlinska [1] reported that the large
shrinkage may be attributed to the weakened stacking regularity of C−A−S−H layers
caused by the structural incorporation of alkali cations. It should be noted that the reaction products are varied with different activators applied. Atis et al. [3] found that the
drying shrinkage of slag mortar activated by liquid sodium silicate and sodium hydroxide
is up to 6 and 3 times higher than that of OPC, while sodium carbonate activation shows
a lower or comparable shrinkage to PC mortar. Their study indicates the secondary reaction products can potentially play a role on the shrinkage as the main reaction product
of AAS is C−A−S−H gel. Myers et al. [5] simulated the hydration of alkali activated
slag cements using thermodynamic modelling, and reported the solid phase assemblages
for alkali activated slag. Chen and Brouwers [6] modelled the hydration of alkali activated slag using KOH as the activator, and the physical properties of the products were
investigated in terms of water retention, chemical shrinkage and porosity. However, the
effect of secondary reaction products on the material property has been rarely discussed
[3,5,6].
Utilization of near neutral salts, such as sodium carbonate and sodium sulfate, has
gradually become the research hotspot [7−9]. Significant shrinkage differences and reaction products between the samples made from sodium carbonate and sodium sulfate
activation are observed in the present study (chapters 6 and 7). Following the study of
Chen and Brouwers [6], in present study, reaction models are proposed for slags activated
by different activators, i.e. sodium carbonate, sodium sulfate and hybrid activator. The
research will focus on the influence of reaction products, especially the secondary products, on the physicochemical properties of AAS, including water retention and chemical
shrinkage.

8
8.2

Hydration products

It is known that the main reaction product of alkali activated slag is C−(A)−S−H
gel [10,11], while the secondary reaction products are highly depending on the activators
used [12−14]. For instance, calcite is commonly found in sodium carbonate activated slag
[8], while ettringite is often observed in sodium sulfate activated slag [15]. In this case,
the commonly found products in alkali activated slag are discussed, such as C−A−S−H
gel and hydrotalcite like phases, with the extra attention on particular secondary reaction
products resulted by different activators.
The chemical composition of calcium silicate hydrates is complex, and it is widely
reported that in the alkali activated slag system Al will substitute Si in the C−S−H gel
forming C−A−S−H gel. Pardal et al. [16] found that Al/Si ratio in C−A−S−H gel
increases exponentially with the decrease of Ca/(Si+Al) ratio in the solution from 0.95
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to 0.66. In the sodium carbonate activation system, the Ca2+ ions concentration at the
early age will be restricted to a very low level due to the low saturation limit of CaCO3 .
Meanwhile, during this period, sufficient amount of Al and Si will be dissolved from the
raw slag. Consequently, a relatively low Ca/(Si+Al) ratio in the pore solution before
the precipitation of C−A−S−H gel can be expected. As a result, a high degree of Al
substitution for Si in C−S−H gel can be predicted as well. Ke et al. [8] characterized the
reaction products of sodium carbonate activated slag, and reported that Al/Si ratio can
be up to 0.33 (not the Al/Si ration in C−A−S−H gel), depending on the M gO content in
the raw slag. Similar conditions could also be applied to sodium sulfate activated slag [17].
It has been reported that Al/Si ratio in calcium silicate hydrates can be as high as 0.1
[6,18,19], and thus this ratio is used in the calculation of the model. Furthermore, alkalis
can also be absorbed by the C−A−S−H gel and the amount is significantly depending on
the synthetic conditions [20,21]. Assuming the charge difference caused by substituting
Si4+ with Al3+ in C−A−S−H gel is balanced by the alkalis (N a+ or K + ), the Al/N a
ratio of 1.0 is considered in the model.
The Ca/Si ratio is complex and highly depending on the synthetic conditions [16].
As discussed above, the Ca/(Si+Al) ratio in the pore solution will be relatively low
when the precipitation of C−A−S−H gel happens. Xu et al. [22] characterized the aged
concrete made from sodium carbonate activated slag, and found that the Ca/Si ratio
is lower than that of OPC clinker. Ke et al. [8] measured the chemical compositions of
the matrix of sodium carbonate activated slag, and reported Ca/Si ratios of 1.05−1.22
which were highly depending on the M gO content in the anhydrous slag. Shi et al. [23]
found that the C−(N−)A−S−H gel in the hardened alkali activated slag is poor in Ca
with a Ca/Si ratio of ≈ 1.0. In the simulation result of Myers et al. [5], the Ca/Si ratio
of alkali activated slag is also found to be about 1.0. Due to the limited research on the
Ca/Si ratio of slag activated by sodium carbonate, sodium sulfate and their combination,
the Ca/Si ratio in the current study for all models is specified as 1.0.
The water retention in C−S−H was discussed by Brouwers [24], which proposed
two models, namely constant gel water and variable gel water. As discussed by Chen
and Brouwers [6], the model calculated with the constant gel water at saturated state
(Eq. 8.1) was more close to alkali activated slag system and thus it is also applied in the
following models.
H2 O/Si = Ca/Si + 1.5

(8.1)

Besides, hydrotalcite−like structure is also often reported in the alkali activated slags
with a relatively high M gO content, while its chemical composition, such as M g/Al ratio
and water absorption, are varied. As discussed by Chen and Brouwers [6], the chemical
proportions of the hydrotalcite−like phases at saturation state in the current study is
specified as 5M gO·Al2 O3 ·X·19H2 O (X = CO2 or SO3 ). It should be noted that CO3 2is more preferred to be incorporated into the structure of hydrotalcite−like phases than
that of SO4 2- due to the exchange ability of anions [25]. As a result, in the hybrid
activators activation, hydrotalcite instead of hydrotalcite−SO4 2- will be generated if
sufficient CO3 2- anions is provided. The iron (Fe) containing phase in alkali activated
slag system was not intensively found in literatures, however, a F e−rich hydrogarnet
(6CaO·Al2 O3 ·F e2 O3 ·2SO3 ·18H2 O, at saturate state) could be the explanation of the
consumption of iron ions as discussed by Chen and Brouwers [6].
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8.2.1 Sodium carbonate activated slag
The secondary reaction products of sodium carbonate activated slag (SCAS) are
known as calcite, gaylussite, hydrotalcite (depending on the M gO content). Similar
results were also obtained by Myers et al. [26] who simulated the phase diagrams of
alkali activated slag binder using (metastable) thermodynamic equilibrium, and reported
that the dominant phases are calcium (alkali) aluminosilicate hydrate (C-(N-)A-S-H) gels
and Mg-Al layered double hydroxides. They also mentioned that Strätlingite could also
exist in Al-rich compositions (Al2 O3 /(CaO + Al2 O3 + M gO) >≈ 0.2). However, at the
current condition, the used the slag (chapter 7) has a Al2 O3 /(CaO + Al2 O3 + M gO)
value of 0.12, thus Strätlingite is not considered in the current simulation. Besides, other
polymorphous of calcium carbonate, i.e. aragonite and vaterite, are also reported [14].
Moreover, depending on the Al content in the raw slag, hemicarbonates is also found in
the reaction products (chapter 7).
Table 8.1: Physical properties of reaction products in sodium carbonate activated slag.

Reaction products

Chemical formula

Units

M

ρ

ω

g/mole

g/cm3

cm3 /mole

Calcium silicate hydrates

Ca Ab SHc

170.89

2.26

75.76

Hydrogarnet

C6 AF S2 H 18

1042.40

2.24

465.18

hydrotalcite

M5 AcH 19

645.50

1.80

358.61

Calcite

Cc

100.09

2.71

36.92

Hemicarboaluminates

C4 Ac0.5 H 12

564.53

1.98

284.54

Calcium sulfate

Cs

172.17

Sodium carbonate

Nc

286.14

Sodium sulfate

Ns

322.19

8
N aCa(CO3 )2 · 5H2 O = CaCO3 + 2N a+ + CO3 2- + 5H2 O

(8.2)

