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Abstract
The use of GGBS as supplement for cements has been shown to improve the longterm strength and durability properties of concrete. In practice, while the chemical
composition of GGBS from a single plant may be constant, due to the varying
sources from which GGBS is obtained the chemical composition from plant to plant
may vary. The wide variability in the use of GGBS as a SCM in different climates,
coupled with differences in chemical composition, is bound to have impact on the
performance of slag blends.
This study investigated the combined influence of difference in slag composition
and temperature on the performance of slag blends. Performance was evaluated in
terms of strength and transport properties. Paste samples were characterised by
calorimetry, TGA, XRD and SEM to follow hydration and microstructural
development. Mortar samples were used to follow strength development and
transport properties. All tests were carried out at temperatures of 20 and 38°C.
Curing at 38°C accelerated the early hydration, but not the later hydration. This led
to higher early strengths and lower later strengths, and was attributed to the
coarsening of the pore structure caused by the high temperature curing. Except at the
early ages at 20°C, both slag blends showed better strength performance than the
reference cement. The slag blends also showed better transport properties than the
reference cement, especially at 38°C, and this was attributed to their finer pore
structure and higher chloride binding capacity.
Of the two slags studied, the more reactive slag (slag 1) had better performance,
especially at 38°C. Performance of the slag blends at 20°C was influenced mainly
by the length of curing, and by the difference in chemical composition at 38°C.
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Chapter 1
INTRODUCTION
Concrete is the most widely used construction material in the world as a result of its
ability to resist penetration of water when used in marine environments, good fire
resistance properties, versatility in forming various shapes, abundance of raw
materials and low manufacturing and maintenance costs [1]. One very important
feature regarding its use is the environmental concern regarding the production of
Portland cement (PC) - the most common binder in concrete, which contributes
significantly to the total global CO2 emissions [2].
As a way to reduce the environmental footprint associated with concrete, it has
become common practice to use secondary cementitious materials (SCM) as partial
replacement for PC in the making of concrete. These SCMs are cheaper than PC and
help to improve certain properties of concrete. There are a wide range of SCMs that
are currently being used in the construction industry including fly ash, silica fume,
metakaolin and ground granulated blast furnace slag (GGBS). Many of these SCMs
are industrial by-products. Therefore, since convention in lifecycle analysis dictates
that emissions follow the primary product; these SCMs offer a lower-carbon
replacement for PC, while also diverting these materials from landfill and reducing
abiotic depletion.
Thus, it is now common practice in the construction industry to use GGBS as a
partial replacement for PC, in varying amounts ranging from as low as 6 per cent to
as high as 95 per cent. While EN 197-1:2011 [3] may allow replacement levels of
6%, practically, replacement levels are much higher, typically around 20 to 40%.
GGBS is a by-product from the making of iron and steel. The molten iron slag from
the blast furnace is quenched with water or steam to produce a glassy and granular
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material, which is grounded to a fine powder to produce GGBS. The material has
almost the same fineness and specific surface area as PC [4]. It is glassy in nature
and latently hydraulic [5].
When a blend of PC and GGBS is mixed with water, the GGBS portion reacts much
more slowly with the water than the PC portion. Slag‟s hydraulicity – the term used
to describe the ease with which GGBS reacts with water, depends mainly on its
chemical composition, glass content, particle fineness, alkalinity of the reacting
system and temperature at the early stages of hydration [6]. The chemical
composition of GGBS can vary from plant to plant, depending on the nature of the
ore, composition of the limestone flux, coke consumption and the type of iron being
made [7].
The oxides of calcium, magnesium and aluminium are known to increase the
hydraulicity of GGBS, while that of silicon decreases it [8]. Ratios of these oxides
have been widely used to assess the hydraulicity of a slag. These ratios appear to
vary from region to region. For example, in Britain, BS EN 197-1:2011 prescribes
that for GGBS, the (CaO + MgO)/SiO2 ratio by mass must exceed 1 [3]. In
Germany, alumina is considered to play a positive role and is included in the
hydraulicity index, to give (CaO + MgO + Al2O3)/SiO2, which must exceed 1.0. In
other countries like Japan and South Korea, it is recommended that the (CaO + MgO
+ Al2O3)/SiO2 of GGBS must exceed 1.4 and 1.6 respectively, for it to be considered
suitable for blending with PC [9]. Despite these prescriptions, several studies [1013] have shown that these ratios do not necessarily give accurate prediction of a
slag‟s performance.
In marine environments, chloride-induced corrosion of steel reinforcement has been
identified as the major cause of premature deterioration and degradation of concrete
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structures [14]. These chlorides may be introduced into concrete through a variety of
routes, for example as admixtures, as de-icing salts, through the penetration of
seawater, through the use of aggregates contaminated with chlorides or through the
mix water [5]. The presence of chlorides in concrete may cause disruption to the
passive film on the surface of steel reinforcement, thereby accelerating corrosion.
Chlorides in concrete usually exist either as free ions dissolved in the pore water, or
bound. The bound chlorides are either chemically bound with the tricalcium
aluminate (C3A) phase in the form of Friedel‟s salt or physically bound to the
surface of the hydration products (C-S-H phase). It is the free chlorides present in
the pore water that are responsible for steel de-passivation, so when more chlorides
are bound, less free chlorides will be available for de-passivation.
Several studies concerning the use of GGBS as partial replacements for PC in the
making of concrete has shown that it improves the workability, long-term strength,
thermal performance, and resistance to chemical attack from aggressive
environments. Lower values of the chloride diffusion coefficient and longer
corrosion initiation times have been reported for concretes made from blends of PC
and GGBS. This has been largely attributed to their high alumina content [15-18],
which increases the propensity for Friedel‟s salt formation and also enables them to
form more of C-A-S-H phases that also contributes to chloride binding [19].
While at a first glance, it may appear to seem that slag blends have very good longterm strength and durability properties, there are still other aspects likely to have
impact on the performance of slag blends that have not been fully studied. Firstly, it
is known that the chemical composition of a slag is important as it may affect its
performance. However, the relationship between composition and performance is
not clear-cut.
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Secondly, due to the variability in the use of GGBS as a SCM in different climates,
like the tropical and temperate regions, temperature would be another factor that will
have an effect on the performance of slag blended cements. For example, in a typical
tropical marine environment, temperatures can vary from 22°C to 35°C [20]. Several
studies [21-26] have shown that high temperature accelerates the hydration of slag,
leading to high early strengths. However, how this will impact on other properties
such as the microstructure and resistance to ingress of aggressive ions like chlorides,
have not been fully explored.
Thirdly, it is known that the degree of hydration of cement and its blends depends on
the initial curing conditions. Concrete structures made from blends containing
GGBS require prolonged curing due to the slow reaction between GGBS and the
calcium hydroxide. However, in practice this is hardly adhered to, especially for
massive concrete structures. Hence, it will be of importance to investigate how
shorter curing durations would impact on the performance of slag blends.
The main aim of this study was to investigate the combined influence of difference
in slag chemical composition and temperature on the performance of slag blended
cements. Performance in this sense is evaluated in terms of strength and durability
properties, both of which are linked to the microstructure. The effect of shorter
curing durations on the durability performance was also investigated. The specific
objectives are highlighted below:


To determine the influence of slag composition and temperature on the
hydration and strength development of slag blends;
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To determine the influence of slag composition, curing duration and
temperature on the microstructure, relating it to water transport properties
of the slag blends;



To determine the influence of slag composition and temperature on the
chloride binding capacity of slag blends;



To determine the influence of slag composition, curing duration and
temperature on the resistance of slag blends to chloride ion penetration;



To determine the influence of curing duration and difference in exposure
conditions on the chloride ingress resistance of slag blends; and



To assess the overall performance of slag blends in high and low
temperature chloride environments.

The outcome of this research provides better understanding of the interplay between
microstructural properties and engineering performance, and how these can be
influenced by material and environmental factors. By this, one can better understand
the strengths and limitations of using GGBS as SCM in different marine
environments/applications.
The study is divided into the following chapters outlined below:


Chapter 2 – comprises of an overview on the hydration of plain and blended
cement systems, and a review of chloride ingress into concrete, with
emphasis on the chloride ingress resistance of slag blends



Chapter 3 – describes in detail the materials and the methods used in
carrying out the study
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Chapter 4 – shows the impact of binder composition and temperature on
hydration and strength performance



Chapter 5 – shows the impact of binder composition, temperature and curing
duration on the pore structure, relating it to water transport properties



Chapter 6 – shows the impact of binder composition and temperature on
chloride binding



Chapter 7 – shows the impact of binder composition, temperature and curing
duration on the resistance to chloride ingress



Chapter 8 – discusses the findings and implications of the study



Chapter 9 – conclusions and further work.
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Chapter 2
LITERATURE REVIEW
2.1 Properties of cementitious materials
2.1.1 Portland cement
Portland cement (PC) is a hydraulic binder, which when mixed with water,
undergoes hydration to form a paste, which after hardening can retain its strength
and stability even under water [3].
The chemical composition of PC is often expressed in terms of oxides of the
elements. The following oxides are typically found in PC: calcium oxide CaO (C),
silica SiO2 (S), alumina Al2O3 (A), iron oxide Fe2O3 (F), magnesium oxide MgO
(M), sulphuric oxide SO3 (S̅), and water H2O (H). Typical composition of PC in
terms of oxides is shown in Table 2.1. Once the oxide analysis has been carried out,
the compound composition can be determined either by quantitative X-ray
diffraction (QXRD) or by using a set of equations developed by R. H. Bogue [7]:
%C3S = 4.071C – 7.600S – 6.718A – 1.430F – 2.850S̅

(2.1)

%C2S = 2.867S – 0.7544C3S

(2.2)

%C3A = 2.650A – 1.692F

(2.3)

%C4AF = 3.043F

(2.4)

A limitation of using the above equations is that it does not account for the
incorporation of foreign ions/elements within the structures [27], hence the use of
QXRD is becoming more common.
The compound composition of the principal clinker corresponds approximately to
alite or tricalcium silicate (C3S), belite or dicalcium silicate (C2S), tricalcium
aluminate (C3A) and calcium aluminoferrite (C4AF).
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Table 2.1: Typical composition of Portland cement (taken from [2])
Oxide

Amount present (%)

SiO2

19 – 23

Al2O3

3–7

Fe2O3

1.5 – 4.5

CaO

63 – 67

MgO

0.5 – 2.5

K2O

0.1 – 1.2

Na2O

0.07 – 0.4

SO3

2.5 – 3.5

LOI

1 – 5.0

IR

0.3 – 5.0

Free lime

0.5 – 1.5

LOI: Loss on ignition (CO + H2O)
IR: Insoluble residue usually siliceous

2.1.2 Secondary cementitious materials (SCM)
Common SCMs used in blending PC include: fly ash, metakaolin, silica fume and
ground granulated blast furnace slag (GGBS). These SCMs usually react at slower
rates than that of the individual clinker phases.

2.1.2.1 Fly ash
Fly ash, also known as pulverised fuel ash (PFA), is the ash that is produced during
the combustion of coal for electricity generation. It is captured from the flue gas as it
rises, before it reaches the chimney at coal-fired power plants. Its particles are
amorphous and spherical in shape, ranging in size between 10 and 100 μm [5]. Fly
ash may either be siliceous or calcareous in nature. Siliceous fly ash has pozzolanic
properties, while calcareous fly ash has both pozzolanic and hydraulic properties
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[28, 29]. Fly ash is mainly rich in silica and alumina, as seen in Figure 2.1. When
used as an SCM, it can replace PC in proportions ranging from 6 to 55% by weight
of PC [3].

2.1.2.2 Silica fume
Silica fume, also known as microsilica, is a by-product collected from the
production of silicon and ferrosilicon alloy. It is captured from the oxidised vapour
at the top of the electric arc furnace. It is an amorphous, ultra-fine powder, spherical
in shape with size averaging from 0.1 to 0.5 μm [5]. It is very rich in silica, as seen
in Figure 2.1. As a result of its high degree of fineness (ranging from 15000 to
20000 m2/kg), it is seen to increase the water demand of concrete when used as a
SCM [28]. Hence, it is often used to replace PC in low proportions. For example, for
a CEM II/A-D type cement, BS EN 197-1:2011 [3] specifies that the proportion of
silica fume in cement should not be more than 10%.

2.1.2.3 Metakaolin
Metakaolin is obtained from the clay mineral kaolinite, by a process referred to as
dehydroxilization (removal of chemically bonded hydroxyl ions). The clay mineral
is placed in a rotary kiln, where it is fired externally to temperatures between 500 –
800°C, so that it loses water. In terms of particle size, they are finer than PC but not
as fine as silica fume, and they are not amorphous (they have a two-dimensional
order crystal structure). Metakaolin is rich in silica and alumina as seen in Figure
2.1. It is highly reactive, and several standards have specified that it can be used in
cementitious systems [5].
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Figure 2.1: CaO-Al2O3-SiO2 ternary diagram of cementitious materials
(taken from [30])
2.1.2.4 Ground granulated blast furnace slag (GGBS)
GGBS is a non-metallic product, comprised mainly of silicates and aluminosilicates
of calcium [9]. It is a by-product obtained from the making of iron and steel. In the
production of iron, the iron oxide ore is reduced to metallic iron by means of a flux
(limestone or dolomite) at temperatures of about 1400 to 1500°C [9]. During the
heating process, the impurities in the iron ore comprising mainly of silica and
alumina, combine with lime and magnesia to form a molten slag which is collected
separately from the molten iron via the bottom of the blast furnace [31]. The molten
slag collected from the blast furnace is quenched with water or steam to produce a
glassy and granular material, which is grounded to a fine powder to produce GGBS.

2.1.3 Properties of GGBS that influence its reactivity
2.1.3.1 Structure
Slags that are cooled rapidly will contain a high amorphous glassy phase and minute
crystalline phases. The glass fraction is generally considered to be very reactive
while the crystalline part is considered to be inert [32]. The structure of the
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amorphous glass phase comprise mainly of isolated or polymerised silica tetrahedral
with bridging oxygen atoms (Figure 2.2). These silicates are mostly present as
monomers and dimers [32]. Cations such as Ca2+ or Mg2+, referred to as network
modifiers, are often coordinated in the cavities of the network to neutralise the
negative charges resulting from the Si-O-Si covalent bonds. The coordination of
calcium atoms are considered as octahedral while that of magnesium atoms as either
octahedral or both octahedral and tetrahedral [33]. Aluminium can also be
coordinated as a network modifier, in the forms of Al3+, AlO+ or AlO5−
4 [33-36]. The
tetrahedral atoms are the network formers while the octahedral atoms are the
network modifiers [37]. Higher number of network modifiers present in the structure
will result in a smaller polymerisation degree, and higher reactivity of the slag [36].

Figure 2.2: Schematic structure of a glassy slag (taken from [9])
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2.1.3.2 Physical properties
The physical characteristic of GGBS is described mainly by its colour, fineness,
glass content and bulk density. In terms of colour, it ranges from beige to dark to
off-white depending on moisture content, but when ground it is usually white in
colour. Its bulk density varies between 1200 – 1300 kg/m3 [31]. GGBS has almost
the same fineness and specific surface area as that of PC particles [4]. It is glassy in
nature and latently hydraulic.
The fineness of GGBS is very important as it influences its reactivity. According to
Swamy [38], an increase in fineness of slag to two or three times that of ordinary PC
will lead to enormous improvement in a variety of engineering properties such as
bleeding, setting time, heat of evolution, strength and durability.
The degree of fineness of GGBS depends on the efficiency of the method of
grinding, which can be different for various countries. For instance, in the United
Kingdom, GGBS is marketed at a surface area of 375–425 m2/kg Blaine‟s, whereas
some slags in the United States have a surface area in the range of 450–550 m2/kg;
Canadian slags are about 450 m2/kg, while in India it is found to vary from 350 to
450 m2/kg Blaine‟s [12]. According to Wan et al. [39], at the same composition of
GGBS, grinding techniques becomes a primary factor that determines the particle
geometric characteristics of the GGBS.
The glass content of GGBS also has considerable effect on its reactivity, and it is
influenced by the rate of quenching of the molten slag. In a typical XRD pattern of a
slag glass, the glassy part of the slag will appear as a large hump peaking at d-values
of about 0.3 nm (Figure 2.3); while the crystalline fraction comprising mainly of
melilite, merwinite, calcite and quartz, will appear as little peaks around the large
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hump [33, 36]. Typical glass content of GGBS vary between 85 and 99% [31]. BS
EN 197-1:2011 [3] specifies that at least two-third of the mass of the slag must be
glassy, although research data show that slag samples with as little as 30 – 65%
glass contents are still suitable [12].