Gaylussite is commonly found in the sodium carbonate activates slag system. However, it is an unstable phase and will decompose and completely convert to other reaction
products following the reaction of Eq. 8.2 [14]. Meanwhile, the leached CO3 2- anion will
react with Ca2+ , M g 2+ and/or Al3+ ions dissolved from the slag, forming secondary
products, such as CaCO3 and hydrotalcite−like structures. If the ions (Ca2+ , Al3+
and/or M g 2+ ) were not sufficient, the CO3 2- anion will remain as free anions in the solution, i.e. N a2 CO3 in the pore solution. It should be noted that the slag also contains
a slight amount of sulphur, which will lead to the formation of CaSO4 and/or N a2 SO4 .
Furthermore, different polymorphous of calcium carbonate are found in the SCAS system, i.e. aragonite, vaterite and calcite. The calcite is the most stable phase of calcium
carbonate and the other metastable phases will gradually convert to calcite. To simplify
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the model, only the final state of SCAS will be discussed. In this case, only the final
products are considered, while the intermediate phases, i.e. gaylussite, aragonite and
vaterite, will not be taken into account, as shown in Table 8.1.
8.2.2 Sodium sulfate activated slag
The main secondary reaction products of sodium sulfate activated slag (SSAS) can
be varied. As discussed by Bernal [28], the secondary products can be ettringite, monosulfoaluminate and/or hydrotalcite−like phase, depending on the Al and Mg content
[17,28]. In the present study [11], only ettringite is observed, attributed to the relatively
high content of Al in the raw slag. Bernal [28] characterized the SSAS samples made
with different contents of M gO and found the formation of hydrotalcite−like phase with
the help of solid state 28 Al MAS NMR, which was not able to be detected by XRD. That
study explains the consumption of Mg, and, as a result, hydrotalcite−SO4 2- (SO4 2- anion will take the position of CO3 2- anion) should exist in SSAS samples if the applied
slag contained relatively high M gO. Mobasher et al. [15] evaluated the structure of
N a2 SO4 activated slag and reported an M g/Al ratio of ≈ 2. However, this result was
based on the characterization of the overall reaction products of the matrix, and thus it
is reasonable to conclude the M g/Al ratio in the hydrotalcite−like phase will be higher.
In this case, the same proportions of hydrotalcite−SO4 2- to hydrotalcite in SCAS were
used, i.e. M g/Al ratio and water content in the saturated state.
On the other hand, it should be noted that the N a2 SO4 activation is different from
SCAS due to the solubility difference between CaCO3 and CaSO4 . It was widely reported
the early age reaction of SCAS is mainly controlled by the CO3 2- anion concentration
in the pore solution. Because the solubility of CaSO4 or CaSO4 · 2H2 O is higher than
C−A−S−H gel, consequently, the initial precipitation of C−A−S−H gel does not require
the full consumption of SO4 2- anions. In this case, CaSO4 and N a2 SO4 could also
appear as the secondary reaction product when activated by N a2 SO4 . It should be
noted that the capacity of adsorption of SO4 2- ions on C−S−H is high, and a higher
pH and temperature favour adsorption [27]. However, the adsorption of SO4 2- ions on
C−S−H is reversible and released in the more or less long term into the pore solution of
the concrete to form, e.g. ettringite. In this case, the likely sorption of SO4 2- ions onto
C-S-H is not considered in the model. Table 8.2 briefly summarizes the parameters of
the reaction products of SSAS which will be considered in the following model.
8.2.3 Hybrid activator activated slag
When applying the hybrid activator of N a2 SO4 and N a2 CO3 , the secondary reaction products are more complex and it is difficult to determine their chemical compositions due to the limited available data. The experimental results (chapter 7) show
that the main secondary reaction products observed are calcite, hydrotalcite and monosulfoaluminate. Hydrotalcite is generated because CO3 2- anion is more preferred to
be incorporated into the hydrotalcite−like structure than SO4 2- anions. Furthermore,
CaSO4 and N a2 SO4 could also potentially exist. It should be noted that the reaction
products were characterized at the curing ages of 28 d. Feng et al. [29] discussed the
factors affecting the stability of AFt and AFm at 25 o C, and reported that the presence
of alkalis modified the ionic strength consequently the activities of each aqueous solution
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Table 8.2: Physical properties of reaction products in sodium sulfate activated slag.

Reaction products

Chemical formula

Units

M

ρ

ω

g/mole

g/cm3

cm3 /mole

Calcium silicate hydrates

Ca Ab SHc

170.89

2.26

75.76

Hydrogarnet

C6 AF S2 H 18

1042.40

2.24

465.18

Ettringite

C6 As3 H 32

1255.26

1.78

707.04

Hydrotalcite−SO4 2-

M5 AsH 19

681.55

1.80∗

378.64

Calcium sulfate

Cs

172.17

Sodium sulfate

Ns

322.19

∗The density of hydrotaclite−SO4 2- is rarely reported. Considering the increasing molar
mass and lattice parameters c0 change (volume increases due to the interlayer distance
changed from planar (CO3 2- ) to tetrahedral (SO4 2- )) after incorporating SO4 2- into its
structure, the density is assumed to be unchanged, compared to that of hydrotalcite.

component. As a result, increasing the alkali concentrations leads AFm toward lower
calcium and higher sulfate concentrations. Besides, as mentioned above [27], the likely
sorption of SO4 2- anions onto C−S−H is high, which will also decrease the SO4 2- concentration. However, the absorbed SO4 2- will be released later and thus it is possible
that ettringite can also be formed at the later age. In this case, ettringite as a potential
reaction production is also considered in the proposed model, while further experimental
work is still needed. Table 8.3 shows the parameters of the reaction products of hybrid
activators activation.

8.3

8

Reaction models

8.3.1 Sodium carbonate activated slag
Ground granulated blast−furnace slag is a hydraulic material, and generally contains
over 95 % glass phase (the reactive part) and a small amount of crystals (unreactive part).
The slag used in the current study was characterized using quantitative XRD method
(Canada lab), and result shows that the amorphous part is over 99 %. In this case, the
slag used at current study is considered as a fully reactive material. Moreover, a few
assumptions should be made in order to process a reasonable calculation:
• A slag grain is a homogeneous mixture of all oxides and the oxides will proportionally and gradually be dissolved from the raw slag.
• The curing time is long enough and the intermediate/metastable phases, such as
gaylussite, aragonite and vaterite, are completely converted to stable products.
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Table 8.3: Physical properties of reaction products in hybrid activator activated slag.

Reaction products

Chemical formula

Units

M

ρ

ω

g/mole

g/cm3

cm3 /mole

Calcium silicate hydrates

Ca Ab SHc

170.89

2.26

75.76

Hydrogarnet

C6 AF S2 H 18

1042.40

2.24

465.18

Hydrotalcite

M5 AcH 19

645.50

1.80

358.61

Calcite

Cc

100.09

2.71

36.92

Ettringite

C6 As3 H 32

1255.26

1.78

707.04

Monosulfoaluminate

C4 AsHH 14

658.62

2.00

328.86

Calcium sulfate

Cs

172.17

Sodium sulfate

Ns

322.19

Similar to Chen and Brouwers [6], with the assumption above, the following equations can be established by balancing the starting materials and reaction products.
nCa Ab SHc + 2 · nHG

= yS

(8.3)

a · nCa Ab SHc + 6 · nHG + nCc + 4 · nHc

= yC

(8.4)

b · nCa Ab SHc + nHG + nHT + nHc

= yA

(8.5)

5 · nHT

= yM

(8.6)

nHT + nCc + 0.5 · nHc + nN c + nN s + nCs

=

yC + ys

(8.7)

nHG

=

yF

(8.8)

in which nCa Ab SHc , nHG , nHT , nCc , nHc , nN s , nCs , and nN c are the moles (per
gram slag) of the reaction products C−A−S−H gel, hydrogarnet, hydrotalcite, calcite,
hemicarbonate, sodium sulfate, calcium sulfate and sodium carbonate, respectively; ys ,
yC , yA , yM , yC + ys and yF are the moles of the oxides contained in the slag and activator
(N a2 CO3 ), and the moles were calculated from the mass percentage and molar mass of
each oxide. From the equations above, the content of C−A−S−H gel, hydrotalcite and
hydrogarnet can be calculated,
nHT

=

yM /5

nHG

=

yF

(8.10)

(8.9)

nCa Ab SHc

=

yS − 2 · yF

(8.11)

Afterwards, it should be noted that there are 3 knowns (yC , yA and yC + ys ) and
6 unknowns (a, b, nCc , nHc , nN s , nCs , and nN c ). In this case, the value of a and b are

8

122

Chapter 8. Reaction models

specified as 1.0 and 0.10, respectively. By solving the Eqs. 8.4−5,7, the mole of the rest
reaction products can be derived.
nHc

=

yA (b · nCa Ab SHc + nHG + nHT )

(8.12)

nCc

=

yC (a · nCa Ab SHc + 6 · nHG + 4 · nHc )

(8.13)

nN c + nN s

=

yC − (nHT + nCc + 0.5 · nHc )

(8.14)

The existence of sodium carbonate (side product of the decomposition of gaylussite)
is highly depending on the amount of Ca2+ . In case of sufficient Ca2+ ions, CO3 2- will
be completely consumed, and the extra Ca2+ will react with SO4 2- dissolved from slag
forming CaSO4 . The solubility of CaSO4 in water is relatively high (0.21 g/100 ml at 20
C), and thus if sufficient free water is provided CaSO4 will stay as ions in the solution.
The same role applies to that of sodium carbonate.
8.3.2 Sodium sulfate activated slag
The potential reaction products of SSAS are discussed already, i.e. ettriginite (AFt),
monosulfoaluminate (AFm), hydrotalcite−like structure, and depending on the synthetic
conditions CaSO4 and/or N a2 SO4 can also be existed. By pre−calculation, it can be
predicted that with the dosage of 4 wt.% the system is abound with SO4 2- and Ca2+
ions, which is indicated by the formation of CaSO4 and/or N a2 SO4 . In this case, the
formation of AFm phase is not considered in the model. A few assumptions should be
made in order to process a reasonable calculation:
• A slag grain is a homogeneous mixture of all oxides and the oxides will proportionally and gradually be dissolved from the raw slag.
• The curing time is long enough and the AFm phase is completed converted to AFt
phase.
By comparing the mole of each element for starting materials and reaction products,
the following equations can be established.

8

nCa Ab SHc + 2 · nHG

= yS

(8.15)

a · nCa Ab SHc + 6 · nHG + 6 · nEt + nCs

= yC

(8.16)

b · nCa Ab SHc + nHG + nEt + nHT s

= yA

(8.17)

5 · nHT s

= yM

(8.18)

3 · nEt + nCs + nN s

= ys

(8.19)

nHG

= yF

(8.20)

in which nHTs, nEt , nCs and nN s are the moles (per gram slag) of the reaction
products hydrotalcite−SO4 2- , ettringite, calcium sulfate and sodium sulfate, respectively;
ys , yC , yA , yM , ys and yF are the moles of the oxides contained in the slag and activator
(N a2 SO4 ), and the moles were calculated from the mass percentage and molar mass of
each oxide. From the equations above, the content of C−A−S−H gel, hydrotalcite−SO4 2and hydrogarnet can be easily calculated, i.e.
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nHT

= yM /5

(8.21)

nHG

= yF

(8.22)

= yS − 2 · yF

(8.23)

nCa Ab SHc

Afterwards, it should be noted that there are 3 knowns (yC , yA and ys ) and 5
unknowns (a, b, nEt , nCs and nN s ). Similar to SCAS, the value of a and b are specified
as 1.0 and 0.10, respectively. By solving the Eqs. 8.16−17,19, the mole of the rest
reaction products can be derived.
= yA (b · nCa Ab SHc + nHG + nHT s)

(8.24)

nCs (if existed)

= yC − (a · nCa Ab SHc + 6 · nHG + 6 · nEt )

(8.25)

nN s (if existed)

= ys (3 · nEt + nCs (if existed))

(8.26)

nEt

8.3.3 Hybrid activator activated slag
Since the available data about the hybrid activators activation is limited, a few
assumptions should be made in order to process a reasonable calculation:
• A slag grain is a homogeneous mixture of all oxides and the oxides will proportionally and gradually be dissolved from the raw slag.
• The curing ages is long enough and the ions, such as Ca2+ and SO42− in the pore
solution are maximally consumed forming monosulfoaluminate and/or ettringite.

nCa Ab SHc + 2 · nHG

=

yS

(8.27)

a · nCa Ab SHc + 6 · nHG + 6 · nEt + 4 · nM s + nCs + nCc

=

yC

(8.28)

b · nCa Ab SHc + nHG + nHT + nEt + nM s

=

yA

(8.29)

5 · nHT

=

yM

(8.30)

3 · nEt + nM s + nCs + nN s

=

ys

(8.31)

nHG

=

yF

(8.32)

nHT + nCc

=

yC

(8.33)

in which nM s is the mole of monosulfoaluminate. Similarly, the content of C−A−S−H
gel, hydrotalcite and hydrogarnet can be easily calculated, i.e.
nHT

= yM /5

(8.34)

nHG

= yF

(8.35)

= yS − 2 · yF

(8.36)

= yC − nHT

(8.37)

nCa Ab SHc
nCc

Afterwards, there are 3 knowns (yC , yA , and ys ) and 6 unknowns (a, b, nEt , nM s ,
nCs and nN s ). The chemical proportions of the C−A−S−H gel under this condition
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are not investigated yet. Thus, similar to SCAS, the value of a and b are specified as
1.0 and 0.10, respectively. Furthermore, with the same Al content, ettringite can absorb
much more Ca2+ and SO42− than monosulfoaluminate. Though monosulfoaluminate
is observed in the reaction product, from a long term point of view, it could possibly
convert to ettringite. For a fair comparison, two extreme conditions are considered,
i.e. (1) without ettringite phase or (2) monosulfoaluminate completely transferred to
ettringite. In this case, by solving the Eqs. 8.28−29,31, the moles of the rest reaction
products can be derived.

Monosulfoaluminate completely transferred to ettringite

nEt

=

yA (b · nCa Ab SHc + nHG + nHT + nM s )

(8.38)

nCs

=

yC (a · nCa Ab SHc + 6 · nHG + 6 · nEt + nCc )

(8.39)

nN s

=

ys (3 · nEt + nCs )

(8.40)

Without ettringite phase

nM s

= yA (b · nCa Ab SHc + nHG + nHT )

(8.41)

nCs

= yC (a · nCa Ab SHc + 6 · nHG + 4 · nM s + +nCc )

(8.42)

nN s

= ys (nM s + nCs )

(8.43)

8
8.4

Prediction of the models

Table 8.4: Chemical compositions of the anhydrous slag.

Oxides

SiO2

CaO

Al2 O3

M gO

F e2 O3

SO3

K2 O

Mass percentage (%)

30.48

40.05

12.92

9.49

0.57

3.48

0.39
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Figure 8.1: The predicted molar percentages of products and solid volume percentages
of sodium carbonate activated slag.
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C-A-S-H

Na SO
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4

Ettringite
Unreacted water
Unreacted slag

1.31%

14.05%

22%

15.9%
16.9%

Volume %

Figure 8.2: The predicted molar percentages of products and solid volume percentages
of sodium sulfate activated slag.
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Figure 8.3: The predicted molar percentages (with ettringite) of products and solid
volume percentages of hybrid activator activated slag.
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Figure 8.4: The predicted molar percentages (without ettringite) of products and volume
percentages of hybrid activator activated slag.

To evaluate the proposed models, the predicted results will be discussed. The oxide
composition of the slag is listed in Table 8.4. The reaction degree of slag is difficult to
identify due to the fact that slag and main reaction product C−A−S−H gel are both
amorphous. Nevertheless, with 29 Si MAS NMR, Ke et al. [8] found that the reaction
degree of slag is highly linked to the M gO content in SCAS, and after 180 d curing,
around 50−60 % of slag (M gO content from 6.5−14.3 wt.%). Mobasher et al. [17]
also characterized the reaction degree of sodium sulfate activated slag and reported a
slag reaction degree (with M gO content of 7.6 wt.%) of 57 % after 180 d of curing. The
reaction degree of slag in hybrid activator activated system was never reported. However,
it can predict that the reaction degree of slag will be similar to that of sodium sulfate
activated system. Considering the M gO content of the slag used in current study and
for a fair comparison, the reaction degree of slag is assumed to be 0.55 for all the models.
By solving the equations, the molar percentage of each product and volume percentage
of reaction products (solids) are calculated and listed in Figs. 8(1−4).
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8.4.1 Water retention
The water retention can be calculated by the total amount of water in the hydration
products, as shown in the discussed models. Table 8.5 shows the retendered water of slag
activated by different activators applied with the proposed models. It should be noted
that the water content of the reaction products is considered at the RH of 100 %.
Table 8.5: Predicted water retention of slag activated by different activators (∗reaction
degree of slag).

Activators

8

N a2 CO3

N a2 SO4

Hybrid activator
model with ettringite

Hybrid activator
model without ettringite

Slag (0.55∗)

0.25

0.31

0.31

0.26

Slag (1.00∗)

0.46

0.56

0.56

0.47

It should be noted that due to the limited available data and complexity, the influence of the amount and difference in C−A−S−H gels caused by using different activators
was not considered. Accordingly, the amount of C−A−S−H gel, hydrogarnet and hydrotalcite are all the same in all the proposed models, and the main differences are the
other secondary reaction products, i.e. calcite, heimicarboaluminate, ettriginte, monosulfoaluminate, calcium sulfate, sodium sulfate and sodium carbonate. Furthermore, the
solubility of calcium sulfate, sodium sulfate and sodium carbonate are relatively high and
all of them will be dissolved in the solution if sufficient free water is available. In this
case, the main differences on the water retention ability in these models are caused by the
reaction products of calcite, heimicarboaluminate, ettriginte and monosulfoaluminate.
As can be seen, the water retention ability of sodium carbonate activated slag is
weaker than that of sodium sulfate activation. This is because ettriginte can absorb much
more water than that of hemicarboaluminate when having same the amount of Al3+ in
the structure. As for the hybrid activators activation, a significant difference on the water
retention ability is observed when applying the two proposed models, with or without
ettringite. The model with ettringite shows the same water retention ability (0.31 g/g
slag) to that of sodium sulfate activated samples, while the one with monosulfoaluminate
gives a slightly higher value (0.26 g/g slag) than that of sodium carbonate activated
samples (0.25 g/g slag). Compared to the retained water of typical OPC (0.44 g/g
cement) at RH 100 % [33], the current study is apparently lower, and this is because
the unfinished reaction of slag (predicted reaction degree of 0.55). If slag was completely
hydrated, the retained water of SCAS and SSAS will be about 0.46 and 0.56, respectively,
which will be higher than that of OPC.
8.4.2 Chemical shrinkage
In general, the total volume of the reaction product is smaller than that of the
starting materials, which consequently will lead to a volume reduction due to the chemical reaction, i.e. chemical shrinkage [6]. In fact, the chemical reaction also increases
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the capillary pressure due to the changes in water/air menisci, and consequently leads
to self−desiccation. However, this part of shrinkage is hard to determine and discuss.
In this case, only the volume changes between the starting materials and the reaction
products is considered as the theoretical chemical shrinkage [6]. As stated above, the
physical properties of each reaction product are summarized, regardless of the potential
differences caused by the different activators. Same as Chen and Brouwers [6], the density of C−A−S−H gel in the saturated state is calculated as a function of Ca/Si ratio of
C−A−S−H [34], while the effect of A/S ratio is not considered due to the limited data.
ρCa Ab SHc =

87.12 + 74.10a
38.42 + 33.05

(8.44)

Thus, the chemical shrinkage is defined as the volume reduction per mass of slag as:

ΨChemical

shrinkage

=

V olReacted

− V olReaction
M ass slag

raw materials

products

(8.45)

in which VolReacted raw materials is the volume of starting materials including slag
and water, while VolReaction products is the volume of the reaction products. Table 8.6
shows the chemical shrinkage of the slag activated by different activators using the same
proportions to the experiments. As can be seen, at reaction degree of 0.55 and saturated
curing condition, the chemical shrinkage of slag activated by sodium carbonate (7.41
ml/100 g slag) is about 9.67 % higher than that of sodium sulfate activation (6.70 ml/100
g slag). Moreover, it should be noted that water retention ability of N a2 SO4 activated
slag (0.31 g/g slag) is approximately 22.37 % higher than that of N a2 CO3 activation
(0.25 g/g slag). As a result, when subjecting to drying condition, the shrinkage difference
between N a2 CO3 and N a2 SO4 activation will be even larger. In this case, the predicted
result is, to some extent, in consistence with the experimental results that the shrinkage
of N a2 SO4 activated slag is much lower than that of N a2 CO3 activation.
Table 8.6: Predicted chemical shrinkage (ml/100 g slag) of slag activated by different
activators (∗reaction degree of slag).