Figure 2.3: XRD patterns of two slags (a) glass + crystals (b) glass (taken
from [9])
2.1.3.3 Chemical composition
The chemical composition of slag can vary over a wide range depending on the
nature of the ore, the composition of the limestone flux, coke consumption and the
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type of iron being made. It can also change over the years with alterations in the
sources and types of ore being smelted [9].
Table 2.2 shows typical chemical composition of slags obtained from various
sources. In general, the lime content may be in the range 30 – 50%, silica 28 – 38%,
alumina 8 – 24%, magnesia 1 – 18%, sulphur 1 – 2.5% and ferrous and manganese
oxides 1 – 3%. Other minor components are TiO2, which is usually less than 4%,
and Na2O + K2O, which is less than 2% [9].

Table 2.2: Typical oxide composition of GGBS (taken from [9])
Oxide

UK

Canada

France

Germany

Japan

Russia

S. Africa

USA

CaO

40

40

43

42

43

39

34

41

SiO2

35

37

35

35

34

34

33

34

Al2O3

16

8

12

12

16

14

16

10

MgO

6

10

8

7

5

9

14

11

Fe2O3

0.8

1.2

2.0

0.3

0.5

1.3

1.7

0.8

MnO

0.6

0.7

0.5

0.8

0.6

1.1

0.5

0.5

S

1.7

2.0

0.9

1.6

0.9

1.1

1.0

1.3

2.1.3.4 Hydraulicity of slags
Hydraulicity is the term often used to describe the ease with which slag reacts with
water. It depends mainly on its chemical composition, glass content, particle
fineness, alkalinity of the reacting system and temperature at the early stages of
hydration [6]. The oxides of calcium, magnesium and aluminium are known to
increase the hydraulicity of GGBS, while that of silicon and manganese decreases it
[8]. MgO has the same influence as CaO up to about 11% by weight [9]. The
influence of P2O5 depends on the clinker type and test age, but generally has a
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positive influence beyond 28 days of curing. Oxides of tin and iron, as well as
sulphur, seem not to have any effect.
Increasing the Al2O3 content to 13% and above will result in an increase in early
strength and a decrease in the later strength [37]. Wang et al. [40] observed a
positive correlation between the Al2O3 content and the reactivity of the slags, for
slags having a CaO content greater than 37%. In another study by Haha et al. [8,
41], it was observed that the reactivity of the slags increased with the magnesia
content. As they increased the alumina content, the reactivity of the slags were
reduced at early ages, but became similar at later ages beyond 28 days. Perhaps, the
reason for the reduced reactivity observed in the study by Haha et al. [8], may be
due to the CaO content of the high alumina slags, which in their case was less than
37%.
Ratios of some of these oxides have been used by various standards to assess the
hydraulicity of a slag. For example, EN 197-1:2011 [3] prescribes that for GGBS,
the (CaO + MgO)/SiO2 ratio by mass must exceed 1. Several workers [9, 10, 12],
have also suggested other oxide ratios, some of which are shown in Table 2.3.
However, previous studies [10-13] have shown that these ratios do not necessarily
give accurate prediction of a slag‟s performance.
Another parameter often used in assessing the reactivity of slags is the activity index
(SAI). SAI is defined as the percentage ratio of the average compressive strength of
slag cement (50 – 50%) mortar cubes to the average compressive strength of
reference cement mortar cubes at a designated age [42]. It is expressed as SP/P x
100, where SP is the average compressive strength of the slag-reference cement
mortar cubes and P is the average compressive strength of the reference cement
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mortar cubes. SAI values recommended for slags at 7 and 28 days according to BS
EN 15167-1:2006 [42] are also shown in Table 2.3.

Table 2.3: Formulas proposed for assessment of hydraulicity of GGBS
Basicity/hydraulic index

Requirement for
good performance

Remarks

P1

CaO/SiO2

1.3 – 1.4 [12]

P2

(CaO + MgO)/SiO2

> 1.0 [3]

Mantel [11] proposed for
medium-fine slags of 350
kg/m2, P1 or P2 must be
greater than 1.0

P3

(CaO + MgO)/(SiO2 +
Al2O3)

1.0 – 1.3 [12]

Here Al2O3 is assumed to
have a negative influence

P4

(CaO + MgO +
Al2O3)/SiO2

≥ 1.0 [9]

In Japan, must be ≥ 1.4
[9]; while in S. Korea,
must be ≥ 1.6 [43]

P5

(CaO + 0.56Al2O3 +
1.4MgO)/SiO2

≥ 1.65 [12]

P6

Al2O3/SiO2

0.53 – 0.55 [44]

Activity index
7 day

> 45% [42]

28 day

> 70% [42]

2.2 Overview of hydration of cementitious materials
2.2.1 Hydration of Portland cement
The hydration of PC involves the reactions between the individual clinker minerals
(alite, belite, and tricalcium aluminate and calcium aluminoferrite), calcium sulphate
and water. The reactions occur simultaneously, and at different rates to produce C-SH as the main hydrate, intermixed with portlandite (CH), ettringite and the AFm
phases. The rate and progress of this reaction is dependent on the dissolution rate of
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the starting materials, the rate of nucleation and growth of the hydrates formed, and
the rate at which water and dissolved ions diffuse through the hydrates formed [45].
The process starts as soon as the cement comes in contact with water. This initial
reaction is exothermic resulting in a high heat output. During this period, a rapid
dissolution of the individual clinker phases and calcium sulphate begins, yielding
hydrated products. The dissolution of C3S results in the precipitation of a layer of a
C-S-H phase at the surface of the cement grain. C3A and C4AF also dissolve in like
manner, reacting with calcium sulphate to form ettringite that is precipitated on the
cement grain surface. This initial rapid reaction appears to slow down after a few
minutes, resulting in a low heat output. After the slow reaction period, another
period of accelerated hydration is seen, which is influenced mainly by the nucleation
and growth of the hydration products. The heat output reaches its maximum during
this acceleration period, and soon starts to decline due to a decrease in the hydration
rate [45-51].

2.2.1.1 Alite or tricalcium silicate (C3S)
Tricalcium silicate (C3S) is the most abundant phase of Portland cement,
constituting from 50 to 80% [52, 53]. It has different polymorphs, and its structure
can vary from rhombohedral to monoclinic and to triclinic, depending on the
transformation temperature [52]. Alite is an impure form of C3S, which is what is
often found in PC systems. The difference between pure C3S and alite is due to the
incorporation of minor elements in the solid solution, and to the cooling methods
often used in the industrial production of clinker [53]. Minor elements or
compounds such as magnesium, iron, aluminium, alkalis and sulphates, are often
found in alite. The inclusion of these elements determine the stability, structure and
reactivity of the alite phase [45]. For example, Maki and Goto [54] discovered that
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the addition of large amounts of sulphates and magnesium to pure C3S favoured the
formation of M1 and M3 alite respectively.
Hydration of C3S:
The reaction of C3S with water is complex and has received a lot of attention in
recent studies [50, 53, 55, 56]. The hydration of C3S at temperatures ranging from
0°C to about 100°C, results in the formation of a poorly crystalline calcium silicate
hydrate (C-S-H) and calcium hydroxide, according to the expression below:
3𝐶𝑎𝑂. 𝑆𝑖𝑂2 + 3 + 𝑚 − 𝑛 𝐻2 𝑂 → 𝑛𝐶𝑎𝑂. 𝑆𝑖𝑂2 . 𝑚𝐻2 𝑂 + 3 − 𝑛 𝐶𝑎(𝑂𝐻)2
1. C-S-H phase
C-S-H has the general formula nCaO.SiO2.mH2O. The numbers n and m denotes
the CaO/SiO2 (C/S) ratio and the water content of the C-S-H phase respectively.
The published values for the C/S ratio of the C-S-H phase present in matured
C3S paste ranges from about 1.4 to 2.0 [57-59]. For a CEM I system, the C/S and
H/S ratio of C-S-H has been found not to be dependent on the degree of
hydration. The C/S ratio decreases with increasing water/solids (w/s) ratio [57,
58, 60], while at a particular degree of hydration, the H/S ratio will increase
slightly as the w/s ratio increases [45].
The structure of the C-S-H phase resembles that of the crystalline phases of 1.4
nm tobermorite and jennite (shown in Figure 2.4). The chemical formula of 1.4
nm

tobermorite is

[Ca4(Si3O9H)2]Ca.8H2O, while that of jennite is

[Ca8(Si3O9H)2(OH)8]Ca.6H2O. Both have their SiO4 tetrahedral compressed into
linear chains that are interlocked in such a way that they repeat at constant
intervals of three tetrahedral, in an arrangement referred to as „dreierkette‟ [45].
Both also have similar structures, the main difference being the presence of
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hydroxyl groups linked to the calcium atoms in jennite as opposed to oxygen
atoms in the case of tobermorite.

Figure 2.4: Idealised chemical structure of (a) 1.4nm tobermorite and (b)
jennite (taken from [45])
C-S-H has an outer and inner product (Op and Ip respectively). The Op usually
form within the spaces originally filled with water, while the Ip tend to form at
the confines of the original C3S grains [61]. In mature C3S and neat cement
pastes, the Op C-S-H as observed by TEM, adopts a fibrillary morphology that is
influenced by the amount of space available. The fibrils adopts a coarse
morphology when they form in large pore spaces, and appear as fine fibrils when
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they form in smaller spaces [61]. On the other hand, the Ip C-S-H has a dense,
fine and uniform morphology, consisting of only gel pores [61].
2. Ca(OH)2 phase
Calcium hydroxide is the second hydration product formed from the hydration of
C3S. In C3S or neat cement paste, it precipitates in the form of CH crystals,
which are evenly dispersed within the hardened paste. The structure of CH is
hexagonal, comprising of octahedral integrated calcium ion layers and
tetrahedral integrated oxygen layers with hydrogen bound to oxygen [45].
Hydration kinetics and mechanism:
The rate of hydration of C3S is affected by its intrinsic properties such as the
presence of foreign ions in the system, and structural defects induced in the
crystalline lattice due to rapid cooling at the stage of preparing C3S [62, 63]. Mixing
C3S in water containing salts has also been reported to affect the kinetics of C 3S
hydration. For example, chlorides accelerates the hydration of C3S, whereas
phosphates, borates and salts of Zn2+ and Pb2+, retards it [45].

According to

Montanaro et al. ([64] cited in [45]), the addition of anhydrite or gypsum and
calcium carbonate can also accelerate the hydration of C3S, as well as an increase in
temperature [65, 66].
The hydration occurs in four main stages which are: a pre-induction or initial
reaction period, an induction or slow reaction period, acceleration and a deceleration
period, as shown below in Figure 2.5.
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Figure 2.5: Isothermal calorimetry measurements showing the rate of
alite hydration as a function of time (taken from [50])
Pre-induction period:
This period begins immediately after C3S comes into contact with water. This stage
only lasts for few minutes and is usually accompanied by an intense liberation of
heat [45]. During this stage, the hydration rate reaches a value of about 5/day but
immediately decreases to very low values (as shown in Figure 2.5).
There have been several debates on the mechanism governing this early deceleration
of the hydration of C3S, and many hypotheses have been postulated, two of which
have been discussed here.
1. Impermeable hydrate layer hypothesis
According to this hypothesis, the deceleration of the C3S hydration is caused
by a rapid formation of a thin protective hydrated layer on the surface of the
C3S grains. This layer acts as a barrier, which restricts the movement of
water into the surface and the diffusion of ions away from the surface ([67,
68] cited in [50]). It is not very clear if this hydrated layer is C-S-H or a
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modification of the anhydrous C3S. A major issue with this theory was the
lack of direct experimental evidence backing the existence of this layer [50,
53]. However, through the use of nuclear resonance reaction analysis, some
researchers [69, 70] were able to verify the existence of this early hydrated
layer. Despite this, there is still the challenge of demonstrating that this
hydrated layer has the potential of creating a protective/passivating layer on
C3S that will explain the transition to the induction period.
2. Slow dissolution step hypothesis
This hypothesis stemmed out of an initial study by Barret et al. [71, 72],
where it was proposed that a “superficially hydroxylated layer” forms on the
C3S surface when it comes into contact with water, and that ions dissociate
from this layer at a very slow rate. Nonat et al. [73-76] used this explanation
to formulate the mechanism governing the deceleration of C3S hydration at
the pre-induction period. They based it on a steady state balance between the
slow dissolution of C3S and the initial slow growth of C-S-H. The slow
growth of C-S-H results in a decrease in the concentration of silicate in the
solution and an increase in the C/S ratio. After a few minutes, a steady state
condition (induction period) is reached, where the solution becomes
supersaturated with C-S-H but under saturated with C3S.
Induction period or dormant period:
This period begins immediately after the pre-induction period, and may last for a
few hours, depending on the system. It can be shortened by incorporating
prehydrated C3S while mixing with water, increasing particle fineness by prolonged
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grinding, and using higher w/s ratios; while it can be elongated by slow cooling of
the sample, long lasting storage and doping with Al2O3 [63, 77].
In alite and C3S systems, where retarders and heat treatment have not been used, the
induction period is barely noticeable as seen in Figure 2.6. In such systems, the
induction period is taken as the minimum in the hydration rate that is reached after
the pre-induction period, and just before the start of the acceleration period [51].

Figure 2.6: Heat evolution showing the effect of heat treatment and
particle size distribution on the length of the induction period in the
hydration of alite (taken from [50])
Acceleration period:
This follows the induction period, and is characterised by a sudden increase in the
hydration rate, reaching values of about 1/day [45]. The start of this period coincides
with the onset of the second main heat evolution peak (Figure 2.5).
While it is generally ascertained that the rate of hydration in the acceleration period
is controlled by the nucleation and growth of C-S-H [45, 50], it is still not clear as to
when this period actually begins. In an earlier study by Young et al. [78], it was
shown that in paste systems having low w/s ratio, the beginning of the acceleration
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period was associated with the precipitation of crystalline calcium hydroxide. This
was confirmed later by studies done by [79, 80]. However, in paste systems having
high w/s ratios, the acceleration period was seen to commence ahead of the
precipitation of crystalline calcium hydroxide [80]. This implies that the
commencement of the acceleration period is dependent on the w/s ratio of the
system, but may also be influenced by other factors such as the particle fineness and
heat treatment process as seen in Figure 2.6.
Deceleration period:
This period is characterized by a gradual decrease in the hydration rate, as the
reaction slows down due to a complete consumption of the C3S [6]. It is widely
accepted that this later stages of the reaction is controlled by a diffusion process.
However, recent studies have shown that it can also be influenced by several factors
including: lack of space, lack of water, and the effect of particle size distribution
[50, 81, 82].

2.2.1.2 Belite or dicalcium silicate (C2S)
Pure C2S also has different polymorphs, depending on the transformation
temperature [45, 83]. The β-C2S is the most common form found in PC clinker. In
its impure form, it is referred to as belite [45]. Similar to alite, belite can also
accommodate foreign ions such as Mg2+, Al3+, Fe2+, K+, B3+, sulphates and
phosphates, in its crystalline lattice [84-86].
The reactivity of belite is influenced mainly by the type and quantity of the foreign
ion (dopant) incorporated during preparation. When the same dopant is used, the
reactivity increases as the burning temperature [87] and decreases with repeated
firing ([88] cited in [45]).
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The reaction of C2S with water yields similar products as C3S as shown below:
2𝐶𝑎𝑂. 𝑆𝑖𝑂2 + 2 + 𝑚 − 𝑛 𝐻2 𝑂 → 𝑛𝐶𝑎𝑂. 𝑆𝑖𝑂2 . 𝑚𝐻2 𝑂 + 2 − 𝑛 𝐶𝑎(𝑂𝐻)2
The rate of hydration of belite increases as the fineness of the C 2S grains, hydration
temperature and the w/s ratio [88-90]. The mechanism of hydration is similar to that
of C3S, although the whole process occurs at a much slower rate [45].