Activators

N a2 CO3

N a2 SO4

Hybrid activator
model with ettringite

Hybrid activator
model without ettringite

Slag (0.55∗)

7.41

6.70

7.34

8.18

Slag (1.00∗)

15.43

12.17

14.32

15.85

As for the chemical shrinkage of hybrid activators activated slag, a significant difference is observed using the two different models. The one with ettringite shows a slightly
lower shrinkage (7.34 ml/100 g slag) compared to that of sodium carbonate activation.
Together with a higher water retention ability (0.31 g/g slag), it can be predicted that
the drying shrinkage of hybrid activators activated slag will be lower than that of sodium
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carbonate activation. In contrary, when applying the model without ettringite, the chemical shrinkage of hybrid activators activation is much higher (8.18 ml/100 g slag). It is
also predictable that its drying shrinkage would be higher than that of sodium carbonate
activation because of their similar water retention ability. The experimental results show
that the drying shrinkage of hybrid activators activated slag is considerably lower than
that of sodium carbonate activated slag. In this case, the model with ettringite is more
close to the experimental results (chapter 7).
Similar to the predicted results of Chen and Brouwers [6], the chemical shrinkage
of the slag activated by the studied activators is much larger than that of OPC in the
saturated state if assuming the slag is completely hydrated. It has been widely reported
that the shrinkage of alkali activated slags is much larger than that of OPC [1,2], especially for the waterglass activated slag. Atis et al. [3] reported that slag activated by
waterglass generally shows a shrinkage 3−6 times higher than that of PC mortar (0.100
%) after 6 months of curing at relative humidity of 65 % ± 5. The present study shows
that the drying shrinkage of sodium carbonated activated slag is about 0.184 % after 45
d of measurement under the similar curing condition to Atis et al. [3]. Besides, Jin et
al. [14] also reported a relatively high drying shrinkage of SCAS paste samples. In this
case, the high drying shrinkage of alkali activated slags can be partly explained by the
high potential chemical shrinkage.

8.5

Conclusions

The reaction products of the slags activated by different activators are quantified
following the approach by Chen and Brouwers [6]. The material property of the samples
are further analyzed with the predicted results. However, it should be noted that the
current calculation is based maximally amount possibility of reaction products, while, in
fact, the amount of reaction product is also highly depending on the synthetic conditions.
Besides, the structure of C−A−S−H gel of slags activated by different activators were
rarely discussed. In this case, further quantification on the reaction products are required.
Nevertheless, based on the present results, the following conclusions can be drawn:

8

• The proposed models quantify the reaction products of slag activated by different
activators, and the secondary reaction products are found to play important roles
on the water retention and chemical shrinkage.
• The water retention ability of sodium carbonate activated slag is lower than that
of sodium sulfate activation, which is mainly due to the secondary products of
heimicarbonate and ettringite.
• The chemical shrinkage of sodium carbonate activated slag is much higher than that
of sodium sulfate activation, and the reasons can be related to the relatively large
volume of the reaction products. Besides, together with a lower water retention,
the drying shrinkage of sodium carbonate activated slag is predicted to be larger,
which is in consistence with the experimental results.
• Two models are proposed for the hybrid activators activated slag. The predicted
results of the model with ettringite is more close to the experimental results that
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the drying shrinkage of hybrid activators activated slag is smaller than that of
sodium carbonate activation.

8
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Sodium carbonate activated slag as cement replacement
in autoclaved aerated concrete ∗

Abstract: This Chapter aims to study the suitability of fully replacing cement with
sodium carbonate activated slag in producing autoclaved aerated concrete (AAC). The
material properties of the product are characterized in terms of green strength development, mechanical properties, pore related properties such as porosity and thermal conductivity, shrinkage and reaction products. The produced alkali−activated slag−based
AAC (ASAAC) shows comparable material properties to the designed cement−based
reference AAC samples by giving a compressive strength of −25 % with raw density of
+18 %, thermal conductivity of +13 % with a porosity of −5 % and drying shrinkage
of +5.5 %. Besides, a relatively higher crystallinity of calcium silicate hydrates and Al
incorporation in the chain of C−S−H is observed for ASAAC products. Furthermore,
significant reductions on cost, energy consumption and CO2 emission are observed.

9

∗ This chapter is partially reproduced from: Yuan, B., Straub, C., Segers, S., Yu, Q.L. & Brouwers,
H.J.H. (2017) Sodium carbonate activated slag as cement replacement in autoclaved aerated concrete.
Ceramics International, 43, 6039−6047.
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Chapter 9. Autoclaved aerated SCAS concrete

Introduction

Autoclaved aerated concrete (AAC) has shown many advantages in terms of low
thermal conductivity, low density, low shrinkage and good fire resistance [1−6], etc.
In general, the raw materials are cement, lime, gypsum, quartz sand and metallic Al
powder (forming hydrogen gas) and the porosity of AAC is around 80 % [1,7]. To make
this product more sustainable and environmentally friendly, extensive attentions have
been paid to the replacement of raw materials with different wastes: skarn−type copper
tailings and blast furnace slag fully replacing lime [8], rice husk ash as partial replacement
for fine aggregate [9], fly ash replacing quartz [2] or acting as secondary raw material
substituting lime and sulfate [10], coal bottom ash [11] or self−ignition coal gangue
using as an aggregate [12], etc. However, attempts on fully replacing cement with alkali
activated slags (AAS) in AAC production are rarely reported.
It is noteworthy that the properties of AAC are dominated by the pores, including
type, shape, size and distributions, etc. Thus, the formation of hydrogen gas (Eq. 1)
is crucial to the material properties. In general, the pH of AAS system is higher than
that of cement materials (mainly based on Ca(OH)2 having a pH of ≈ 12.5), leading to
a faster reaction as the pH is the main driving force (Eq. 9.1). However, an accelerated
release of H 2 may not be beneficial for the porosity development. Nevertheless, because
of the generally high viscosity and fast setting of AAS, the hydrogen gas can still be
effectively entrapped in the matrix, indicating that the AAS could be suitable for the
production of AAC in fully replacing cement.
2Al + 2OH − + 6H2 O = 2[Al(OH)4 ]− + 3H2 ↑

(9.1)

As of today, only a few studies have investigated the possibilities of producing
geopolymer foam concrete [14−16] or non−autoclaved high strength cellular concrete
from alkali activated slag [17]. However, the production and properties of foam concrete
is different from AAC, though both of them are categorized cellular concrete [7]. Besides,
only waterglass modified with sodium hydroxide was used as activators in these studies.
On the other hand, sodium carbonate activation has been reported to possess good performance in terms of material properties, cost−effectiveness and sustainability [32,33].
Moreover, though the pH of the sodium carbonate solution is low (10−11) compared to
that of Ca(OH)2 (≈ 12.5), the pH of the mixture will quickly develop to ≈ 14 due to
the presence of lime following the reaction (9.2):
N a2 CO3 + Ca(OH)2 = 2N aOH + CaCO3 ↓

9

(9.2)

In this case, sodium carbonate activation is switched to sodium hydroxide activation,
while the presence of fine quartz provides extra silicate, enabling a similar effect as
waterglass modification. The utilization of cement in the AAC system is mainly for
providing sufficient green strength for the demoulding and transporting of samples for
further curing. Slow reaction of sodium carbonate activated slag has been often reported
[18,34]. However, by adding chemical additives (NaOH [35,36], waterglass [33] or calcined
layered double hydroxides [37]), blending with reactive admixtures (M gO [38] and lime
[39,40]) or changing the fineness of slags, the reaction can be significantly accelerated to
meet the requirements of the green strength development of AAC. As lime is present in
the mixture, the problem of slow reaction is overcome. In this case, sodium carbonate
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activation is preferable for the production of AAC by totally substituting the cement. In
fact, sodium carbonate was used as accelerator in producing AAC [4] and slag as quartz
replacement in the patent of Eriksson [41].
In this Chapter, sodium carbonate activated slag was investigated as an alternative
binder to cement to design autoclaved aerated concrete, with the aim to investigate and
to test the methodology and the general principle of a cement−free alkali activates AAC.
The target flowability was firstly determined by preliminary experiments and then the
selected mixture was prepared on a large scale and characterized in terms of fresh state
behaviour (green body development), hardened state properties (mechanical properties,
microstructure, porosity, shrinkage and thermal conductivity), and reaction products.
In addition, the influence of sodium carbonate dosage on the microstructure change of
ASAAC was studied. Furthermore, life cycle assessment with respect to cost, energy
consumption and CO2 emission of cement and sodium carbonate activated slag was
performed.

9.2

Materials and experiment

9.2.1

Materials

Table 9.1: Chemical compositions of the raw materials.∗ Calcite content ≈ 15 % (det.
by LOI and density). ]The L.O.I of anhydrite was measured at 650 o C. ∗∗ Portlandite
content ≈ 10 % (det. by LOI and density), Slaking lime test (EN 459-2): t60o C = 10 min
/ Tmax = 75.8 o C.

Items
N a2 O+K2 O

Quartz

Anhydrite

Cement

Portlandite∗

Lime∗∗

GGBS

0.05

0.37

1.08

0.11

0.27

0.64

1.20

0.96

0.33

0.58

9.49

M gO
Al2 O3

0.85

0.65

4.88

0.13

0.40

12.92

SiO2

98.6

1.55

15.7

0.30

0.67

30.52

53.7

3.98

0.05

0.03

3.48

SO3
CaO

0.01

38.9

66.5

70.1

95.9

40.35

F e2 O3

0.03

0.19

2.48

0.17

0.26

0.56

L.O.I.

0.26

3.08]

2.38

27.4

1.81

−0.35

True density
[kg/m3 ]

2570

2950

3120

2300

3240

2920

All materials used for preparing the samples are technical grade and, if not indicated otherwise, fulfil the recommended requirements for AAC production [1,2,7,35] or
originated from AAC material suppliers, except ground granulated blast furnace slags
(GGBS) provided by ENCI B.V, the Netherlands (Table 9.1). All experiments follow a
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Table 9.2: Mix proportions of the raw materials for AAC and ASAAC (kg/batch).

Mix proportions
CEM I 42.5 R

Ref. (AAC)

ASAAC

2.4

GGBFS

2.175

N a2 CO3

0.225

CaO

1

1

0.3

0.3

8

8

CaSO4

0.3

0.3

H2 O

7.5

8.4

Al Powder

0.01

0.01

W/P

0.625

0.7

Ca(OH)2
SiO2

sand−based reference recipe (provided by HESS AAC Systems B.V., Table 9.2). The
chemical compositions of the raw materials was measured by X−ray Fluorescence (XRF,
PANalytical Epsilon3) with pressed powder tablets and the particle size distributions
was obtained by a laser granulometer (Malvern Mastersizer 2000), as shown in Table 9.1
and Fig. 9.1. The basicity coefficient (Kb = CaO + M gO / SiO2 + Al2 O3 ) of GGBS
was 1.3. The true density of the powders was determined by using a helium pycnometer
(Micromeritics AccuPyc II 1340).

9

9.2.2 Sample preparation
For the preparation of the reference mixture (AAC), the experiments were performed
as follows: after preheating the specific water amount (dependent on the water to powder
ratio, W/P ratio) to 45 o C, it was put in the mixer (A Swinko EZR 22 R,R/L with a
4−bladed propeller mixing rod) and stirred at a slow speed. Separately, the aluminium
powder (Benda−Lutz 5−6380 from Benda−Lutz Skawina Sp. z o. o. / SunChemical)
was manually pre−dispersed in water water: A small part of the mixing water (≈ 100 ml)
was separated. The Al powder and half of the water were mixed in a closed container
by strongly shaking (with a tiny droplet of surfactant). Quartz and portlandite were
successively added and mixed for minimum 60 seconds, in order to ensure homogeneity.
The addition of lime (time = 0), cement and anhydrite (after 30 s) was performed and
then the mixing was continued for 90 s. Finally the aluminium powder suspension was
added (and the container is rinsed out with the remaining separated water to ensure that
all Al powder is utilized and the W/S ratio is correct). As for the preparation of AAAC,
a slightly different procedure was applied as shown in Fig. 9.2.
The samples were demoulded on the following day (after about 12 h) and placed
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Figure 9.1: Particle size distributions of the raw materials.

directly in the autoclave (autoclave: Maschinenbau Scholz GmbH & Co.KG / steam
generator: WIMA ED36). The autoclave was programed as follows: 20 min vacuum
(−0.8 bar), heating up to 187 o C / 11 bar within 1.5 hours, holding a plateau of 187 o C
/ 11 bar for 5 hours, cooling down to 0 bar within 1.5 hours. After this procedure, at
least 5 cm of each side of the sample were removed by band saw to obtain an undisturbed
core structure (eliminating the wall−effect).
9.2.3 Characterization
Green body
Before the mix was cast, the spread flow was tested by completely filling a cone
(diameter dcone = 7 cm, height hcone = 6 cm, volume Vcone = 244 ml) and then measuring the diameter of the resulted cake on the glass plate after the vertical removal of
the cone. After mixing, the slurry was immediately cast in insulated moulds (XPS with
parting agent, 27 l in volume, semi−calorimetric environment) and the temperature and
rising behaviour were recorded using a data logger as shown in Fig. 9.2. The stiffening
was determined by a special indenter (pointy cone, mass = 30 g) placed vertically on the
surface of the mass, which can penetrate the mass by its own weight. The penetration
depth of the cone in time is a measure of the stiffness of the mix (similar to the determination of setting time using a Vicat needle setup). When the penetration depth reaches
less than 20 mm, the measurement stops.
Hardened state analyse
The prepared material was cut in cubes (100×100×100 mm3 ) for raw density (or
apparent density) and compressive strength measurements. The polished cubes were
oven dried (60 o C, forced ventilation) until constant weight. After cooling down to 20
o
C, the raw density AAC and the compressive strength (FORM+TEST Seidner+Co.
GmbH, MEGA 110−200 D−S) were measured. The approach is comparable to the
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Alkali activated autoclaved aerated concrete sample preparation

Solution
(Alkali activator)
(Na2CO3 and H2O)

≈ 20 min

Stage Ⅰ
(Materials Ⅰ)
Quartz, Ca(OH)2

≈ 2 min

Stage Ⅱ
(Materials Ⅱ)
CaO, Slag, CaSO4

≈ 3 min

Stage Ⅲ
(Foaming agent)
Metallic Al
≈ 0.5 min

Autoclaving aerated concrete
(187 °C curing and saturated
water steam)

Green body development
(Temperature, penetration depth
and rising height)

Sampling/Casting
(Custom-built module)

Rising height

330 mm

Temperature
sensor

300 mm

Figure 9.2: Scheme of preparing alkali activated autoclaved aerated concrete (ASAAC).
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standards EN 771−4 [43] and EN 772 [44]. The thermal conductivity was measured
using an ISOMET model 2104 device (Applied Precision), by measuring multiple times
on a polished surface.
A microscopic analysis of the powders was performed using a Scanning Electron Microscope (SEM). The phase composition was measured using an X−Ray Diffractometer
(XRD, PANalytical XPert PRO MPD with CuK radiation and an XCelerator RTMS detector with back loading preparation, 20 mm sample diameter, 15 mm irradiated sample
length, 5−90o 2θ, 0.02o 2θ/step, 41.3 s/step, variable slits, 40mA, 45kV). The drying
shrinkage was determined according to RILEM AAC5.2. The samples are firstly immersed in water for 72 h for saturation and then measured the first length within 30
min after removing from the water. The drying shrinkage and mass of the samples is
measured while the samples are placed in a chamber at a temperature of 20 ± 2 o C and
humidity of 43 ± 2 % (controlled by K2 CO3 ). After reaching the constant length, all
samples are dried in an oven at 105 o C until constant masses are attained and then the
moisture contents of individual samples are determined.

9.3

Results and discussion

9.3.1 Mix design
In previous research [6], the parameters that can affect the final properties of AAC
were studied, including the water−to−solid ratio and foaming agent content. In the
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present study, water to solid ratio of 0.625 and metallic Al powder content of 0.083 %
were chosen for the preparation of normal AAC as reference samples.
First of all, the target flowability (spread flow 25 ± 3 cm [6]) should be achieved
when fully replacing cement by sodium carbonate activated slag. In general, the sodium
carbonate dosage, water−to−solid ratio, the water temperature and sequence of raw
materials addition should be considered. Different from what has been observed for
the production of ordinary concrete on the strength development, water−to−solid ratio
mainly influences the viscosity of the mixture and consequently the pore size and distribution of AAC. In this case, the main parameters studied were the other three factors.
Considering the reactivity of the raw materials and intensity of the reaction, the sequence
of preparing the mixture was determined based on preliminary experiments, as shown in
Fig. 9.2.
35

Target flowability region

30

Spread flow [cm]

25

20

15

10

5

0
Ref.

ASAAC

Designed mixtures

Figure 9.3: Flowability of prepared AAC and ASAAC.

The preparation of cement−based AAC normally uses a pre−heated water (≈ 45
C), which can benefit the hydration of free lime and cement, leading to a faster strength
development and stiffness of the green body [45]. However, the preliminary study shows
that the high temperature water may not be suitable for the preparation of ASAAC as
the reaction was too fast and uncontrollable when adding the reactive materials such as
CaO and slag, leading to a low flowability and unevenly mixed product. In this case,
tap water (20 o C) was applied in the present study.
The dosage of sodium carbonate (expressed as equivalent N a2 O wt.%) was calculated by the mass of slag. To ensure the mechanical properties of the reaction product,
dosages of sodium carbonate between 4−8 N a2 O wt.% by mass of slag were chosen and
the water to solid ratio was kept the same as the reference. However, the produced alkali
activated materials were too viscous, which leads to a poor spread flow. In fact, the
high viscosity is normally found in alkali activated materials, probably due to the fast
reaction of the slag particles in alkaline environment [46−48]. In ASAAC system, the
precipitation of calcium carbonate also negatively influences the flowability when mixing
sodium carbonate solution with portlandite because the increased pH (Eq. 2) will limit
the solubility of Ca(OH)2 . When adding slag at the stage II, the high pH will also lead
o
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to the fast reaction generating strength−giving phases, e.g. calcium silicate hydrates,
which will also reversely influence the workability, demanding more water to reach the
target flowability. As a result, a higher amount of water was required and the water to
solid ratio was finally chosen to be 0.7, based on the performed experiments. Considering
the dilution effect, a higher alkali dosage (6 %) was applied. Fig. 9.3 shows the spread
flow of samples. As can be seen, by properly changing the mixing parameters, the target
flowability was achieved. It should be noted that a higher dosage of sodium carbonate
was also studied and the target flowability and green hardening was reached. However,
the reaction of Al powder started too fast under this condition which made the mixing
process hard to control (not shown here). Thus, the designed mixture (Table 9.2) was
selected for further investigation.
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Figure 9.4: Green body development parameters of (a) AAC and (b) ASAAC, including
temperature, rising height and penetration depth.
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9.3.2 Green body development
The green body development is an important parameter that determines the material
properties of the produced product. After mixing and casting, the temperature, rising
height and penetration depth during the green body development were measured, as
depicted in Fig. 9.2. Due to the device limits, the data were only recorded when the
samples triggered the initial measuring conditions, i.e. rising height was measured when
the sample raised to around 60 mm. As can be seen in Fig. 9.4, the reference AAC
reached the maximum height (284 mm, upper limit of the device) at approximate 25 min
after mixing, while ASAAC required much less time (about 10 min) due to the high pH
environment, indicating a faster reaction (Eq. (1)). Though the rising rate of ASAAC is
much faster than that of the reference AAC, the stiffening of the green body is slower.
As a result, in turn, a sharp drop happened in the ASAAC mixture as the matrix are not
strong enough to support its own weight after the emission of H2 gas from the matrix.
On the other hand, the temperature rising process can generally be classified into
two steps (Fig. 9.4). The first step is normally the initial reaction of Al powder, while
the hydration of free lime and cement/alkali activated material is responsible for the
second step. In overall, the maximum temperature and rising rate of the green body of
ASAAC is lower than the reference AAC. The maximum temperature of ASAAC (52.3
o
C) occurred after 761 min of mixing, while the reference sample happened much earlier
at 218 min with a higher maximum temperature of 80.3 o C. According to Arrhenius
equation, under the similar condition the temperature is the main driving force of the
reaction. In this case, the initial temperature of the tap water can partly be responsible
for the reduced intensity and delayed reaction of free lime and alkali activated materials.
The penetration depth can give an indication about the stiffness and the strength
development of the green body. It is clear that the initial stiffness of ASAAC happened
slightly earlier than AAC, however, while its strength development was slower by giving a
gentle decreasing on the penetration depth. The stiffness process is also largely correlated
to the rising height results. After reaching the maximum rising height, in the meantime
H2 gas has been gradually emitted, and the green body started setting until reaching
the minimum stiffness supporting its own weight. It is clear that these three parameters,
temperature, rising height and penetration depth, are highly correlated to each other,
determining the properties of the produced products as a result.
9.3.3 Hardened state characterization
After autoclaving, cutting and polishing, the apparent density and compressive
strength of the samples were determined, as shown in Table 9.3. It is clear that the
apparent density of the ASAAC (538 kg/m3 ) is slightly higher than that of the reference
AAC (455 kg/m3 ), while the strength is lower (2.42 MPa compared to 3.27 MPa). In
general, the strength development is proportional to the porosity of autoclaved aerated
concrete [49]. However, the shape, size and distribution of pores also significantly affect
the mechanical properties of samples. Fig. 9.5 show the pore structure of both ASAAC
and reference samples. As can be seen, the pores of the produced ASAAC sample have
a preferred orientation as expressed by their elliptical shape, while the AAC mixture
shows spherical and well distributed pores. The preferred orientation of the pore can be
the consequence of the collapse happened at around 14−160 min (Fig. 9.4), leading to
a poor structure with a reduced load bearing capacity. This pore structure and its dis-
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(
b)