2.2.1.3 Tricalcium aluminate (C3A)
The crystal structure of pure tricalcium aluminate (C3A) is cubic. However, it can
take the form of orthorhombic or monoclinic, when it is doped with foreign elements
like sodium [45]. The reactivity of C3A depends on the type and quantity of the
foreign ion it is doped with.
The reaction of C3A with water in the absence of sulphate leads to flash set. As a
result, calcium sulphate (gypsum) is usually added to PC clinker during grinding so
as to delay the hydration and give more time for the placement of the concrete [91].
Hydration of C3A in the absence of sulphate:
At ambient temperature, C3A reacts with water in the absence of calcium hydroxide
to form hexagonal crystals of C2AH8 and C4AH19. C2AH8 and C4AH19 belong to the
broad group of AFm phases with the general formula [Ca2(Al,Fe)(OH)6]X.xH2O.
Both phases later convert to a metastable hydrogarnet phase C3AH6, which has a
cubic structure [92-95]. Several factors such as the hydration temperature, w/s ratio,
and the fineness of the C3A grains, affect the rate of conversion. At higher
temperatures of about 80°C, the hydration of C3A results in a direct formation of
C3AH6 [45]. When calcium hydroxide is present, the rate of hydration of C3A is
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slowed down and C4AH19 is the only product formed, which later converts to
C3AH6.
Similar to the hydration mechanism of C3S, the hydration rate of C3A decelerates a
few minutes after mixing with water. The reason for this is generally attributed to
the formation of a protective layer of hexagonal hydrates (C2AH8 and C4AH19) at the
surface of the C3A grains, which acts as a barrier. However, as these hydrates are
converted to the metastable cubic form C3AH6, this layer becomes disrupted and
hydration continues at a much higher rate [93-95].
Hydration of C3A in the presence of sulphate:
The reaction of C3A with water in the presence of calcium sulphate results mainly in
the formation of ettringite C6AS̅H12 (trisulphate) as shown below [45]:
𝐶3 𝐴 + 3𝐶𝑆𝐻2 + 26𝐻 → 𝐶6 𝐴𝑆3 𝐻32
Ettringite is a member of the family of AFt phases having the general formula
[Ca3(Al,Fe)OH6]X3.xH2O, where X denotes a formula unit of a doubly charged
anion, e.g. SO2−
4 . The structure of ettringite is trigonal [45], while the morphology
upon formation is dependent on the amount of free space available for crystal
growth [45].
On depletion of the sulphate source, the initial ettringite formed reacts with any
remaining unreacted C3A to form a calcium aluminate monosulphate hydrate
C4AS̅H12 (monosulphate) as shown below [45].
𝐶6 𝐴𝑆3 𝐻32 + 2𝐶3 𝐴 + 4𝐻 → 3𝐶4 𝐴𝑆𝐻12
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The initial reaction with water in the presence of calcium sulphate is rapid, resulting
in the release of a significant amount of heat, after which it is slowed down. This
period where the reaction rate is slowed down is similar to the induction period in
the hydration of C3S, and its length is influenced by the amount of calcium sulphate
present [91, 96-98].
Several hypotheses have been put forward to explain the kinetics of the hydration
within this induction/dormant period. The most common of them postulates that the
ettringite formed from the initial reaction accumulates on the surface of the C 3A
grains and acts as a protective layer inhibiting further reaction of the C 3A [96-98].
This hypothesis was however questioned by the results from an earlier study by
Mehta [99], which showed that the accumulated ettringite layer was not dense
enough to inhibit hydration. In another study by Birchall et al. [100], it was assumed
that the slowing down in the hydration process was due to the formation of an
amorphous layer at the C3A surface that acted as an osmotic membrane. In an earlier
study by Skalny and Tadros [101], it was reported that C3A dissolves incoherently in
the solution, depositing a layer rich in aluminium on the surface of the unreacted
C3A. Calcium and sulphate ions are then adsorbed unto this layer, resulting in a
reduction in the amount of dissolution sites. This was later confirmed in a study by
Minard et al. [91], where the slow hydration rate in the induction period was
attributed to the adsorption of sulphate ions on reactive sites, leading to a reduction
in the dissolution rate of C3A.

2.2.1.4 Calcium aluminoferrrite (C4AF)
The composition of calcium aluminoferrite (commonly abbreviated as C4AF) is
generally of the form C2(AxF1-x)2O5. The structure comprises of layers of octahedral
FeO6 and tetrahedral FeO4 bridged by Ca2+ ions. In impure form, it contains ions of
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Mg2+, Si4+, and Ti4+. The reactivity of C4AF depends mainly on the Al/Fe ratio. It
generally decreases as the Fe content increases, and increases with increasing
fineness and temperature [102, 103].
The hydration products formed from the reaction of C4AF with water are similar to
those of C3A, although the hydration rate is much slower as compared to that of
C3A. When C4AF reacts with water in the absence of sulphates, C2(A,F)H8 and/or
C4(A,F)Hx, which are members of the AFm group, are formed as the initial products
[102, 104-106]. These phases are later converted to an iron-containing hydrogarnet
phase C3(A,F)H6 [102, 104, 105]. As in C3A, at higher temperatures, this conversion
does not occur, as C3(A,F)H6 is formed directly [102]. In the presence of sulphates,
an AFt phase, C6(A,F)S̅3H32, is formed as the main hydration product [103, 106109], which is later converted to an AFm phase C4(A,F)S̅H12. The later reaction
resulting in the formation of the AFm phase is usually initiated even before the
complete depletion of the calcium sulphate, and at higher temperatures and low w/s
ratios, the AFm phase may be formed directly [109].

2.2.1.5 Factors influencing PC hydration
There are several factors that affect the hydration kinetics of PC, including [45]:


The phase composition and processing history of the clinker;



The type and quantity of the calcium sulphate present in the cement;



The fineness of the cement;



The water/cement (w/c) ratio of the mix;



The curing conditions (e.g. cured under water or ambient conditions);
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The hydration temperature; and



The presence of admixtures or SCMs

2.2.1.6 Influence of temperature on PC hydration
Increasing the hydration temperature results in an increase in the rate of hydration of
PC, this effect being more pronounced at the early stages of hydration than at the
later stages [110-112]. In comparing the effect of high temperature curing on the
individual clinker phases, Kjelson and Detwiler [113] found the hydration of C2S to
be significantly accelerated at higher temperatures even after months of mixing.
In terms of the hydration products, the hydration of C3S and C2S at temperatures
ranging from 0 to 100°C results in the formation of an anhydrous C-S-H and
calcium hydroxide. The composition of C-S-H is sensitive to temperature.
Increasing the temperature from 5°C to about 60°C will result in a slight change in
the C/S ratio, and a significant decrease in the H/S ratio, coupled with an increase in
the degree of polymerisation [114, 115].
As the hydration temperature increases, the amount of SO2−
4 reversibly bound to the
C-S-H phase increases. This leads to a reduction in the amount left to react with
C3A, and an increase in the amount of AFm formed in preference to AFt [111, 112,
116]. At temperatures of about 70°C, the concentration of SO2−
4 ions in the solution
becomes so low that AFt is no longer formed. There is also an increase in the
amount of Al3+ bound within the C-S-H phase as the hydration temperature
increases [112, 115, 116].
A reduction in the bound water content of the C-S-H phase at higher temperatures,
results in an increase in the capillary porosity of the paste. Gallucci et al. [114]
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attributed this increase in capillary porosity to the apparent density of the C-S-H,
which increases with temperature. Microstructural observations by several workers
[113, 115, 117, 118], showed that the microstructure was coarser and more irregular
at higher hydration temperatures. The presence of „shells‟, whose density increased
with increasing temperature, was also observed around the unreacted cement grains
[113, 119].

2.2.1.7 Influence of the presence of SCMs on PC hydration
The hydration of blended systems is more complex than that of ordinary PC, as both
constituents react simultaneously with water, and may even influence the reactivity
of each other [30].
Influence on the hydration products formed:
The addition of SCMs to PC leads to the formation of a C-S-H phase having similar
composition as that formed when SCMs are not used. However, the C-S-H formed
has a lower C/S ratio and an increased mean silica chain length, due to the higher
silica content of the SCMs [30]. The morphology of the C-S-H has also been
reported to change from fibrillary to foil-like. This foil-like morphology is mainly
the reason for the improved transport properties observed in composite systems [59].
Using SCMs rich in Al2O3, results in the formation of C-A-S-H, with the silicon
atoms in the C-S-H replaced by aluminium atoms at the bridging sites [120, 121].
When such SCMs are used in high replacement levels, the quantity of aluminium
atoms that can be incorporated in the C-S-H becomes exceeded, leading to the
precipitation of stratlingite, which is often intermixed with the C-S-H [122, 123].
Figure 2.7 shows the hydrated phases present in the CaO-Al2O3-SiO2 system.
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Figure 2.7: Hydrated phases present in the CaO-Al2O3-SiO2 system (taken
from [56])
Influence on the hydration kinetics:
It is generally agreed that the presence of SCMs alter the hydration kinetics of the
individual clinker phases. At the initial stage of the hydration, usually within the
first day, the SCMs do not react but mainly act as fillers. This filler effect is
generally attributed to two main mechanisms [30]:
1. Extra space
Since the SCMs do not react during the very early stages of hydration,
given the same w/s ratio, the water/clinker ratio becomes higher and more
space becomes available for the precipitation of the hydration products of
the clinker phases.
2. Enhanced nucleation
This occurs mainly in systems where the fineness of the SCM particles is
greater than that of the cement. It is generally assumed that the extra
surface provided by the SCM grains acts as nucleation sites for the
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precipitation of the hydration products of the clinker phases. However, in a
recent study by Berodier and Scrivener [124], it was shown that the
acceleration caused by the filler effect is due mainly to the extra shearing
produced by the presence of the SCM particles rather than the extra surface
provided.
Figure 2.8 shows an illustration of the filler effect for a PC blend containing 10% of
silica fume, taken from the study by Lothenbach et al. [30]. The heat evolution
curve was normalized to the clinker content. It can be seen that in the blended
system, the acceleration period commenced ahead of the neat system. Also, the peak
of the heat curve was much higher for the blended system, as compared to the neat
system. This was attributed to the finer particles of the silica fume acting as
nucleation sites for the precipitation of the C-S-H and CH phases.
This same acceleration effect has been observed for the aluminate peak of PC slag
blends, and this has been generally attributed to an early reaction of the slag itself
[115, 125, 126]. However, in a recent study by Kocaba [44], it was suggested that
the SCMs do not react but rather enhance the nucleation of the hydrates formed
during the reaction of the aluminates. Other studies [127-129] have also reported
different effects of SCMs on the hydration of the aluminate phases (C3A and C4AF).
For example, Dittrich et al. [128] showed that soluble sulphates from fly ash may
lead to a retardation in the reaction of the C3A. The use of metakaolin [127] and
zeolites [129] as SCMs was also observed to alter the amount of sulphate ions
present in the solution, thereby resulting in undersulphation of the systems.
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Figure 2.8: Heat evolution of a 100%PC paste compared to a 90% PC–
10% SF blend, showing the filler effect (taken from [30])

2.2.2 Hydration of slag blended cements
In the hydration of PC slag blend, both constituents react simultaneously with the
water to yield hydration products. The initial hydration of slag is much slower than
that of PC [12], and usually no hydration product is observed to be formed when
GGBS is placed alone in water. However, Regourd et al. [130], observed via X-ray
photoelectron spectrometry (XPS) that the surface of the slag grains were modified
upon contact with water, but it was not clear if these modifications were forms of
hydrated products.
The hydration of slag involves activation of the GGBS by alkalis and sulphates to
form its own hydration products. The crystalline part of the slag does not hydrate but
interferes only as fine aggregate or crystallization seed [131]. Typical hydration
products formed are C-S-H and hydrotalcite; however, some other hydration
products have been reported. For example, C4AH13 and C2ASH8 were formed as
hydration products in slags activated by NaOH [132]. Slags rich in alumina formed

34
stratlingite [8, 30], while using sulphates as activator resulted in the formation of
ettringite [133].
In terms of the nature of the hydration products formed, Richardson et al. [134]
observed that the Op C-S-H of alkali activated slags had a foil-like appearance, and
was partly crystalline. There was a difference in the morphology of the C-S-H found
in the slag hydration rims compared to those found in the originally water filled
space, the former having a finer morphology. The C/S ratios of the C-S-H formed
were lower compared to those formed in the hydration of clinker, while the Al/Si
ratios were higher [8, 61, 135]. Magnesium released from the slag hydration was not
incorporated in the C-S-H, but reacted to form a hydrotalcite-like phase having a
lower Mg/Al ratio [136-138]. The C-S-H in PC usually has a composition of 1.51.9CaO.SiO2.nH2O, with the number n depending on the relative humidity and
temperature. The addition of GGBS, which is richer in silica compared to PC, as
shown in Figure 2.1, results in the formation of C-S-H phases with lower C/S ratios,
having a tobermorite-like structure (CaO)0.83SiO2.(H2O)1.5 [30].
Mechanism of slag hydration:
Tanaka et al. [139] carried out a study on the hydration mechanism of slag. In their
study, glassy discs were zebra-coated with gold and hydrated. The hydrated glassy
discs were inserted into PC paste. Cross-sections of the glassy discs were later
observed under SEM. They found that there were three hydrated layers – a skeleton,
inner and outer hydrated layer. The skeleton hydrated layer appeared porous,
containing grains of type III C-S-H, while the inner hydrated layer appeared dense
and crystalline. The explanation they gave was that the surface of the slag was first
coated by PC hydrates, and then bombarded by Ca2+ ions from the supersaturated
solution. As the Ca2+ and Al3+ ions of the slag dissolved in the solution, a skeleton
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hydrated layer was formed which gradually transformed into an inner hydrated
layer. Barker [140] also observed a type of hydrate zoning in PC slag blends that
were hydrated at ambient temperature. Feng et al. [141] conducted studies on 60–40
and 50–50 PC-slag blends, and observed the formation of a gel-like layer
surrounding the slag grains. This layer had higher silica content and was denser than
the hydrates of the Portland cement, and its composition and microstructure changed
with time.
In another study [142], synthetic glass having similar chemical composition to
GGBS, was activated using a 0.1N KOH and observed by SEM and TEM. Similar to
the findings of Tanaka et al. [139], three different zones were observed in the
hydrated layer: an internal fibrous layer containing the residual glass together with
some lamellae, a lamellar layer of hydrotalcite-like phase, and an outer layer
comprising of granular C-S-H. It was suggested that the hydration kinetics was
governed mainly by two processes: (1) nucleation growth of the calcium silicates, CS-H and carbonates, and (2) a reordering of the remaining Si-Al hydrated glass by
incorporation of Ca2+ and Mg2+ ions.
From the literature, the mechanism of slag hydration appears not to be very clear.
Most of the studies [139, 140, 142], points to the formation of a hydrated layer
comprising of three zones. However, as can be seen, the hydration of slag can be
influenced by several factors including; the type of activator used, the hydration
temperature, the fineness of the slag, the w/s ratio, and the proportion of the slag
load.
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2.2.2.1 Influence of activator type on the hydration of slag
Slag activators can either be alkaline in nature, such as sodium hydroxide, lime,
sodium carbonate and sodium silicate; or sulphate-based, like calcium sulphates or
phosphogypsum. The type of the activator influences the nature and type of the
hydrates formed [9, 31]. Table 2.4 gives a summary of the hydration products
obtained when different activators are used.