(
a)

Figure 9.5: Pictures of pore structure of (a) AAC and (b) ASAAC.

turbance might be as well a result of the changed bulk chemistry (the CaO/SiO2 −mass
ratio changed from 0.35 to 0.25).
Table 9.3: Apparent density and compressive strength of the mixtures.

Mixtures

Apparent density

Compressive strength

3

Unit

[kg/m ]

[MPa]

Reference

455 ± 4.4

3.27 ± 0.06

ASAAC

538 ± 4.1

2.42 ± 0.14

Table 9.4: True density, porosity and thermal conductivity of the specimens.

Mixtures

True density

Porosity

Thermal conductivity

[g/cm3 ]

[ %]

[W/(m·K)]

Reference

2.60

82.5

0.082 ± 0.001

ASAAC

2.51

78.6

0.093 ± 0.001

Unit

9
Table 9.4 presents the physical properties of the synthesized mixtures, including the
true density, porosity and thermal conductivity. A similar true density is observed for
samples prepared by alkali activation compared to the reference samples, indicating a
similar phase composition and the porosity of ASAAC is only 4.7 % lower than reference. The thermal conductivity of the alkali activated samples is slightly higher than the
reference. Schauerte and Trettin [50] reported that the thermal conductivity is mainly
controlled by the macrospores while the influence of small pores such as microspores and
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mesopores are not prominent, which is also confirmed by Yu et al. [51]. As a result, the
slightly lower porosity of ASAAC could cause the higher thermal conductivity. Nevertheless, it is notable that the thermal conductivity of all samples remains at a similar
level. Kunchariyakun et al. [9] prepared autoclaved aerated concretes incorporating rice
husk ash and reported the lowest thermal conductivity of 0.2670 W/(m·K) with the unit
weight of 671 kg/m3 . Rozycka and Pichor [52] investigated the effect of perlite waste addition on the properties of autoclaved aerated concrete and found a thermal conductivity
coefficient of 0.110−0.127 W/(m·K) when the bulk density is around 480−650 kg/m3 .
According to literatures [7,53], the typical thermal conductivity range (3 % moisture) of
samples with dry density of 450−600 kg/m3 is 0.12−0.16 W/(m·K). It should be noted
that the thermal conductivity is not only determined by the porosity related parameters,
but also can be significantly affected by the moisture content and the phase composition
[7,54−56]. However, in this case, the influence of these factors are not prominent due to
the fact that both samples were measured under the same conditions and the difference
of the values is more prominent than the value itself.
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Figure 9.6: Shrinkages of 3 AAC samples and 2 ASAAC samples as a function of moisture
content (Shrinkage is highly related to moisture content of individual samples).

Fig. 9.6 presents the drying shrinkage of samples as a function of the moisture
content. As can be seen, the drying shrinkage of ASAAC is rather similar to that of the
reference AAC by giving a slightly higher total drying shrinkage and moisture content
of the samples. However, it should be noted that the drying shrinkage of the reference
AAC is relatively high, probably due to the special raw material combination, compared
to commercial AAC products (max. 0.4 mm/m) according to EN 12602 [57]. In general,
the shrinkage is mainly affected by the content of amorphous phases (C−S−H gel) while
the effect of crystalline phases (tobermorite) is not prominent, which will be discussed
later with the microstructure analysis. Besides, the pore structure can also influence the
shrinkage. Georgiades et al. [58] concluded that the drying shrinkage is significantly
affected by the smallest pore size (20−200 Å) because of a change in disjoining pressure.
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Alkali activated materials have been reported to contain high amount of mirco−pores
which lead to a high drying shrinkage [59]. Aydn and Baradan [60] also concluded that
the incorporation of alkali cations in C−A−S−H leads to a large shrinkage. However,
they also mentioned that the shrinkage can be substantially reduced by autoclaving curing
which shows equal level to cement based sample. In this case, the slightly higher shrinkage
of ASAAC samples could be attributed to the slight microstructure differences induced
by the incorporation of the alkali activator. Nevertheless, the difference is relatively
small, indicating a similar microstructure.
9.3.4

Microstructure and phase analysis

(
a)

(
b)

(
c)

(
d)

Figure 9.7: SEM pictures of broken samples of (a) AAC and ASAAC with sodium carbonate dosages of (b) 4 %, (c) 6 % and (d) 8 %.
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Fig. 9.7 present the SEM pictures of ASAAC with different sodium carbonate
dosages (4, 6 and 8 N a2 O wt.%) and reference AAC. As can be seen, in both cases,
the main binding phase of autoclaved aerated samples are tobermorite. A good way to
observe the quality of tobermorite is to investigate the shape of the crystals in the pores,
where they could grow freely in space [3,61,62]. In general, the crystals have a platy
shape. The reference AAC sample (Fig. 9.7a) however shows tobermorite with a more
needle shaped character, so more towards the C−S−H (I) gel than the crystalline modification. This is most likely caused by a very pure and fine quartz powder, so the solubility
of SiO2 is too high [62]. However, in the case of the alkali activation, the shape of the
crystals are highly depending on the sodium carbonate dosage. Similar crystallinity is
observed for the mixture with 4 % sodium carbonate dosage (Fig. 9.7b) and more sword
like which means more close towards optimal, i.e. crystalline structure of C−S−H gel is
observed when the dosage of N a2 CO3 is 6 % (Fig. 9.7c). However, further increasing
the alkali dosage leads to a poor crystallinity (Fig. 9.7d), indicating that the optimal

9.3. Results and discussion

147

sodium carbonate dosage on the crystallinity of the reaction product is close to 6 %. As
well no changes in the matrix between the reference and the alkali activated sample could
be observed. Alexanderson [49] found that the shrinkage decreased with the increasing
crystallinity, which is defined as the percentage of l1.3 Ȧ tobermorite out of the total
amount of calcium silicate hydrates. In this case, the slightly higher drying shrinkage of
ASAAC can be mainly attributed to the weakened pore structure.
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Figure 9.8: XRD patterns of AAC and ASAAC (T − Tobermorite, C − Calcite, A −
Anhydrite, Q − Quartz).

The X−ray diffraction results are shown in Fig. 9.8. It is clear that the incorporation of 6 % sodium carbonate does not change the main reaction product, which
is tobermorite. However, a slight change on the chain of tobermorite is observed for
ASAAC samples by giving a shift from position 11.25 toward 11.38 Ȧ, indicating a
higher incorporation of Al in the chain of tobermorite [63,64]. Moreover, the intensity of
the tobermorite at 11.3 Ȧ (7.7o 2θ) and 3.085 Ȧ (28.9o 2θ) also differs due to different
preferred orientations of the different shape of the crystals. The shape indicates a more
plate like appearance, which is favourable for AAC physical properties (strength and
shrinkage), which is consistent with the SEM results (Fig. 9.7). Besides, the small shift
at ≈ 3.085 Ȧ (28.9o 2θ) could be caused by the incorporation of alkalis in the chain of
calcium silicate hydrates [63,64]. This is in coherence with the natural tobermorite and
related natural C−S−H phases, which always show some alkali and aluminium incorporation [61,65]. From this point of view a coupled substitution of (Al3+ + N a+ ) and Si4+
might be considered. Nevertheless, the reaction products of ASAAC and the reference
AAC are the same, which is also consistent with the other experimental results that the
properties are similar.

9

148
9.3.5

Chapter 9. Autoclaved aerated SCAS concrete
Cost and environmental analyses

AAC product has been used more and more in practical constructions. As analyzed
above, most of properties of the produced ASAAC product are comparable to the reference samples, indicating that the alkali activated material is suitable for the purpose of
this application. However, to attract the interests from the commercial market, not only
the material properties but also the cost related issues should be considered. Sodium carbonate and slag are used to replace cement in the investigated mixtures, while all other
ingredients and technical parameters (e.g. autoclaving/steaming process) were kept the
same. It would be reliable to compare the entire system, including the cost and environmental impact of all raw materials and involved technological process in the calculation.
However, the system is very complex that it is extremely hard to retrieve all comparable
sources for the cost, energy consumption and CO2 emission involved in the production,
treatment and transportation, etc. Besides, the database differs from country to country
and company to company, which leads the possible calculated results open for discussion.
In this case, a simplified calculation is preferred for comparison purpose, due to the fact
that the main differences between the two mixtures are cement and sodium carbonate
with slag. Moseson et al. [32] have performed a life cycle assessment on the cement
production and sodium carbonate activated slag, which is used as an input source for
the calculation in the present study.
Table 9.5: Life cycle assessment of the mixtures produced with cement and sodium carbonate activated slag

Mixtures

Cost∗

CO2 emission

Energy consumption

e

kg

kW·h

Cement (ton)

96.9

1510.2

896.7

Sodium carbonate
activated
GGBS
(ton)

78.2

36.5

77.8

Sodium carbonate
(0.094 ton)

9.3

10.4

35.1

GGBS (0.906 ton)

68.9

26.1

42.8

19.3 %

97.6 %

91.3 %

Units

Reduction

9
e an exchange rate 0.95 of $ to e was applied [32].

Table 9.5 presents the calculated results of the cost, energy consumption and CO2
emission of preparing sodium carbonate activated slag compared to the production of
cement per ton. As can be seen, the cost and energy consumption are reduced 19.3 %
and 91.3 % after replacing cement with alkali activated material, respectively. Due to
the low content of sodium carbonate, the cost is highly depending on the local price of
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GGBS. As the sodium carbonate is normally received as powder and then dissolved in
water prior to preparation, the cost and environmental impacts can be further reduced
by reducing the thermal treatment when producing sodium carbonate. Moreover, it is
remarkable to notice that a reduction of 97.6 % on the CO2 emission is achieved. It
should be noted that the calculated results only compared the production of cement and
sodium carbonate activated slag, while, the reductions will be much lower if the whole
production process of all materials is considered.
In the previous studies, comparable properties of aerated concretes using activators
of waterglass modified by sodium hydroxide were also achieved [14,16,47]. However, the
production was relatively expensive due to the higher cost of waterglass which accounts
for 80 % of the total cost. By applying sodium carbonate as the activator, the cost can be
lower than OPC based reference sample and the energy consumption and CO2 emission
is also reduced, which will render the product even more competitive. However, it should
be noted that the utilization of ground granulated blast furnace slag in producing AAC
could potentially raise challenges to the manufacture, e.g. the production process releases
H2 S which can cause corrosion to the equipment and additional ventilation is therefore
needed.

9.4

Conclusions

This study investigated the sodium carbonate activated slag to replace cement in
autoclaved aerated concrete (AAC), named alkali activated autoclaved aerated concrete
(ASAAC). The produced ASAAC product shows comparable properties or better performance to the reference samples with respect to porosity, drying shrinkage, strength
development, cost and environmental impact. Besides, from the microstructure point of
view, the crystallinity of the product is higher than the reference sample. The principle
of a cement free alkali activated AAC was successfully tested. Based on the experiments,
the following conclusions can be drawn:
• A higher incorporation of Al and alkalis (Na) in the chain of tobermorite is observed
for ASAAC sample.
• The crystallinity of ASAAC is better than in the reference AAC when the dosage
of sodium carbonate is low (≈ 6 %), while further increasing the sodium carbonate
dosage leads to a poorer crystallinity.
• The shrinkage of ASAAC is similar to the reference AAC samples, regardless of the
fact that shrinkage of the reference AAC is high probably due to the fine quartz
applied.
• The ASAAC shows very good thermal properties, indicated by the thermal conductivity of 0.093 W/(mK).
• The ASAAC possess a relatively poor strength (2.42 MPa), which can be further
improved in future and more in depth study of the system, e.g. a better controlled
pore structure or an adjustment of the bulk chemistry.
• The new ASAAC provides significant benefits with respect to cost reduction and
environmental impact.
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Chapter 10. Conclusions and recommendations

Conclusions

The main objective of this thesis is to understand the reaction of sodium carbonate
activated slag (SCAS), especially the early age reaction process, and to investigate its
potential applicability as a building material, including the durability and the effect of
supplementary materials as well. The first approach is to identify the reaction products
of sodium carbonate activated slag at different reaction stages and to study the main
influential factors controlling the reaction. The slow reaction (≥ 4d) of SCAS was widely
reported, while relative fast reaction (≤ 2d) was also found in a few studies, and the
main differences among these researches are the physicochemical properties of slag. The
reaction of SCAS is, to some extent, limited to the understanding that the slow reaction
is mainly attributed to the carbonate anion concentration in the pore solution, while the
other influential factors were rarely investigated, e.g. physicochemical properties of anhydrous slag and the effect of carbonate salts. Besides, it is known that the main reaction
products of SCAS are C−A−S−H gel, calcite, gaylussite, hydrotalcite (depending on the
M gO content in the raw slags), however, it was not clear when the precipitation of each
reaction product happens. As a result, investigating the effect of slag on the reaction
and performing a time−dependent characterization of SCAS are of importance.
A second approach is to consider the effect of supplementary materials on the material property of SCAS, i.e. their potential chemical involvement and physical modification
on microstructures. Limestone powder (LP) has been widely used in commercial cement
concrete, which has the effect of behaving as inert filler (acting as nuclei sites) and chemically involving in the hydration of C3 S and C3 A. Carbonate salts are widely found in
the reaction product of SCAS, which suggests that LP could potentially chemically involve in the reaction. Not only the strength development of SCAS after incorporating LP
are important to consider, but also the durability worth investigating, e.g. autogenous
shrinkage and drying shrinkage.
The third approach is to assess on the potential applicability of SCAS as a building
material: not only as a replacement to ordinary cement concrete, but also in other applications. Furthermore, autoclaved aerated concrete (AAC) is widely used in construction
because of its many advantages, e.g. low thermal conductivity, low density, low shrinkage
and good fire resistance. The main function of cement in the system of AAC is providing sufficient strength for the transportation of AAC before autoclaving. Considering
the technical performance, costs and environmental impacts, it is reasonable to conclude
that replacing ordinary Portland cement with SCAS in producing AAC will show many
advantages.
The following conclusions of the present study following these three approaches are
summarized in the following sections.
10.1.1 Reaction analysis
The slag characteristics on the reaction kinetics, reaction products and mechanical
properties of sodium carbonate activated slag (SCAS) are evaluated by applying slags
with different finenesses and activators with different dosages. The results show that the
slag fineness significantly influences the reaction kinetics of sodium carbonate activated
slag when increasing the slag fineness to a certain degree (436−461 m2 /kg), while the
effect of sodium carbonate dosages is not prominent. By controlling the fineness of slag,
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a 3 d−compressive strength of about 34 MPa of SCAS is achieved in the recipes with a
fine slag particle (fineness of 436 m2 /kg).
A time−dependent characterization of sodium carbonate activated slag is performed,
and reaction process and reaction products are investigated by employing isothermal
calorimetry, FTIR, XRD, TG−DTG and SEM. The results show that the results confirm
that the accumulation of gaylussite and formation of hydrotalcite play a significant role
on decreasing the CO3 2- anions, which then lead to the formation of the strength−giving
phases, i.e. C−(A)−S−H gel. The gelation of C−(A)−S−H gel starts approximately
2 d after casting, which is in consistence with the result of reaction kinetics. Besides,
different polymorphous of calcium carbonate are found in the reaction products, which
indicates that amorphous calcium carbonate (ACC) can potentially play an important
role on the reaction of SCAS.
The effect of M g 2+ −stabilized amorphous calcium carbonate on the reaction of
sodium carbonate activated slag (SCAS) is studied. The results show that M g 2+ stabilized amorphous calcium carbonate (ACC) plays a significant role on the early age
reaction of SCAS. Based on the reaction products characterization at different curing
ages, the first reaction peak of SCAS is assigned to the precipitation of gaylussite, while
the second reaction peak is attributed to the precipitation of C−A−S−H gel together
with the generation of hydrotalcite−like structures. The effect of M g 2+ stabilized ACC
is more prominent till the time to reach the first reaction peak, while the main influential
factors on the period of between the first and the second reaction peak remains unclear.
It is clear that a higher dosage of M g 2+ leads to a significant delay to the main reaction,
however, this phenomenon could potentially be the consequence of the multi−effects of
pH, SiO3 2- and/or M g 2+ . Further investigation is still required to reveal the early age
reaction of sodium carbonate activated slag.
10.1.2 Microstructural modification/Effect of supplementary material
The effects of limestone powder on the workability, reaction kinetics, reaction products and strength development of sodium carbonate activated slag are investigated. Different analytical approaches are applied to study the microstructure and chemical phases.
The results show that the reaction is accelerated when the LP dosage is lower than 5 %
and then is delayed due to the dilution effect. The presence of LP does not affect the
main reaction products but chemically affects the decrystallization of gaylussite, resulting in the formation of a new phase, natron, especially when the dosage of LP is higher
than 15 %. A relatively high content of hydrotalcite−like phase is generated for the mixtures containing LP, probably due to the accelerated hydration of slag. Considering the
reaction kinetics and strength development, an optimal dosage 10 % of LP replacement
is suggested.
The effect of limestone powder on the autogenous and drying shrinkage of sodium
carbonate activated slag is studied. The results show that LP addition (≤ 10 vol.%)
intensifies the reaction and increases the total amount of gel pores (i.e. C−(A)−S−H
gel), while further increasing the LP content leads to a reduction. High amounts of
LP addition (≥ 30 %) lead to an increase in the pore volume in the mesopore and
macropore range (> 15 nm). The autogenous shrinkage increases when the LP dosage
is low (≤ 30 %) due to the intensified reaction, and then decreases when LP content
is high due to the dilution effect resulted slow reaction. The drying shrinkage of SCAS
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is significantly increasing with the increase of LP addition. The release of chemically
bound water from the dehydration of crystalline phases, e.g. gaylussite and natron, and
increased volumetric percentage of mesopores and marcopores, could be responsible for
the enlarged drying shrinkage. Moreover, the compressive strength of the mixtures is not
obviously weakened up to 30 vol.% LP addition, while further increasing the LP content
leads to a slight decrease on the strength development.
It was found that the drying shrinkage of SCAS significantly increases with the
increase of limestone powder addition, and the metastable phases, such as gaylussite and
natron, are considered to contribute to the enlarged drying shrinkage. The approach of
reducing the shrinkage by phase modification is investigated by using a hybrid activator.
The effect of sodium sulphate on the phase modification, mechanical properties and
drying shrinkage of sodium carbonate activated slag is studied. The results show that
the reaction of slag activated by hybrid activators is firstly controlled by CO3 2- anions,
and then is similar to that of sodium sulphate activation. The drying shrinkage of slag
activated by hybrid activator is about 41 % lower than that of plain carbonate activation
mostly attributed to the phase modification, i.e. the main secondary reaction products
are changed from calcite, gaylussite and hydrotacite to calcite, monosulfoaluminate and
hydrotalcite.
To further understand the effect of secondary reaction products on the microstructure and shrinkage of alkali activated slags, reaction models are proposed following the
approach of Chen and Brouwers. The proposed models quantify the reaction products
of slag activated by different activators, and the secondary reaction products are found
to play important roles on the water retention and chemical shrinkage. The chemical
shrinkage of sodium carbonate activated slag is much higher than that of sodium sulfate
activation, and the reasons can be partly related to the volume difference of the secondary
products, especially the heimicarbonate and ettringite. Besides, together with a lower
water retention, the drying shrinkage of sodium carbonate activated slag is supposed to
be larger, which is in consistence with the experimental results. As for the hybrid activators activation, two models, with or without the formation of ettringite, are proposed.
The predicted results of the model with ettringite are more close to the experimental
results that the drying shrinkage of hybrid activators activated slag is smaller than that
of sodium carbonate activation. It should be mentioned that the effect of C−A−S−H
gel is not studied due to the limited data, which should also plays an important role on
the material property. Further quantifications on the reaction products are still needed
to validate the predictions.
10.1.3 Engineering application
The suitability of using sodium carbonate activated slag to replace cement in autoclaved aerated concrete (AAC), named alkali activated autoclaved aerated concrete
(ASAAC), is also studied. The produced ASAAC product shows comparable properties
or better performance to the reference samples with respect to porosity, drying shrinkage, strength development, cost and environmental impact. Besides, the crystallinity of
ASAAC is better than in the reference AAC when the dosage of sodium carbonate is
low (≈ 6 %), which indicates that ASAAC can potentially possess better performance.
While further increasing the sodium carbonate dosage leads to a poorer crystallinity.
Moreover, the ASAAC shows very good thermal properties, indicated by the very low
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thermal conductivity of 0.093 W/(mK). The ASAAC possess a relatively poor strength
(2.42 MPa), which nevertheless can be further improved by, e.g. a better controlled pore
structure or an adjustment of the bulk chemistry. The new ASAAC provides significant
benefits with respect to cost reduction and environmental impact.