Table 2.4: Slag hydration products in the presence of different activators
(taken from [143])
Nature of activator

Crystalline phases

Comments

NaOH, Na2CO3, sodium silicate

C-S-H, C4AH13,
C2AH8, Mg(OH)2

Some Si in C3AH13, C/S in
C-S-H less than in OPC

Ca(OH)2

C-S-H, C4AH13

C2AH8 absent

Sulphate e.g. gypsum,
hemihydrates, phosphogypsum

C-S-H, AFt,
Al(OH)3

Sulphate in slag acts to some
extent as an autoactivator

Portland cement

C-S-H, AFm, AFt,

Not all phases are likely to be

hydrogarnet,
hydrotalcite-like
phase

seen in the same paste

In a study by Ben Haha et al. [136], slags were activated by two different alkalis –
NaOH and waterglass (sodium silicate). They observed that the NaOH activated
slags were more reactive than the waterglass activated slags at the early stages.
However, at ages beyond 7 days the trend was reversed. In terms of the impact on
the microstructure, the initial fast reaction of the NaOH activated slags resulted in a
more porous microstructure; whereas the slow hydration of the waterglass activated
slag led to a more refined microstructure. Similar findings were reported by Jeong et
al. [43], where they investigated the influence of four supplementary activators on
Ca(OH)2 activated slag system. They observed that the Na-based additives were less
desirable, producing lower 28 day strengths.
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In PC slag blends, the hydration of slag in the presence of the cement depends on the
breakdown and dissolution of the glass slag structure by hydroxyl ions released
during the hydration of the PC and also on the alkali content of the PC [131]. In
contrast to alkali activated systems, using different types of PC as activator for slags
does not seem to have any significant effect on the hydration of the slags [56, 137].
Whitaker et al. [135] studied the hydration kinetics of PC slag blends. The two slags
they studied had the same fineness but different chemical composition and glass
content. They observed that after 1 year of hydration of 60–40 PC slag blends, about
57% and 68% of the slags had reacted. The more reactive slag had higher alumina
and glass contents. When they increased the slag loading from 40 to 70%, the degree
of slag hydration dropped from 68% to 60%. In other similar studies, Luke and
Glasser [144] observed that for 70–30 PC slag blends, about 41% and 65% of the
slag had reacted after 1 month and 1 year of hydration respectively. Generally, the
higher the slag proportion in the mix, the lower the degree of slag hydration [22].

2.2.2.2 Influence of particle size distribution and fineness on the hydration of
slag
In PC slag blends containing between 50 – 60% of slag, the early strength seems to
be influenced mainly by the clinker fineness and the later age strength by the slag
fineness. For blends containing higher slag proportion, the fineness of the slag will
have a major influence on strength at all ages; whereas in blends of lower slag
proportion, the influence of the slag fineness on strength or hydration is more or less
negligible, regardless of the age [9]. Table 2.5 shows a typical example of how the
slag‟s fineness influences the strength of concrete.
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Table 2.5: Influence of slag fineness on strength of concrete (taken from [9])
Blaine fineness

Compressive strength (MPa)

(cm2/g)

1 day

3 days

7 days

28 days

90 days

3095

0.72

2.48

5.90

16.96

27.23

3930

0.88

2.88

8.41

21.79

32.34

4850

1.05

3.60

10.58

24.82

36.34

6140

1.19

4.87

12.48

27.06

39.09

PC:GGBS = 30:70, Gravel concrete (1:2:4 by vol), w/b = 0.55, water cured
Wan et al. [39] reported the effect of specific surface area and particle size
distribution (PSD) of GGBS on the hydration of PC slag blends. They observed that
the compressive strength of mortar incorporating GGBS was related to both the
fineness and the PSD of the GGBS. When GGBS mortar samples having the same
degree of fineness were tested for strength, mortar samples containing particles less
than 3 μm had high early strength, while mortars containing particles ranging
between 3 to 20 μm, had high later strengths.
In another study, Gao et al. [145] investigated the hydration characteristics of slag
blended systems using XRD and SEM. Two slags with the same chemical
composition but different degree of fineness was used in their study, at replacement
levels of 40%. They observed a higher degree of slag hydration for the finer slag,
and concluded that slag hydration was a function of the specific surface area of the
slag.

2.2.2.3 Influence of temperature on the hydration of PC slag blends
At higher temperatures, GGBS contributes more to the total heat of hydration than at
lower temperatures [126, 146-148]. This has been attributed to the accelerating
effect of temperature on the reaction of the slag.
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In studies [125, 126, 146, 147] where heat evolved from hydration of PC slag blends
was measured by isothermal calorimetry, a different peak was often observed to be
formed after peak II (as shown below in Figure 2.9). The mechanism behind the
formation of this peak is controversial, and has been debated on severally in the
literature.

Figure 2.9: Typical heat evolution curve for the hydration of PC and slag
blended cement (taken from [125])
Wu et al. [126] studied the influence of temperature on the early stage hydration of
PC slag blends. They used three different PC slag blends comprising of 40, 50 and
65% of slag. All three slag blends were hydrated at temperatures of 15, 27, 38 and
60°C. They observed that the slag reacted more slowly at temperatures below 15°C
and at an accelerated rate at temperatures above 27°C. Substantial portions of the
slag had reacted within the first 24 hours at temperatures of 27°C and above. At the
lower temperatures of 15 and 27°C, they observed a peak (similar to peak „S‟ as
seen in Figure 2.9) was formed after peak II. At the same temperature, this peak
appeared at about the same time for all proportion of slag loading, and the intensity
was seen to increase with the slag loading. They attributed the formation of this peak
to the hydration of the slag portion. At 60°C, the reaction of the slag commenced
very early and this peak was hidden in peak II.
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Utton et al. [125], investigated four slag blended systems at temperatures of 12 and
25°C. Their observations was similar to that of Wu et al. [126]. There was a slight
shoulder after peak II, which was attributed to the slag hydration. This shoulder was
more visible at 25°C than at 12°C, and also became more obvious as the slag
proportion was increased in the system. Escalante-Garcia and Sharp [146] reported
similar findings, where they observed increased slag hydration at higher
temperatures. However in their case, for PC slag blends containing 60% slag, peak
„S‟ was observed at all curing temperatures (10, 30 and 60°C).
Richardson et al. [147] studied the hydration mechanism of slag cements and
observed that at higher temperatures, the reactions of the silicates and aluminates
were accelerated. They also observed the formation of a slight shoulder to peak II.
However, they identified the formation of this peak to be associated with the
formation of secondary AFt.

2.2.2.4 Activation energy of PC slag blends
The reaction of slags is very sensitive to temperature, and several researchers [126,
149-151] have attempted to calculate the activation energy corresponding to the
hydration of slag blended systems. Regourd et al. [150] applied Arrhenius law
(Equation 2.5) to the heat evolved during hydration. They showed that at two
different temperatures T1 and T2, provided that the degree of hydration is the same,
the time of hydration, t, is related to the apparent activation energy (E) according to
the expression shown in Equation 2.6.
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𝑘 𝑇 = 𝑘0 𝑒𝑥𝑝

−𝐸
𝑅𝑇

𝑡1
𝐸 1
1
= 𝑒𝑥𝑝 ( − )
𝑡2
𝑅 𝑇1 𝑇2

(2.5)

(2.6)

Using Equation 2.6, values of 46 and 50 kJ/mol were calculated as the activation
energy for PC and slag blends respectively.
Wu et al. [126] used another approach developed by Knudsen ([151] cited in [126])
to calculate the activation energy of PC and slag blends containing 50% GGBS.
Knudsen [151] proposed that the kinetics of cement hydration can be followed by
the expression below:

𝑝 = 𝑝∞

𝑡 − 𝑡0
𝑡 − 𝑡0 + 𝑡50

(2.7)

Where p was related to the heat evolved, t0 taken as the time at the end of the
induction period, p∞ is the ultimate heat evolved and t50 is the time taken to reach
50% degree of hydration. By plotting the reciprocal of the above expression, 1/p vs
1/(t-t0), they were able to obtain values of t50 at various temperatures. Calculated t50
values were substituted into the Arrhenius equation to calculate E. They obtained
values of 44.3 and 49.1 kJ/mol for PC and 50% PC slag blend. Table 2.6 shows
values of activation energy calculated for slag blends obtained from different
studies.
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Table 2.6: Activation energy calculated for various slag blends
PC:GGBS

Activation energy (kJ/mol)

Reference

50:50

49.1

Wu et al. [126]

20:80

50

Roy and Idorn [152]

30:70

62.1

Barnett et al. [23]

50:50

48.0

-

65:35

47.0

-

80:20

35.2

-

2.2.3 Methods for determining the degree of hydration of slag
It is often difficult to apply the same methods used in determining the degree of
hydration of PC to that of slag, as the reaction of slag with water is complex, and
depends on several factors as already highlighted above. Several methods have been
developed for following and/ or measuring the degree of slag hydration in slag
blended systems, with each having their advantages and disadvantages.
Kocaba et al. [153] compared five methods for determining the degree of slag
hydration in PC slag blends. The methods studied were selective dissolution,
differential scanning calorimetry, SEM-BSE image analysis, cumulative heat
evolved as measured by isothermal calorimetry and chemical shrinkage. They
concluded that selective dissolution and differential scanning calorimetry were
unreliable. SEM-BSE image analysis enabled the unreacted slag portion to be
measured by a combination with EDS elemental mapping. However, it seemed to
overestimate the degree of slag hydration at the early stages below 28 days.
Cumulative heat measured by isothermal calorimetry gave a good correlation with
chemical shrinkage, and both methods were able to isolate the reaction of the slag
from that of the PC. However, there is the limitation of the length such experiments
can go for, especially for isothermal calorimetry; and also how to obtain the value of
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Q∞ (ultimate heat evolved at time t = ∞), from which the degree of slag hydration
can be obtained.
Pane and Hansen [154] used a combination of isothermal calorimetry and thermal
analysis to determine the degree of slag hydration. They developed a relationship
between Q∞ and the maximum bound water content (wb,∞), which they used to
determine the degree of hydration of the neat system. For the slag blends, they
assumed that the decrease in the CH content of the slag blend was due to
consumption by the slag reaction. They obtained plots relating the CH content to the
bound water content for the neat and blended system, and from the use of a threeparameter hydration equation were able to develop an equation for calculating the
degree of slag hydration. However, a limitation to this approach is the dependence
of wb,∞ on temperature and water/binder (w/b) ratio.
Snellings et al. [155] combined XRD with partial or no known crystal structure
(PONKCS) method to quantify the amount of unreacted slag present in a hydrated
slag blend sample. The results they obtained were consistent, and were seen to be
linearly correlated to the cumulative heat measured independently by isothermal
calorimetry. However, a drawback to this approach is the difficulty in isolating the
amorphous phases of C-S-H from that of slag, which often overlaps in hydrated
systems [156].
Scrivener et al. [156] reviewed the methods that can be used for quantifying slag
hydration. Based on some unpublished results of Skibsted ([157] cited in [156]),
they stated that

27

Al MAS NMR can be used to determine the degree of slag

reaction. This approach is based on the assumption that the slag dissolves
congruently during hydration. It was seen to give results that matched well with
those obtained from calorimetry and chemical shrinkage.
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From the literatures reviewed, it can be seen that there is no ideal method for
determining the degree of hydration of slag. However, from the recommendations
given, isothermal calorimetry, chemical shrinkage, SEM-BSE combined with EDS,
and 27Al MAS NMR appear to be suitable methods that can be adopted.

2.2.4 Influence of GGBS on concrete’s properties when used as a
supplement
When GGBS is added as a partial replacement for PC in the making of concrete, it
improves its properties in various ways, some of which have been discussed here:
Workability:
Increasing slag content at low w/b ratios can increase the water demand of the
concrete, especially for slags of higher degree of fineness [158]. Also, the narrower
the particle size distribution of the GGBS, the larger the fluidity of the mortar [39].
Setting times:
Increasing the slag proportion in concrete decreases the consistency and increases
the setting time [159]. However, for slags of higher degree of fineness, increase in
slag proportion may result in lower setting times [158].
Lower heat of hydration:
The heat of hydration of GGBS concretes is generally lower than that of plain
concretes [160]. This makes the incorporation of GGBS in concrete to be
advantageous for mass concreting in hot weather conditions, but on the other hand,
disadvantageous in cold weather [9].
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Compressive strength:
The addition of GGBS to PC in making concrete generally improves the later
strength development of the concrete [23, 24, 161-166]. This is because, in
comparison to PC, slag hydration does not begin early and therefore do not
contribute to the densification of the concrete matrix at the early ages. Although, this
may also be influenced by other factors such as the proportion of slag in the mix, the
w/b ratio, the hydration temperature, the curing conditions, etc.
Porosity:
Pores in concrete can be classified as either gel pores (<0.01 μm) or capillary pores
(0.01 to 10 μm). The quantity, characteristics and connectivity of the pores in a
concrete determines its properties in terms of strength and durability [167]. Slag
blends exhibit similar porosities as ordinary PC at early ages. However, at later ages
when substantial portions of the slag have reacted, the porosities of the slag blends
becomes less than that of the ordinary PC [164, 168, 169]. In terms of pore
connectivity, the pore structure of slag blends comprises of large discontinuous thinwalled pores, as compared to that of the ordinary PC which is continuous [170].
Permeability/ Sorptivity:
As seen from above, the addition of GGBS to concrete results in the formation of a
hardened cement paste having smaller gel pores and fewer large capillary pores.
This finer pore structure makes GGBS concretes to exhibit lower permeability than
concretes made from PC [31, 131].
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2.3 Chlorides in concrete
Chloride-induced corrosion of steel reinforcement is one of the major causes of
premature deterioration and degradation of concrete structures built in marine
environments. The mechanisms by which this corrosion affects the load carrying
capacity of marine concrete structures are: loss of reinforcement section, loss of
steel–concrete bond, concrete cracking and delamination [171] as shown in Figure
2.10. The presence of chloride ions in concrete tend to accelerate the corrosion of
the steel reinforcement and according to Saassouh [172], this occurs in three stages
namely:


Disruption of the passive film;



Reduction of the pH level; and



Catalyst of oxidation.

The rate of chloride ingress into concrete is often expressed as the chloride diffusion
coefficient of concrete, and it is an indicator of concrete‟s durability. The magnitude
of this value for a concrete structure depends mainly on the concrete‟s pore structure
and on all the factors that determine it such as w/c ratio, type of cement, proportion
of mineral admixtures or SCM, curing conditions, etc. It also depends on the
chloride exposure condition (submerged, splash or tidal, atmosphere, etc.), length of
exposure, and partly on the hydration of slow reacting constituents such as GGBS or
fly ash [173].
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Figure 2.10: Schematic diagram showing the damage caused by chlorideinduced corrosion (taken from [174])
Chlorides may enter into through various routes [175]:


Either as admixtures;



As de-icing salts as in bridge decks;



Through penetration of seawater as in marine structures;



Using mix ingredients (fine and coarse aggregate) contaminated with
chlorides; or



Through the mix water.

The chlorides which enter into the concrete from the admixtures or mix water or mix
ingredients are referred to as internal chlorides, whereas those which enter from
outside sources like de-icing salts and seawater during the service life of the
structures, are referred to as external chlorides.
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Figure 2.11 shows the various mechanisms through which chloride ions can
penetrate into a concrete structure [14].


From airborne salts raised from the sea by turbulence, carried by wind and
deposited on the surface of the concrete. Nireki ([176] cited in [177]),
reported that such salts can travel up to 2 km and even more depending on
wind and topography.



Under a hydraulic pressure, water containing chlorides penetrates into
concrete. This mechanism is known as permeation or chloride ingress due
to pressure gradient. This occurs mainly in dams and underground
facilities.