10.2

Recommendations for further research

This study has demonstrated the great potential of sodium carbonate activated slag
as an alternative building material to ordinary Portland cement, both in the applications
of the conventional concrete and autoclaved aerated concrete. However, further research
is still needed for a deeper understanding and better performance of SCAS.
• The amorphous calcium carbonate has been proved to play an important role on the
early age reaction of SCAS (from initial dissolution of slag to the first precipitation
peak of gaylussite), however, the period between first precipitation peak and initial
precipitation of C−A−S−H gel is not fully clear yet. Understanding the reaction
during this period can help a better control of the reaction, and reveal the benefits
of SCAS in terms of mechanical property and durability.
• The effect of limestone powder on the strength development and shrinkage of SCAS
is investigated in the current study. It has been found that the dehydration of
intermediate phases, such as gaylussite and natron, contribute to the enlarged
drying shrinkage, especially when the LP content in the mixture is high. However, the contribution requires further quantification on the reaction product. Besides, the current study is mainly focusing on the shrinkage related durability,
while SCAS could potentially possess a good performance on other durabilities,
e.g. anti−carbonation.
• Following the approach of Chen and Brouwers, reaction models are proposed for
the reaction of slags activated by different activators, and the predicted results are
in line with the trend of experimental results. The results show that the secondary
products play an important role on the shrinkage and water retention. However,
due to the limited available data, it is hard to compare the predicted results to the
experimental results and further investigations on the quantification of the reaction
products are required.
• The strength development and drying shrinkage of SCAS, both paste and mortar,
is studied, and good mechanical properties of samples containing LP (up to 30
vol.%) are observed. In this thesis, the water−to−solid ratio is fixed, and an improved flowability is noticed. However, high shrinkage is also observed for specimen
containing high amount of LP, which limits its engineering application. Further research should focus on the shrinkage reduction of SCAS.
• It is known that the material property of alkali activated slag varies depending
on the used activators, and not a single activator activation can possess all the
advantages reported for alkali activated slags. A good combination of alkaline
solutions as activators can potentially achieve more desired performance, especially
durability related properties. In this thesis, it has been found that the combination
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of sodium carbonate and sodium sulphate leads to an improved shrinkage of the
samples. The hybrid activators activation can be a good direction of research.
However, it should be noted that the combination of the alkaline solutions requires
good understandings of the reaction mechanism of individual activation.

Summary
Sodium carbonate activated slag: reaction analysis, reaction analysis, microstructural modification & engineering application
This thesis aims at a better understanding of the early age reaction of sodium
carbonate activated slag (SCAS), and assessment of potential applications of SCAS as a
replacement to ordinary Portland cement in concrete production. The first part of the
research deals with the main influential factors on the early age reaction of SCAS. The
effect of the slag characteristics on the reaction is firstly studied with different sodium
carbonate dosages in terms of fresh behavior, reaction kinetics, strength development,
etc. Furthermore, the reaction of SCAS is classified into different stages according to
the reaction kinetic results, and the reaction products are characterized at individual
stages applying XRD, FT-IR and TG-DTG, etc. The time-dependent characterization
of SCAS gives a general overview of the reaction process and the precipitation time of
each reaction product. The importance of carbonate salts in consuming the carbonate
anions on the early age reaction of SCAS is observed for the initial precipitation of CA-S-H gel. Moreover, different polymorphous of calcium carbonate, such as aragonite,
vaterite and calcite, are found in the reaction products, which indicates that amorphous
calcium carbonate could play an important role on the reaction of SCAS. Furthermore,
the effect of M g 2+ /M g 2+ -stabilized amorphous calcium carbonate (ACC) on the early
age reaction is studied by adding different amount of M gCl2 .
The second part of the research is focusing on the microstructural modification, i.e.
the effect of a supplementary material, limestone powder (LP), on the strength development and shrinkage of SCAS. As LP shares the same chemical composition with the
main secondary products, the potential chemical involvement of LP in SCAS is studied
and the products are characterized at different curing ages by applying XRD, FT-IR and
TG-DTG, etc. The presence and amount of LP on the decrystallization of gaylussite is
then discussed. Furthermore, the strength development and shrinkage (autogenous and
drying shrinkage) of samples with up to 50 vol.% LP is investigated, and the physical
modification of LP is characterized via pore structure. Furthermore, the dehydration of
intermediate phase, gaylussite and natron, on the contribution of shrinkage is discussed.
To compensate the shrinkage problem of SCAS observed at the study above, the method
of changing the main secondary products of SCAS, especially focusing on eliminating
gaylussite, is adopted by introducing sodium sulphate into the activator. The reaction
kinetics, strength development, reaction products and drying shrinkage of the sample activated by the hybrid activator are determined, which demonstrates a promising way of
modifying the material property of alkali activated materials. Moreover, reaction models
are proposed following the approach of Chen and Brouwers for a deeper understanding
of the reaction of slags activated by different activators.
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The final part of the research investigates the potential suitability of SCAS as an
alternative binder to ordinary Portland cement in the production of autoclaved aerated
concrete (AAC). The material properties of AAC produced with SCAS are characterized,
including: green body development, XRD, SEM, drying shrinkage, thermal property, and
pore structure. The differences between the new product and reference sample made with
normal cement are compared and discussed. Furthermore, evaluations on the cost, energy
consumption and CO2 emission are performed, which further indicates the advantage of
replacing cement in the production of AAC using sodium carbonate activated slag.
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Sodium carbonate activated slag (SCAS) has been attracting worldwide attention during the last few decades due to their good material properties,
low cost and environmental benefits.
The main purpose of this research is to understand the early age reaction
of SCAS, including the identification of reaction product at different curing stages and the potential effect of amorphous calcium carbonate on the
early age reaction. A secondary objective is to explore the physical and
chemical effect (limestone powder and sodium sulfate) on the reaction kinetics, strength development, microstructural modification and durability,
etc. In addition, not only the potential ability of SCAS as alternative materials to Portland cement in conventional concrete, but also its suitability for
replacing cement in the production of autoclaved aerated concrete (AAC)
is also researched.
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