When water containing chlorides comes in contact with a dry concrete
surface, it gets drawn into the porous microstructure due to capillary
suction. This mechanism is known as absorption. In this case, the force
driving the chloride ions into the concrete is the moisture gradient between
the surface and the bulk.



When a concrete member is in contact with chloride contained water at one
surface, while its other surface is exposed to drying, chloride ions move
from the wet surface towards the dry surface in a process called wicking. In
this case too, the moisture gradient between the two surfaces is the
potential that drives chlorides inside the member.



Another mechanism is diffusion or the movement of chlorides under a
concentration gradient. For this to occur concrete must have a continuous
liquid phase (i.e., continuous pores filled with pore solution), and there
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must be a concentration gradient that drives chlorides toward the zones of
lower concentrations.

Figure 2.11: Mechanisms of chloride ingress into marine concrete (taken
from [14])
Generally, chlorides exist in concrete basically in two forms [178]:


Bound – either chemically with hydration products in the C3A or C4AF
phases of the cement, or physically with the C-S-H phase; and



Free – as ions within the pore solution.

2.3.1 Mechanisms governing chloride ingress into concrete
Concrete in a marine environment can either be in saturated or unsaturated
condition. The mechanism of chloride ingress into concrete in a marine environment
is different for each of these conditions.
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Saturated condition:
For saturated concrete (e.g. concrete continuously submerged in seawater), this
mechanism is governed by pure diffusion and can be modelled and described by
Fick‟s laws of diffusion [179, 180].
Fick‟s first law is usually applicable to steady state conditions, where it is assumed
that there is no change in flow. It is usually expressed as shown below [180]:

𝐽 = −𝐷

𝑑𝑐
𝑑𝑥

(2.8)

For conditions where the flow of ions is not constant (ion concentration can change
over time), Fick‟s second law is more applicable. It is expressed as shown below
[179]:

𝜕𝐶𝑖
𝜕 2 𝐶𝑖
=𝐷
𝜕𝑡
𝜕𝑥 2

(2.9)

The above equation is often expressed in a more general form as [179]:

𝐶 𝑥, 𝑡 = 𝐶𝑠 1 − 𝑒𝑟𝑓

𝑥

(2.10)

2 𝐷𝑐 𝑡

Where J is the flux, C(x,t) is the chloride concentration at a given time and position,
Cs is the surface chloride concentration, Dc is the chloride diffusion coefficient, t is
the time, x is the depth in the diffusion direction and erf is the error function.
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Fick‟s second law is often applied in most chloride ingress studies involving
saturated conditions such as in laboratory ponding tests and field conditions where
the samples are continuously immersed in seawater.
Laboratory ponding tests are close to field exposures, but are often slow, requiring
longer periods. Therefore, to increase the rate of chloride ingress, an external
electrical potential is sometimes applied, e.g. in electrical migration or accelerated
tests. In such instances, the diffusion is described by a part of Nernst-Planck
equation as shown below [180, 181]:

𝐽 𝑥 = −𝐷

𝜕𝑐(𝑥) 𝑍𝐹𝐸
+
𝑐
𝜕𝑥
𝑅𝑇

(2.11)

Where Z is the valence of the ion (-1 for Cl-), F is Faraday‟s constant, E is the
electrical field, R is the universal gas constant, and T is the temperature.
Unsaturated condition:
In the case of unsaturated concrete (concrete partially submerged in seawater or
exposed to alternate wetting and drying cycles of seawater), the mechanism
governing chloride transport is complex. For instance, in the case of unsaturated
concrete exposed to alternate wetting and drying cycles, the chlorides diffuse
alongside seawater into the concrete during the wetting period by liquid pressure
gradient. In the drying period, only water evaporates from the concrete surface while
the salts remain in the concrete leading to an accumulation of chlorides [182], which
then increases capillary suction [183]. Thus, deterioration caused by chlorideinduced corrosion is usually higher for unsaturated concrete compared to saturated
concrete structures.
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The mechanism governing chloride ingress in such conditions is a combination of
diffusion of chlorides as in the saturated condition, and capillary absorption or
convection of seawater [171, 184]. To account for both mechanisms in the
assessment of chloride ingress for unsaturated condition, a convective term is added
to Fick‟s second law of diffusion [171, 185]:

𝜕𝐶𝑡𝑐
= div 𝐷𝑐 𝑤𝑒 → 𝐶𝑓𝑐
∇
𝜕𝑡
diffusion

+ div 𝐷 𝑤𝑒 𝐶𝑓𝑐 → 

(2.12)

∇

convection

Where Ctc is the total chloride concentration, t is the time, Dc is the effective
chloride diffusion coefficient, we is the evaporable water content, Cfc is the
concentration of chlorides dissolved in the pore solution (free chlorides), Dh is the
effective humidity diffusion coefficient and h is the relative humidity.

2.3.2 Factors influencing chloride ingress
There are several factors which influence the ingress of chloride ions into concrete,
some of which have been briefly discussed here.

2.3.2.1 Porosity
Generally, the finer the pore structures of a concrete, the higher the resistance to
chloride ingress and vice versa [164, 186]. Al-Amoudi et al. [161] conducted a study
on the long-term corrosion resistance of plain and blended cement concretes
immersed in 5% NaCl solution for a period of 7 years. The results they obtained for
both plain and blended cement concretes showed strong correlation between
porosity and the corrosion resistance of the concretes. Aldea et al. [187] also found a
correlation between the continuous pore diameter and the initial current measured by
rapid chloride penetration test. In the case of Yang et al. [188, 189], a linear
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relationship was observed between the capillary pore volume and the steady-state
and non-steady state chloride migration coefficient, as shown in Figure 2.12.

Figure 2.12: Relationship between chloride migration coefficients and
capillary pore volume (taken from [188])
2.3.2.2 Relative humidity
Several studies [179, 190, 191] have shown that chloride ingress is greatly
influenced by the relative humidity (RH). Ben Fraj et al. [182] observed an increase
in the chloride diffusion coefficient of unsaturated concretes subjected to wet-dry
cyclic chloride exposure, when the relative humidity was decreased from 90 to 50%.
They attributed the increase to a combination of diffusion and capillary absorption.

2.3.2.3 Cation type
The source of the chloride ions or the associated cation usually affects the rate of
chloride ingress or binding. Arya et al. [192] reported higher diffusion rates for
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magnesium chloride, compared to sodium chloride. Angst et al. [193] reported that
calcium chloride led to more chloride binding than sodium chloride.

2.3.2.4 Water/cement ratio
At a given temperature, the higher the w/c or w/b ratio, the higher the rate of
chloride ingress and vice versa [188, 194-196]. This appears to be more significant
at higher w/b ratios, as shown in the study by Page et al. [196]. They observed that
at a temperature of 25°C, increase in w/c ratio from 0.4 to 0.5 resulted in an increase
of about 70% in the chloride diffusion coefficient; compared to an increase of about
170% when the w/c ratio was increased from 0.5 to 0.6.
In unsaturated exposure conditions, this can also be influenced by the relative
humidity. Olsson et al. [197] observed that at higher RH, chloride ingress was
greater for samples having higher w/b; whereas at lower RH, the trend was reversed.

2.3.2.5 Exposure condition
Higher chloride diffusivities have been reported for concrete exposed to unsaturated
or partially submerged conditions (tidal and splash zones) than those subjected to
saturated or submerged conditions [171, 182, 183]. This is because in unsaturated
conditions like tidal and spray zones, chlorides will diffuse into the concretes during
the wetting period because of a liquid pressure gradient, while in the drying period
only the water will evaporate out of the concrete, leaving behind an accumulation of
chlorides [182].

2.3.2.6 Time/duration of exposure
Several studies have shown that chloride diffusion is time dependent. Longer
periods of exposure will result in lower values of Dc. The reason for this can be
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simply explained. As time progresses, more hydration products are formed and the
microstructure becomes denser making it more difficult for chloride ions to
permeate.
Thomas and Bamforth [198] proposed a model relating Dc to time. They showed
that Dc was time dependent and changes significantly with time, especially for
blended systems. Their model is as shown below:

𝐷𝑡 = 𝐷28

𝑡28
𝑡

𝑚

(2.13)

Where Dt is the chloride diffusion coefficient at time t, D28 is the chloride diffusion
coefficient at time t28 = 28 days, and m is a constant.

2.3.2.7 Curing condition
The curing medium (water or air), length of curing, and temperature of curing,
affects the rate of chloride ingress. Longer curing duration in water at a temperature
of about 20°C enhances the chloride ingress resistance of concretes [5, 164, 199201]. On the other hand, shorter curing durations or curing in ambient conditions
results in higher rates of chloride ingress. This can be attributed to the impact of
curing on the microstructural development. Prolonged moist curing will generally
result in a finer pore structure that will be more resistant to the penetration of
chloride ions [164].
Güneyisi et al. [202] studied the influence of curing conditions on the chloride
ingress and corrosion resistance of plain and blended cements.

The concrete

samples were subjected to three initial curing regimes – air curing for 28 days, 7
days wet curing followed by 21 days air curing, and 28 days wet curing. After
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curing, the samples were immersed in a 4% NaCl solution, and tested for chloride
penetration at various periods. The results they had showed that initial curing had
significant impact on the rate of chloride ingress, especially for the blended cements.
They concluded by suggesting that 7 days of wet curing was not enough for blended
cements.

2.3.2.8 Cement type
The C3A phase plays an important role in chloride binding. Type V cements, which
have lower C3A contents than Type I cements, generally shows less resistance to
chloride penetration than Type I cements [175, 203-205]. Hussain [204] observed
that an increase in the C3A content from 2.43 to 14% resulted in an increase of about
2.65 and 2.85-fold in the chloride binding capacity and chloride threshold
respectively. In another study by Rasheeduzzafar [206], it was reported that Type I
cements having C3A contents of 9.5%, bound about 1.6 times more chloride than
those having C3A contents of 2.8%. Although, in that same study it was reported
that when the C3A content was increased beyond a certain amount, the impact on the
chloride ingress resistance became very little. In the study by Al-Khaja [207], it was
reported that concretes made from ordinary PC were more resistant to chloride
ingress than those made from sulphate resistant cements.

2.3.2.9 Presence of sulphates
Feldman et al. [208] immersed concrete samples prepared from PC and slag blends
in a combined chloride and sulphate solution. After 12 months, they observed a
decrease in chloride ion ingress compared to samples that were immersed in chloride
solutions. Similar findings were reported by Tumidajski and Chan [209] for plain
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concretes, but for slag blended concretes they observed an increase in chloride
ingress in the presence of sulphate ions.
In another study by Zuquan et al. [210], the presence of sulphate ions was seen to
decrease the rate of chloride ingress at early exposure period, while increasing it at
later exposure periods. They attributed the early decrease in chloride ingress to the
gradual formation of ettringite crystals, which led to a compaction of the
microstructure; and the later increase to the presence of expansive ettringite crystals
in the pores and ITZ, which resulted in the formation of cracks. Similar findings
were also reported by Luo et al. [17], where 5% gypsum was added to slag blends
containing 65% GGBS. They observed that this resulted in a significant increase in
the chloride diffusion coefficient, and argued that the increase was as a result of the
expanding reaction between the sulphates and C3A.
It seems that the effect of the presence of sulphates on the rate of chloride ingress is
unclear, and tend to depend on the length of exposure, the cement type and the
source of the sulphate (whether it is admixed as in the case of adding gypsum or it is
external as in the case of a combined mixture of sulphate and chloride solution). For
both sources, the presence of sulphate seems to decrease the later resistance to
chloride ingress.

2.3.2.10 Presence of carbonates
Carbonation generally increases the rate of chloride ingress into concrete. This has
been attributed to two main factors. The first is that carbonation coarsens the pore
structure, this effect being more pronounced on blended systems [209]. The second
effect is due to a reduction in chloride binding. Friedel‟s salt is usually destabilized
at low pH, which can be caused by carbonation [211, 212].
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The effect of carbonation on chloride ingress tends to be different for plain and
blended systems. Chindaprasirt et al. [213] studied the effects of CO2 on the
chloride diffusion coefficient of plain and blended cement mortars. They reported
that for PC mortars, exposure to CO2 did not have any significant effect on the
resistance to chloride ingress; whereas for the blended cement mortars, exposure to
CO2 resulted in a significant decrease in the resistance to chloride ingress. The
reason for this can be linked to the coarsening of the pore structure as mentioned
above.

2.3.2.11 Use of SCMs
SCMs such as fly ash (PFA), metakaolin, GGBS, when used as additives also
reduce the rate of chloride ingress [164, 186, 214-216]. Dhir et al. [217] found that
substituting PC with PFA up to 50% greatly increased the chloride binding capacity,
and reduced the chloride permeability of concrete. Song et al. [218] reported that
silica fume reduced the permeability of concrete by refining its microstructure
through physical and chemical processes. For concretes incorporating metakaolin,
Badogiannis and Tsivilis [219] reported that the replacement of cement or fine
aggregates by metakaolin up to 20% significantly reduced the chloride permeability,
gas permeability and sorptivity of the concretes.
Detwiler et al. [199] studied the effect of SCM on the chloride ingress resistance of
concretes cured at elevated temperatures. In their study, they used GGBS to partially
replace PC at 30%, at w/c ratio of 0.4 and 0.5, and varied the curing temperature
from 23°C to 50°C to 70°C. They observed that the use of SCM such as GGBS was
more effective than lowering the w/c ratio when trying to improve the durability of
concrete in high temperature environments.
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Bai et al. [216] reported significant reduction in chloride ingress when ternary
blends of PFA and metakaolin were used to partially replace PC. They observed the
chloride diffusion coefficient to decrease with increasing level of SCM replacement
and exposure time. They attributed this to the formation of pozzolanic reaction
products within the capillary pore spaces resulting in a finer pore structure, and also
to an increase in chloride binding capacity of the paste. Similar trends of results
were also obtained by Goñi et al. [220], in ternary blended systems containing
thermally activated paper sludge and fly ash.

2.3.3 Chloride ingress resistance of slag blended cements
Majority of studies in the literature has shown that the incorporation of GGBS in
concrete enhances the resistance to chloride ingress. This has been attributed mainly
to their finer pore structure and higher chloride binding capacity. A study by
Boutellier et al. [221], where plain and GGBS concretes containing 70% GGBS
were subjected to cyclic chloride exposure, showed that the Dc value of GGBS
concretes were much lower than that of plain concretes. This was attributed to the
higher chloride binding capacity of the GGBS concretes. Similar findings have also
been reported by others [173, 182, 201, 222, 223].
Apart from enhancing chloride ingress resistance, the incorporation of GGBS in
concrete can affect the pH of the pore solution, which might have impact on the
corrosion risk of the embedded steel reinforcement. Cheng et al. [16] observed that
the addition of GGBS to concrete resulted in a decrease in the pH of the pore
solution. They measured a pH of 12.8 and 12.4 for blends containing 40 and 60%
slag respectively. This decrease in pH is due to the consumption of CH by slag
hydration, and would result in the lowering of the buffering effect provided by the
alkaline medium surrounding the reinforcing steel. While some believe that this may
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have a negative effect on the corrosion risk of steel reinforcement in slag concretes,
others do not. For example, Gouda and Halaka [224] obtained lower chloride
threshold values for slag concretes as compared to plain concretes, Schiessl and
Breit [225] reported the opposite while Oh et al. [226] did not observe any
significant difference. The bulk of findings from the literature still points to the fact
that GGBS concretes are more resistant to chloride ingress than plain concretes. This
has even been reflected in standards, e.g. BS EN197-1:2011 [3], where CEM IIA/BS and CEM III A/B/C cements are commonly used for marine construction.
The chloride diffusion coefficient (Dc) is often used as measure of the resistance to
chloride ingress. Table 2.7 gives a summary of Dc values obtained from the
literature for concrete or mortar samples prepared from slag blends. The wide
variability in the data is due to the different testing methods and conditions. For slag
blends, Dc can be influenced by several factors including:


the proportion of slag in the mix;



the w/b ratio;



the curing duration before exposure;



the exposure condition, saturated or unsaturated;



temperature;



salinity; and



chemical composition of the slag
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Table 2.7: Dc values of slag blends obtained from literature
Slag
proportion

w/b

Curing
length

(%)

Exposure
temperature

Exposure
condition

Period of
exposure

Salt solution Dc
type
(x10-12
m2/s)

Reference

Remarks

(°C)

40

0.42

28 days

20 ± 2

RCPT

6 hrs

5.0M NaCl

1.1

Yeau and
Kim [227]

Concrete samples

70

0.6

28 days

-

Submerged

6 months

Marine
water

1.95

Luo et al.
[17]

Mortar samples

70

0.5

28 days

20

RCPT

15 days

1.0M

6.47

Andrade and
Bujak [228]

Mortar samples

70

0.48

28 days

NS

Splash zone

6 months

Seawater

7.5

Thomas and
Bamforth
[198]

Concrete samples

65

0.45

63 days

20

Submerged

50 days

165 g/L
NaCl

1.1

Loser et al.
[229]

Concrete samples

50

0.52

See remarks

20 ± 1

1 day wet, 6
days dry

12
months

0.55M NaCl

2.8

Basheer et al.
[230]

Concrete samples were
wet-cured for 14 days
followed by 14 days
drying at 40°C

45

0.36

1 day

25 ~ 28

Submerged

90 days

Seawater

4.823

Chen et al.
[164]

Concrete samples

60

0.48

90 days

20°C and
90% RH

6 hrs wet,
6hrs dry

30 days

30 g/L NaCl

35

Ben Fraj et
al. [182]

Concrete samples

62

Slag
proportion

w/b

Curing
length

(%)

Exposure
temperature

Exposure
condition

Period of
exposure

Salt solution Dc
type
(x10-12
m2/s)

Reference

Remarks

Artificial
seawater

90

Jau and Tsay
[231]

Concrete samples

(°C)

30

0.60

28 days

20 ± 2

3 days wet,
4 days dry

90 days

50

0.45

90 days

20

RCPT

Not stated 3% NaCl +
1% NaOH

10.9

Shi et al.
[173]

Mortar samples

50

0.51

See remarks

13 ~ 20

Tidal zone

12
months

2.7

Mackechnie
and
Alexander
[223]

Concrete samples were
moist cured for 7 days
followed by 21 days
under mild conditions (918°C and 70-95% RH)

Seawater
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At a given w/b ratio and RH, increasing the slag proportion will result in a decrease
in the chloride diffusion coefficient [197, 227]. Yeau and Kim [227] conducted rapid
chloride permeability tests (RCPT) and accelerated chloride ion diffusion tests on
concrete samples made from GGBS and plain cements. They used concrete mixes
containing 0, 25, 40 and 55% of GGBS by weight of PC at a constant w/b ratio of
0.42. Irrespective of the curing duration before exposure, they observed that the
chloride penetrability decreased as the proportion of the slag in the concrete mixes
was increased, with the 55% GGBS having the lowest chloride penetrability. Jau and
Tsay [231] prepared concrete specimens from slag blends containing up to 50%
GGBS, and subjected them to a cyclic chloride exposure for periods up to 1 year.
They carried out various tests such as compressive strength, electrical resistance,
total chloride concentrations, permeability and corrosion potential. They concluded
that slag blends containing 20 to 30% GGBS had the best corrosion resistant
performance.
In the same study by Yeau and Kim [227], they observed that the chloride
penetrability decreased as the curing period was increased from 28 to 56 days. This
was attributed to the effect of prolonged curing on the microstructure, which
resulted in a more refined pore structure that had better resistance to the ingress of
chloride ions. In another study by Ramezanianpour and Malhotra [201], slag
concrete specimens prepared with a w/b ratio of 0.5 were subjected to four different
curing regimes – continuous moist curing, 2 days moist curing followed by air
curing, continuous air curing and curing at 38°C and 65% RH. The samples were
cured for various lengths of 7, 28 and 180 days before testing for chloride diffusion
using RCPT. They observed that the slag concretes were more sensitive to poor
curing than the plain concretes, with this effect increasing with greater slag
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replacements. In terms of resistance to chloride diffusion, samples that were moist
cured for longer periods had better resistance to chloride penetration.
Mackechnie and Alexander [223] exposed concrete specimens to different marine
conditions. The concrete specimens were prepared from slag blends containing 50%
GGBS at w/b ratios of 0.35, 0.51 and 0.80. The samples were exposed in two
different marine zones (tidal and splash zones). They observed that for both zones,
the chloride diffusion coefficient increased as the w/b ratio. Olsson et al. [197]
reported similar findings for mortar samples prepared from slag blends using w/b
ratios of 0.38 and 0.53, and exposed at higher RH. However, as the RH was
lowered, they observed that at some point chloride diffusion was greater for samples
having lower w/b ratios. They attributed this to an increased number of gel pores
present in the lower w/b mortar samples.
Concrete structures exposed to repeated wetting and drying by seawater are
generally more susceptible to degradation as compared to those that are submerged
continuously in seawater [183]. This same applies to concretes made from slag
blends. Ben Fraj et al. [182] investigated the effects of cyclic wetting and drying
with NaCl solution on chloride ingress into GGBS concrete. The concretes were
prepared using w/b ratios of 0.7 and 0.48, and were cured for a period of 3 months
before exposure to a 6 hour wet – 6 hour dry cycle for a period of 30 days at
different RH of 50%, 75% and 90%. The results they obtained showed increase in
chloride ingress as the number of cycles and w/b ratio increased, and as the relative
humidity was decreased.
Very few studies [165, 166, 232] have highlighted the impact a difference in
chemical composition of slag can have on its chloride ingress resistance properties.
The first two studies were carried out by the authors and are parts of this study. The
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third study by Otieno et al. [232], showed that particle fineness, as well as difference
in chemical composition of slags, had impact on their chloride ingress resistance.
However, amongst the three types of slags they studied, only one of them was
GGBS. The other two were by-products of the Corex process and FeMn arc-furnace
slag.

2.3.4 Chloride binding
Chloride binding is beneficial to the durability of a concrete structure in that it
removes chloride ions from the pore solution that would have been available to
initiate chloride-induced corrosion of the steel reinforcements [5]. The binding of
chloride ions result in the formation of Friedel‟s salt, which can act as pore blockers,
slowing down the rate of chloride ingress [220, 233, 234]. For concrete mixes
having high chloride binding capacities, the chloride profile usually appear blockshaped. These block-shaped profiles are characterised by very high chloride
concentrations at the surface, which decreases to much lower values within a short
distance [235].
The higher the chloride binding capacity of cement, the more durable the cement
will be. However, some researchers [236-238] have reported that under certain
conditions such as drop in the pH of the pore solution to values below 12, it is
possible for bound chlorides to become unbound, dissolving into the pore solution
and thus increasing the risk of corrosion of the embedded steel. As a result, the total
chloride concentration is often used in service-life prediction models to determine
the time-to corrosion. Several factors have been reported to affect chloride binding.
A summary of some of these factors and their effects on chloride binding is
presented in Table 2.8.
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Table 2.8: Factors influencing chloride binding
Factor

Effect

References

Cement type

The higher the C3A content, the higher the
chloride binding capacity

[175, 204, 239]

Salt type

CaCl2 results in more bound chlorides than [192, 240-242]
NaCl

Chloride
concentration

The higher the chloride concentration of
the solution, the higher the amount of
bound chlorides

[15, 18, 217, 243245]

w/c ratio

The higher the w/c or w/b ratio, the greater
the chloride binding capacity

[243, 245-247]

pH/alkalinity of the

Increase in pH or alkalinity of the pore

[204, 248-250]

pore solution

solution decreases the chloride binding
capacity

Presence of other
anions

The presence of sulphates and carbonates
decreases chloride binding capacity

[17, 211, 212,
241, 244, 251]

SCMs

Blending PC with fly ash and GGBS
increases chloride binding, while blending

[18, 192, 217,
244, 252-254]

PC with silica fume decreases it
2.3.4.1 Phases associated with chloride binding
Bound chlorides in concrete are either chemically bound to the tricalcium aluminate
(C3A) and the calcium aluminoferrite (C4AF) phases in the form of Friedel‟s salt or
Kuzel‟s salt, or physically bound to the surface of the hydration products (C-S-H
gel). Kuzel‟s salt is mainly found in solutions containing low chloride
concentrations or in systems undergoing external sulphate attack, as its stabilization
requires high concentrations of sulphate [255, 256].
The formation of Friedel‟s salt occurs in the AFm phases. It involves an ionic
interaction/exchange mechanism between sulphate, hydroxyl, carbonate and
chloride ions [257-259]. Suryavanshi et al. [239] proposed that the formation of
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Friedel‟s salt involved two separate mechanisms – an adsorption mechanism that
accounts for the binding of bulk of the chlorides, and a second mechanism involving
the exchange of anions. They argued that in the adsorption process, the chloride ions
present in the pore solution would be adsorbed on the interlayers of the AFm
structure to balance the charge. Then, in order to restore the charge neutrality of the
pore solution, an equivalent amount of sodium ions would have to be bound onto the
C-S-H phase. While this is theoretically possible, in the study however, there was no
sufficient evidence to back this argument.
As mentioned earlier, C4AF reacts at a much slower rate than C3A. Nevertheless,
some researchers [203, 260] have reported that C4AF can also contribute to chloride
binding by chemically reacting with chlorides to form a chloro-complex, having
similar chemical formula as Friedel‟s salt but with the aluminium replaced by iron
(3CaO.Fe2O3.CaCl2.10H2O). In the study by Csizmadia et al. [260], C4AF systems,
in which gypsum was incorporated, was hydrated and subjected to cyclic chloride
exposure with NaCl. They observed the formation of a Friedel-type salt of the form
C3/AF/CaCl2.H10. However, this form of Friedel‟s salt is unlikely to be stable in
normal PC systems, due to the interaction with other hydration products. Also, the
availability of iron in hydrated PC systems is usually low to be able to sustain the
formation of an iron-type Friedel‟s salt.
Apart from the chemical binding of chlorides by the aluminate phases, the physical
binding of chlorides by the C-S-H phase has also been reported by several workers
[19, 244, 261-264]. The ability of C-S-H to bind chlorides is attributed to its
morphology, which comprises of numerous nanopores, unto which the chlorides can
be adsorbed. Hirao et al. [264] studied the chloride binding of C-S-H obtained from
hydration of alite, and they observed that the amount of chlorides bound increased as
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the chloride concentration of the host solution was increased. The bound chloride
content followed a Langmuir-type binding isotherm, and reached a maximum value
of about 0.4 mmol/g of C-S-H at a chloride concentration of 2.0M, and 0.6 mmol/g
when corrected for Ca(OH)2 (as seen in Figure 2.13).
(a)

(b)

Figure 2.13: Chloride binding curve for C-S-H (a) uncorrected for
Ca(OH)2 (b) corrected for Ca(OH)2 (taken from [264])
The role of AFt in chloride binding is not very clear. Birnin-Yauri and Glasser [257]
argued that it was possible for ettringite to bind chlorides, but they did not show any
experimental data to sustain the argument. In another study by Elakneswaran et al.
[261], it was reported that ettringite binds chlorides by a physical adsorption of the
chlorides onto its hydrated surface and that the chloride binding capacity of
ettringite was intermediate between that of AFm and C-S-H. However, since the
amount of ettringite in a hydrated paste is usually very small compared to C-S-H,
the contribution of ettringite to chloride binding will be very minimal. Conversely,
Hirao et al. [264] did not measure any bound chlorides for ettringite subjected to
external chloride.
In terms of the CH phase, Hirao et al. [264] did not also observe any chloride
binding with the CH phase. Meanwhile, Elakneswaran et al. [265] argued that it was
possible for CH to adsorb chloride ions unto its surface, in a similar way as Friedel‟s
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salt. Through XRD, they detected the presence of CaOHCl, which they claimed was
formed by chloride ions being adsorbed on the positive surfaces of dissociated CH.

2.3.4.2 Chloride binding isotherms
Chloride binding isotherms have been developed relating free chlorides to bound
chlorides. The two most commonly used ones are the Freundlich and Langmuir
isotherms. The Freundlich isotherm is more applicable at free chloride
concentrations higher than 0.01 mol/l, and is represented by [243, 245]:

𝑙𝑜𝑔𝐶𝑏 = 𝑎𝑙𝑜𝑔𝐶𝑓 + 𝑏

(2.14)

Or by Thomas et al. [18]:

𝛽

𝐶𝑏 = 𝛼. 𝐶𝑓

(2.15)

Where Cb and Cf are the concentrations of the bound and free chlorides in mol/l,
while a and b or α and β are adsorption constants, which vary for different cement
types.
The Langmuir isotherm, according to Luping and Nilsson [243] is more suitable for
free chloride concentrations lower than 0.05 mol/l. It is given as [18]:

𝐶𝑏 =

𝛼. 𝐶𝑓
1 + 𝛽. 𝐶𝑓

(2.16)
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2.3.4.3 Chloride binding in slag blended cements
The use of GGBS to partially replace Portland cement in the making of concrete has
been shown to be beneficial in terms of chloride binding. This has been attributed to
their high alumina content [15-18], which increases the propensity for Friedel‟s salt
formation and also the formation of more C-A-S-H phase, that is responsible for the
binding of about two-thirds of the chloride [19].
Higher levels of slag replacement will result in higher chloride binding [15, 18,
266]. Dhir et al. [15] observed increase in the chloride binding capacity of slag
blends containing 33.3, 50 and 66.7% of GGBS. They observed that irrespective of
the concentration of the host chloride solution, the chloride binding capacity
increased as the GGBS content increased, with the 66.7% GGBS content having a
chloride binding capacity of about 5 times that of the control. They attributed the
increase in chloride binding of the slag blends to an increase in the alumina content,
enabling it to form more of Friedel‟s salt. They proposed a model relating chloride
binding capacity to GGBS content and concentration of chloride exposure solution
as shown below.

𝐶𝑏 = −22.21𝐺 2 + 39.45𝐺 + 3.36 𝑋 + 6.84𝐺 2 − 6.40𝐺 + 3.64

(2.17)

Where, Cb is the chloride binding capacity in mg/g of sample, G is the GGBS/total
binder ratio, and X is the chloride exposure concentration in mol/litre.
Similar findings were also reported elsewhere [18, 266]. However, in the study by
Kayali et al. [266], the increase in chloride binding observed at higher slag
proportions was attributed to increase in the amount of hydrotalcite (Ht) formed,
which they claimed plays a significant role in the binding of chloride ions. In their
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study, plain forms of calcined Ht were subjected to chloride solutions. They
observed that about 40% of the chloride ions were removed from the chloride
solution after 1 hour, and about 54% after 24 hours. Theoretically, this is possible
because the structure of Ht consists of positively charged layers that are formed by
the incorporation of divalent or trivalent cations in the octahedral layers [267].
Between these positively charged layers are negatively charged anions that can be
replaced by a wide range of other anions like chlorides [268, 269].
Xu [241] investigated the chloride binding properties of ordinary PC and a blend of
PC – slag containing 65% of slag. Sodium and calcium sulphates were added to all
the cements at varying proportions from 2 to 9% by weight of binder. They observed
that the higher chloride binding capacity of the slag blends disappeared when the
sulphate content was increased to similar levels as that of the ordinary PC. In a
previous study by Holden et al. [251], it was observed that the addition of sulphates
to slag blends and ordinary PC had more negative effect on the paste samples of the
slag blends than those of the ordinary PC. This implies that in slag blends, it is
possible that the higher chloride binding property observed may be as a result of the
lower sulphate content in the blends.
Although, it has been established that using GGBS as partial replacement for PC
enhances chloride binding, studies have not really focused on the influence chemical
composition of slag would have on its chloride binding capacity. In the study by
Thomas et al. [18], where they investigated the effect of SCMs on chloride binding
in hardened cement paste. Their results showed that the chloride binding capacity
was jointly influenced by the chemical composition of the binder and the w/c ratio.
The chloride binding capacity was found to increase as the alumina content of the
binder.
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In general, the higher chloride binding capacity observed in slag blends as seen from
the literature can be attributed either to the role of Ht in chloride binding for slag
blends containing high proportions of slags or to a lower sulphate or higher alumina
content as compared to ordinary PC. In regards to the later, the chemical
composition of the slags in all these studies was not varied. It would be interesting to
see how much effect, varying the sulphate or alumina or magnesia content would
have on the chloride binding capacity of slag blends.

2.3.5 Methods for measuring chloride contents in concrete
2.3.5.1 Free chloride content
The determination of free chloride content usually involves two stages – extraction
and analysis.
Extraction:
There are two main methods that have been reported for use in extracting free
chlorides from concrete specimens. The first approach involves placing cylindrical
specimens on a pore press, and applying a load until the pore fluids are squeezed
out. This approach seems to give the exact representation of the free chloride content
[270]. However, a major setback to this approach is that pore presses are not readily
available; hence they have to be constructed as a special rig.
The second approach involves leaching the free chlorides from concrete specimens.
The free chlorides obtained by this process are usually referred to as „water-soluble
chloride‟. Arya et al. [270] reported that free chloride contents obtained from
leaching experiments gave an underestimation of the free chloride content of the
pore solution as obtained from pore solution expression. However, several leaching
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techniques have been reported [271-273] concerning the extraction of free chlorides,
and the accuracy of each technique tends to depend on several factors such as the
solvent type, exposure time, and temperature. Arya et al. [273] used several leaching
methods and observed that the methods were dependent on the total chloride
content. Amongst the methods used were:


48 hour standing at 20°C – suitable for total chloride content of 1.0 to 1.5%
by weight of cement



72 hour standing at 20°C – suitable for total chloride content of 1.5 to 2.0%
by weight of cement



6 hour continuous stirring – was suitable for total chloride content of 1.5 to
2.5% by weight of cement



5 mins boiling and allow to stand for 55 mins – was suitable for total
chloride content of 2.0 to 2.5% by weight of cement.

In a subsequent study, Arya et al. [270] observed that the extraction technique which
involved boiling for 5 mins and allowing to stand for 55 mins gave similar free
chloride contents to that of the expressed pore solution. However, there is the
tendency for boiling to liberate some of the chemically bound chlorides, thereby
increasing the free chloride content. Since chloroaluminate compounds are known to
be insoluble in cold water, the extraction techniques carried out at room temperature
is expected to liberate only the free or water soluble chlorides and is therefore
preferable.
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Analysis:
After the free chlorides have been extracted, they can be analysed either by the use
of a potentiometric titration device [164, 182, 270] or by the use of an ion
chromatography-inductively coupled plasma (IC/ICP) device [173, 265, 274].

2.3.5.2 Total chloride content
The approach adopted for the determination of the total chloride content in concrete
depends on whether the chlorides are allowed to diffuse naturally into the concretes
or accelerated by the application of electrical fields.
Natural diffusion:
These natural diffusion test methods are also referred to as „salt ponding tests‟. It
can take different forms, but the two most common forms are shown below in
Figure 2.14. In the first arrangement, the salt solution is placed on top of the
concrete specimen so that the chlorides can diffuse unto the concrete specimen
unidirectional under gravity. In the second arrangement, the concrete sample is
immersed completely into the salt solution but all sides of the concrete sample
except the exposed face is coated with a substance that is impermeable by chlorides.
In both arrangements, the concrete samples would usually be exposed for periods up
to 90 days, for a 3% NaCl solution [275]. BS EN 12390:2015 [275] also prescribes a
duration of 35 days for a 16.5% NaCl solution.
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Figure 2.14: Typical set-ups for salt ponding test (taken from [181])
At the end of the ponding period, powders are either drilled from various depths or
slices of concrete are collected from the exposed face downwards. The drilled
powders or ground concrete slices can then be analysed for total chloride contents
using the method specified in BS 1881-124:1988 [276] or RILEM TC 178-TMC
[277] for determining acid-soluble chlorides. Dhir et al. [278] reported that the acid
extraction technique underestimated the total chloride content. They observed that
using different acid concentrations, temperature and exposure times resulted in
different total chloride contents, and recommended that for accurate determination
of the total chloride content, XRF should be used. However, the method
recommended by RILEM TC 178-TMC [277] was based on the results from a
round-robin test that involved 30 laboratories and 64 independent measurements.
When the total chloride contents at various depths from the exposed face of the
sample have been obtained, a chloride profile is plotted and fitted into Fick‟s 2nd law
of diffusion to obtain the non-steady state chloride diffusion coefficient.
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Accelerated diffusion:
Accelerated diffusion usually involve the use of electric fields to drive chlorides
through concrete, in which case, the concrete acts as a diffusion membrane between
a chloride solution and a neutral solution (see Figure 2.15 below). There are several
variants of this method. In some instances, the current flowing through the concrete
is measured [279, 280], or the charge passed [281], the resistivity [282, 283] or
conductivity [284] of the diffusion membrane or the electrical impedance [285]. The
Nernst – Planck equation shown previously in Section 2.3.1, is mostly applied in
calculating the chloride diffusion coefficient in accelerated diffusion tests.

Figure 2.15: Typical set-up for an accelerated chloride migration test
(taken from [181])
2.3.5.3 Bound chloride content
Tang and Nilsson [243] developed a method for determining bound chloride content.
This method is based on the principle of equilibrium and has been used by several
researchers [18, 182, 245]. The method involves wet-crushing mortar or cement
paste samples to particles ranging in size from 0.25 to 2.0 mm, saturating the
crushed specimens with NaCl solution and allowing the resulting solution to stand
for a period between 10 to 14 days to reach equilibrium. After equilibrium is
reached, the chloride concentration of the resulting solution is determined. Knowing
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the initial concentration of the NaCl solution, the content of bound chlorides can
then be determined using the expression:

𝐶𝑏 =

35.45𝑉 𝐶0 − 𝐶1
𝑊

(2.18)

Where Cb is the bound chloride content in mg/g-sample, V is the volume of solution
in ml, C0 is the initial concentration of the chloride solution in mol/l, C1 is the
equilibrium concentration of the chloride solution in mol/l, and W is the weight of
the dry sample in grams.
Another method that can be used for determining bound chlorides content is QXRD.
Arya and Newman [270] showed that QXRD can detect the presence of Friedel‟s
salt. However, this method may not give an entire representation of the bound
chlorides in the concrete, since the C4AF and C-S-H are also capable of binding
some of the chlorides.

2.4 Influence of temperature on concrete’s properties
Curing or exposure of concrete to higher temperatures affects several properties of
concrete such as the workability, setting times, hydration reaction, compressive and
tensile strengths, permeability, pore structure, durability in terms of resistance to
aggressive ions, etc. The influence of temperature on hydration reaction for both PC
and PC-blended systems has been discussed in previous sections. So here, only the
effect on some of the properties relevant to the study has been discussed.

78

2.4.1 Compressive strength
Hogan and Meusel [163] investigated the compressive strength of slag blended
cements subjected to varying curing temperatures. They observed that at ambient
temperature, the mortar strengths of the slag blends developed at a slower rate than
that of the neat system for the first 3 days and at a higher rate at ages of 7 days and
above. When they increased the curing temperature, the slag blends had higher
strengths than the neat system at all curing ages.
Similar findings were made by Barnett et al. [23], where they investigated the
strength development of mortars prepared by replacing PC with GGBS at 0, 20, 35,
50 and 70% by weight of the PC. The w/b ratio was varied from 0.25 to 0.60, and
the mortars were cured at temperatures ranging from 20 to 50°C. They observed that
the early age strength development of the mortars containing GGBS was highly
dependent on temperature. At 20°C, the rate at which the GGBS mortars gained
strength was slower than the PC mortars, but as the curing temperature was
increased; the strength gain of the GGBS mortars became more rapid. At 40 and
50°C, the strength development of the GGBS mortars after 3 days was more or less
the same as that of the PC mortars at all levels of replacement.
Çakir and Aköz [24] also had similar observations from flexural strength test
performed on GGBS mortars at 20 and 40°C. They observed that elevated curing
temperature increased the early age strength of mortar but decreased their later age
strengths, and that it was more significant for the GGBS mortars than the PC
mortars.
From the literatures reviewed, it can be seen that increase in curing temperature
results in increase in the early strength and a subsequent decrease in the later
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strength. More so, this effect appears to be more pronounced on slag blended
systems as compared to neat systems.

2.4.2 Chloride ingress
Like most chemical reactions, increase in exposure temperature leads to an increase
in the rate of chloride ingress [196, 205, 207, 286, 287]. Samson and Marchand
[288] proposed a model that related chloride diffusion coefficient to temperature, as
shown below:

𝑟𝑒𝑓

𝐷𝑖 = 𝐷𝑖

𝑒𝛼

𝑇−𝑇 𝑟𝑒𝑓

(2.19)

where Di is the chloride diffusion coefficient, the subscript ref corresponding to a
reference value taken as the value at room temperature, and α is a parameter
depending on material type. The model correlated well with their experimental
results. However, they observed that α was independent of the cement type or the
w/c ratio.
Page et al. [196] studied the influence of temperature and w/c ratio on chloride
ingress of ordinary PC pastes, and observed that at a given w/c ratio, the chloride
diffusion coefficient significantly increased with temperature. At a w/c ratio of 0.5,
the chloride diffusion coefficient increased by about 100% between the temperatures
of 7 and 25°C, compared to an increase of about 300% between 25 and 44°C.
Similar findings were reported by Oh and Jang [205], where they measured the total
chloride contents of concrete samples exposed to chloride environments at
temperatures of - 5°C, 25°C and 40°C, for a period of 10 years. From their results
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shown in Figure 2.16, it can be seen that increase in exposure temperature results in
a significant increase in the depth of chloride penetration.

Figure 2.16: Influence of exposure temperature on chloride ingress (taken
from [205])
Lindvall [286] compared the influence of temperature and salinity on the chloride
ingress of samples exposed in laboratory and field conditions. In the laboratory
conditions, they observed that chloride ingress was more influenced by the salinity
and only to a small extent by the temperature; whereas in the field conditions,
temperature was the dominating factor influencing chloride ingress.
In ordinary PC concretes, it is clear from the literature that an increase in
temperature results in an increase in the rate of chloride ingress. However, the lack
of studies on slag blends makes such a comment difficult to prove or disprove.
Detwiler et al. [199] investigated the effect of SCMs on the resistance to chloride
ion penetration of concretes cured at elevated temperatures. They prepared concretes
from PC and slag blends containing 30% GGBS, using w/b ratios of 0.4 and 0.5. All
samples were cured at temperatures of 23, 50 and 70°C, for varying periods to attain
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a 70% degree of hydration before subjected to chloride ingress tests. They observed
that at a given w/b ratio, increasing the curing temperature resulted in an increase in
the rate of chloride ingress. The slag blended concretes had much better
performance than the plain concretes. The negative influence of high temperature
curing on the resistance to chloride ingress was more pronounced on the plain
concretes than the slag blended concretes, despite both being at the same degree of
hydration.
In another study by Chini and Acquaye [289], slag blends containing 50% GGBS
were cured at temperatures of 23, 71 and 93°C for periods of 28 and 91 days, and
tested for resistance to chloride penetration using rapid chloride tests and time to
corrosion tests. The results of the rapid chloride penetration tests showed that the
elevated curing temperatures improved the durability of the slag blends, whereas the
time to corrosion test showed the reverse.
The results of the rapid chloride tests and time to corrosion test conducted by Chini
and Acquaye [289] appear to contradict each other and therefore cannot be trusted.
Also, it has been stated before that high temperature curing results in a coarser pore
structure [290, 291]. This coarse pore structure should imply greater ingress of
chloride ions as observed by Detwiler et al. [199]. However, in the study by
Detwiler et al. [199], it took the PC pastes 5 days to attain 70% degree of hydration
at temperature and w/b ratio of 50°C and 0.5 respectively, compared to 17 days for
the slag pastes. This longer curing time allowed for the slag pastes must have
resulted in a more refined pore structure. This suggests that the pore structure might
be the main factor controlling the ingress of chloride ions as observed by Shi et al.
[173], and not necessarily the degree of hydration. However, more work will need to
be done to verify this for slag blended systems.
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2.4.3 Chloride binding
At temperatures below 0°C:
Very few studies [292, 293] have looked at chloride binding at temperatures below
0°C. Dousti and Shekarchi [293] observed that more chlorides were bound at -4°C
than at 3°C. Similar trends were reported by Panesar and Chidiac [292], for
temperatures of – 3 and 5°C. While Dousti and Shekarchi [293] could not find any
explanation for this, Panesar and Chidiac [292] attributed it to a simultaneous
occurrence of multiple mechanisms – a physical binding mechanism combined with
an increase in the chloride content of the solution due to partial freezing of the pore
solution.
At temperatures above 0°C:
There seem to be controversy on the effect increasing temperature has on chloride
binding, at temperatures above 0°C. Some studies [192, 240, 244, 292] have
reported increase in the amount of bound chlorides as temperature was increased,
while others [293-296] have reported the opposite. Panesar and Chidiac [292]
observed an increase in the amount of bound chlorides as the temperature was
increased from 5 to 22°C, for neat pastes and pastes containing GGBS at 25, 50 and
60% by weight of PC.
Wowra and Setzer [240] considered temperatures between 0 and 40°C, and observed
that chloride binding increased as the temperature was increased. Similar trends
were observed by Arya et al. [192]. However, in their case, the chlorides were
introduced at the time of mixing. In both studies, the increase in chloride binding
with temperature was attributed to faster reaction rates at the higher temperature.
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Zibara [244] investigated the effect of temperature on the binding of external
chlorides for various PC blends at temperatures ranging from 7 to 38°C. They
observed that at lower chloride concentrations between 0.1 and 1.0M, increase in
temperature resulted in a decrease in chloride binding; whereas at higher chloride
concentrations of 3.0M, increase in temperature led to an increase in chloride
binding.
Hussain and Rasheeduzzafar [294] prepared cement pastes with ordinary PC having
C3A contents of 2.43, 7.59 and 14%, at a w/c ratio of 0.6. Three levels of chloride
(0.3, 0.6 and 1.2%) were added through the mix water. The paste samples were
allowed to cure for 180 days at temperatures of 20 and 70°C, after which they were
subjected to pore solution expression tests. They observed that the amount of
unbound chlorides were significantly higher at 70°C than at 20°C. Similar trend of
results were reported by Maslehuddin et al. [295], at temperature range of 25 to
70°C for admixed chlorides. This may be due to a partial release of the bound
chlorides occurring at the higher temperature, as observed in a recent study by Xu et
al. [297].
Mejlhede Jensen et al. [296] studied the influence of cement constitution and
temperature on the chloride binding capacity of cement pastes. They used a white
PC and replaced it with various amounts of C3S, C2S and C3A. The chlorides were
from an external source. Crushed paste samples that had been cured for about 46
days (28 days at 20°C followed by 18 days at 35°C), were exposed to NaCl
solutions of different concentrations, at temperatures of 4, 20 and 35°C. They
observed that the bound chloride content calculated from the equilibrium solution,
decreased with increase in temperature. However, the impact of temperature was
little compared to that of the cement constitution.
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Dousti and Shekarchi [293] reported decrease in the binding of external chlorides
with increasing temperature. They considered various temperatures, relating to the
climatic conditions of south of Iran. The chloride binding capacity was observed to
decrease in the order of 22°C > - 4°C > 3°C > 35°C > 50°C > 70°C. They attributed
this to increase in the solubility of Friedel‟s salt at the higher temperatures, and
increase in the thermal vibrations of the absorbents, which would result in the
release of the chlorides physically bound to the C-S-H phase.
The studies [192, 240] that have reported an increase in chloride binding with
increasing temperature, have generally attributed it to an increase in the rate of
reaction at the higher temperatures. However, considering the effect of higher
temperature on hydration, which was discussed in a previous section, the amount of
sulphate ions bound reversibly to the C-S-H phase increases. This leads to a
reduction in the amount of sulphates left to react with C3A, and an increase in the
amount of AFm formed in preference to AFt [111, 112, 116]. Since the AFm phase
is associated with chloride binding, an increase in the amount of AFm formed at
higher temperatures should result in increased chloride binding.
The higher the concentration of the external chloride solution, the higher the
chloride concentration of the pore solution, which in turn results in more chlorides
being, bound [229, 298, 299]. So at elevated temperatures, due to evaporation, the
chloride concentrations of the external chloride solutions would increase. As a
result, in such conditions, evaporation losses should be accounted for when
estimating the bound chloride content. This was considered in the study by Zibara
[244], but not in the ones by [293, 296].
In summary, the effect of temperature on chloride binding is not clear-cut, and may
be influenced by other factors such as the source of the chlorides (whether internal
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or external), correction for evaporation losses occurring at elevated temperatures as
pointed out by Zibara [244], the w/b ratio, total chloride content, and temperature
range, as pointed out by Xu et al. [297].

2.5 Summary
This chapter concerned a review of published studies on the mechanism and factors
influencing the hydration and chloride ingress resistance of plain and slag blended
cements. It was seen that GGBS undergoes hydration, though at a slower rate when
compared to PC. The hydraulicity of GGBS was seen to be influenced mainly by the
degree of fineness, glass content, chemical composition and hydration temperature.
Higher hydration temperature was seen to increase the early reactivity of the slags,
giving rise to higher early strengths. Concerning the performance of slag blended
cements, combining GGBS with PC to make concrete was generally seen to improve
certain properties of the concrete such as the long-term compressive strength,
workability, permeability and resistance to the ingress of chloride ions. The better
resistance to chloride ingress exhibited by slag blended cements was generally
attributed to their higher chloride binding abilities, which was a function of their
higher alumina content. Increasing the slag proportion, lowering the w/b ratio, and
prolonged moist curing, was seen to improve the chloride ingress resistance of slag
blended cements.
However, there are certain aspects listed below that are likely to affect the
performance of slag blended cements, which have not been looked at, and more
studies should be carried out to address these.
1. It is known that the chemical composition of GGBS affects its hydraulicity,
but only few studies have investigated how this will affect the performance
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of slag blended cements, and of these few studies, most have been focused
on strength performance.
2. Although, it was seen that temperature influences the hydraulicity of GGBS,
the question of how slag blends of differing chemical compositions would
perform in different climates was not answered. The impact of higher
temperature curing and exposure on the chloride ingress resistance of slag
blended cements is not very clear.
3. It was also seen that slag blended cements performed better when they were
cured for longer periods under normal conditions. However, the effect
shorter curing durations will have on the performance of slag blended
cements is not very clear, especially when higher curing temperatures are
considered.
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Chapter 3
Materials and Methods
This chapter gives a description of the materials and methods that were used for the
study. The tests methods adopted for the study have been grouped into three as
shown below:


Hydration and microstructural studies on cement paste samples using:
isothermal calorimetry, thermal analysis, X-ray diffraction, and backscattered electron image analysis



Compressive strength development on mortar samples



Transport properties on mortar samples using: sorptivity (unidirectional
water penetration), water absorption, chloride binding and diffusion

3.1 Materials
3.1.1 Cementitious materials
3.1.1.1 Cement
Two CEM I type cements (42.5 R and 52.5 R), designated as C1 and C2 respectively
were used for the study. C2 was replaced partially by 30 per cent by weight of
GGBS. The chemical composition of the cement, as obtained by XRF, and the
clinker phases present as obtained by XRD are shown in Table 3.1 and Table 3.2
respectively, and the physical properties are shown in Table 3.3.
C1 was used as the reference cement in assessing the performance of the slag
blends. This is a common industrial practice. Cement producers usually prepare
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blends using CEM I 52.5R at replacement levels ranging from 20 to 40%, to produce
cement products with similar performance as a CEM I 42.5R type cement.

3.1.1.2 Slag
Two slags (S1 & S2) with similar physical properties yet different chemical
compositions were used for the study. Both were supplied by a European cement
company. In order to limit the difference between the slags to just the chemical
composition, slag 2 was ground to similar fineness as slag 1 using a Gyromill. The
chemical composition and crystalline phases of the slags as obtained by XRF and
XRD are shown in Table 3.1 and Table 3.4 respectively, and their physical
properties are shown in Table 3.3. The X-ray diffraction patterns showing the
amorphous and crystalline phases; and the particle size distribution of the slags, are
shown in Figure 3.1 and Figure 3.2 respectively.

3.1.1.3 Anhydrite
In some instances, anhydrite was added to the slag blends to keep the sulphate
content of the slag blends same as that of the CEM I 52.5R. The chemical
composition and properties of the anhydrite used is given in Table 3.1 and Table 3.3
respectively.
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Table 3.1: Chemical composition of cementitious materials
Property

Unit

C1

C2

Slag 1

Slag 2

Anhydrite

LOI at 950°C

%

2.20

2.54

(+1.66)

(+0.40)*

SiO2

%

19.71

19.10

36.58

40.14

2.04

Al2O3

%

5.08

5.35

12.23

7.77

0.60

TiO2

%

0.26

0.25

0.83

0.30

0.03

MnO

%

0.03

0.03

0.64

0.64

0.00

Fe2O3

%

2.97

2.95

0.48

0.78

0.23

CaO

%

63.16

62.38

38.24

37.9

38.32

MgO

%

2.19

2.37

8.55

9.51

1.45

K2O

%

1.08

1.05

0.65

0.55

0.16

Na2O

%

0.06

0.05

0.27

0.36

0.00

SO3

%

2.97

3.34

1.00

1.47

52.24

P2O5

%

0.20

0.10

0.06

0.02

0.02

Sum at 950°C

%

99.90

99.50

99.88

99.43

98.76

* The sample was oxidized with HNO3 before the determination of LOI
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Figure 3.1: XRD patterns of the as-received slags
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Figure 3.2: Particle size distribution of slag 1 and slag 2
Table 3.2: Clinker phases identified in the CEM Is
Phase

Unit

C1

C2

Alite, C3S

%

58.9

62.1

Belite, C2S

%

13.1

8.9

Aluminate, C3A

%

7.4

9.1

Ferrite, C4AF

%

8.5

8.5

Calcite

%

3.6

1.8

Anhydrite, AH

%

2.7

0.6

Hemihydrate, HH

%

0.6

2.4

Gypsum

%

0.0

1.7

Others

%

5.3

5.0

The clinker phases were determined by the suppliers of the cements
Table 3.3: Physical properties of the cementitious materials
Property

Unit

C1

C2

Slag 1

Slag 2

Anhydrite

Density

g/cm3

3.23

3.18

2.94

2.95

2.94

Blaine

cm2/g

3510

5710

4490

4090

4720

Particle size, d50

µm

-

-

11.0

11.9

-
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Table 3.4: Crystalline phases identified in Slag 1 and Slag 2
Phase

Unit

Slag 1

Slag 2

Calcite

%

0.3

0.5

Merwinite

%

<0.1

2.3

Akermanite

%

0.2

<0.1

Illite

%

0.2

<0.1

Gehlenite

%

<0.1

<0.1

Quartz

%

<0.1

<0.1

Glass content

%

99.3

97.1

The crystalline phases were determined by the suppliers of the slags

3.1.2 Fine aggregate
The fine aggregate used complied with the specification for fine aggregates as given
in EN 12620:2002+A1 [300]. The particle size distribution is shown in Table 3.5.

Table 3.5: Particle size distribution of fine aggregate
Sieve size

Percentage passing

Specification limit

8mm

100

100 – 100

6.3mm

100

95 – 100

4mm

89

85 – 99

1mm

46

40 – 80

0.500mm

30

30 – 70

0.250mm

19

10 – 50

0.063mm

3

0–3

Moisture content (%)

9.4

not specified

Uniformity coefficient

11

5 – 15

3.1.3 Water
Distilled or de-ionised water was used for the mixing of the sodium chloride
solution and for the preparation of paste samples. Normal drinking water as obtained
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from the University‟s main supply was used for the mixing of the mortar samples.
This complied with the specifications given in EN 196-1:2005 [301].

3.1.4 Sodium chloride solution
Sodium chloride (NaCl) solutions were prepared in the laboratory using distilled
water and in accordance with the recommendation in EN 12390:2015 [275]. A 3%
NaCl solution was used for the chloride ingress studies as specified by EN
12390:2015 [275]. This has similar chloride concentration as that of Atlantic
seawater as shown in Table 3.6. The solution was prepared by mixing 30 grams of
NaCl in 970 grams of distilled water, to get an approximate concentration of 30.93
g/L or 0.53M.

Table 3.6: Typical composition of seawater in g/L (taken from [7])
Constituent

Mediterranean

Atlantic

Mean sea water

Sodium

Na

11.56

9.95

11.00

Potassium

K

0.42

0.33

0.40

Magnesium

Mg

1.78

1.50

1.33

Calcium

Ca

0.47

0.41

0.43

Chloride

Cl

21.38

17.83

19.80

Bromide

Br

0.07

0.06

-

Sulphate

SO4

3.06

2.54

2.76

3.2 Mix design
Three series of mixes were used for this study. A water/binder ratio (w/b) of 0.5 was
used for all mixes. The details of the mixes are shown in Table 3.7. C2S1$ and
C2S2$ indicates mixes containing extra anhydrite.
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Table 3.7: Mix ratios for the mortar specimens
Mix

w/b

C1

C2

Slag 1

Slag 2

Anhydrite

Water

Fines

C1

0.5

1

0

0

0

0

0.5

3

C2S1

0.5

0

0.7

0.3

0

0

0.5

3

C2S2

0.5

0

0.7

0

0.3

0

0.5

3

C2S1$

0.5

0

0.70

0.28

0

0.02

0.5

3

C2S2$

0.5

0

0.70

0

0.28

0.02

0.5

3

The blends were prepared by mixing the various portions of the slag, cement and
anhydrite (where applicable) in a laboratory ball mill using polythene balls as
charges. Mixing was done for about 4 hours, which was suitable to obtain a
homogeneous blend.

3.3 Sample preparation
3.3.1 Mortar
Mortar samples were prepared in accordance to EN 196-1:2005 [301]. The samples
were prepared by mixing one part of binder with three parts of fine aggregates in a
Hobart-type mixer, using a w/b of 0.5. After mixing, the mortar samples were
poured into moulds of 40 x 40 x 160 mm prisms or 50 mm cubes, depending on the
tests they were used for.

3.3.2 Cement paste
Cement paste samples were prepared by manual mixing of the cementitious
materials and water. After mixing, the resulting paste was poured into 14 or 25 mm
ɸ cylindrical plastic vials, depending on the tests they were used for.
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3.4 Details of curing conditions
Two temperature regimes were chosen in order to study the effect of temperature on
the performance of the slag blends. 20°C was chosen as a reference temperature,
which is typical of laboratory conditions. 38°C was chosen as a representative
temperature for tropical, arid or semi-arid zones. The details of both curing regimes
are described below, and summarized in Table 3.8.

3.4.1 Curing at 20°C
The cast mortar samples were covered with thin polythene sheets and left to cure
under laboratory air for a period of 20 to 24 hours. After this initial curing, the
samples were de-moulded and placed under water in curing tubs at 20°C until the
day of testing. For the paste samples, after casting, the top of the plastic vials were
sealed with polythene and allowed to rotate vertically at 20 rpm for 24 hours so as to
prevent bleeding. After 24 hours, the paste samples were removed from the plastic
vials and cured in saturated lime water at 20°C until testing.

3.4.2 Curing at 38°C
Mixing and casting was done at room temperature, but the materials and moulds
used were preconditioned in an oven set to 38°C so as to minimise the temperature
difference. After casting, the mortar samples were covered with thin polythene
sheets and transferred immediately to a preheated oven at 38°C, for a period of
about 20 to 24 hours. Thereafter, the mortar samples were demoulded and
transferred to water baths set to 38°C, where they were left to cure until the test day.
The paste samples were treated in the same way except that they were not rotated
vertically at 20 rpm, as was the case of the samples cured at 20°C. Rather,
immediately after casting, they were transferred to the preheated oven. For analysis
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involving these samples, only the central portions of the samples were used, so as to
minimise effect of bleeding and segregation.

Table 3.8: Curing regimes
Curing regime

Temperature (°C)

Relative humidity (%)

1

20

99.9

2

38

99.9

3.5 Details of exposure conditions
Mortar samples that was used for the chloride ingress studies were cured under
curing regime 1 and 2, for periods of 7 and 28 days respectively, before they were
exposed to two different laboratory-modelled chloride exposure conditions
described below.

3.5.1 Saturated or submerged chloride exposure
This exposure condition is similar to the XS2 exposure classification as defined in
BS 6349-1:2000 [14] for chlorides. In this exposure condition, the samples were
submerged in 3% NaCl solutions kept at temperatures of 20 and 38°C, for a period
of 90 days. For the samples exposed at 20°C, the solutions were renewed every 4
weeks to maintain the salinity of the solution, and the liquid to solid ratio was kept
above 12.5 millilitres per square centimetre of exposed surface as specified in EN
12390:2015 [275]. For the samples exposed to the sodium chloride solution at 38°C,
the solutions were renewed every fortnight so as to minimise the effect of
evaporation on the salinity of the solutions.
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3.5.2 Cyclic chloride exposure
This exposure condition is similar to the XS3 exposure classification as defined in
BS 6349-1:2000 [14] for chlorides. In this exposure condition, the samples were
subjected to continuous cycles of wetting and drying. A cycle consisted of 6 hours
of wetting during which the samples were submerged in a 3% NaCl solution,
followed by 6 hours of drying. This cycle was chosen as according to Ben Fraj et al.
[182], this represents the daily application of salts that a reinforced concrete
structure will be subjected to in a tidal zone. A schematic of the setup for this
exposure condition is shown in Figure 3.3.
The setup shown in Figure 3.3 consists of a pump, solenoid valve, water level
switch, stainless steel mesh and supports, and a timer switch (not shown). The
operations of the solenoid valve was controlled by the timer switch, while that of the
pump was jointly controlled by the timer switch and the water level switch. The
exposure chamber was left opened all through the duration of the exposure period so
as to keep the samples under atmospheric conditions, and the temperature and RH of
the room was about 20°C and 50% respectively.
At the start of the cycle, the salt solution is pumped unto the upper tank containing
the samples, to a level of about 25 mm above the samples. On reaching this level,
the water level switch comes on and the pump is automatically turned off. After 6
hours, the timer switch opens the valve and the salt solution flows out to the lower
tank. The samples are then allowed to dry for 6 hours. This completes one cycle. At
the end of the drying period, the pump switch comes on and salt solution is then
pumped from the lower tank to the samples in the upper tank. The whole process
was allowed to run continuously till 180 cycles (90 days) was reached.
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Figure 3.3: Schematic of the setup for the unsaturated exposure condition
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3.6 Test Methods
3.6.1 Methods for studying hydration process and microstructure
3.6.1.1 Isothermal conduction calorimetry
Principle:
The reaction of cement and water, otherwise known as hydration, is an exothermic
process. Heat released during the process of the reaction can be measured using
Isothermal Conduction Calorimetry (ICC) [302]. Most modern calorimeters usually
have twin channels, which enables the heat released from a hydrated sample to be
compared to that of a reference sample. The reference sample should have similar
thermal properties to that of the sample being measured so as to reduce the amount
of noise or drift generated [303]. Quartz is often used as a reference material when
measuring the hydration of cement. It has a specific heat capacity of 0.8 J/gK
compared to that of cement, which is 0.75 J/gK [304].
Calorimetry measures the overall heat evolution, which is the sum of the heat
evolved by all the reactions occurring at a particular time. So if for instance, an
exothermic reaction is occurring at the same time as an endothermic reaction, the
overall heat evolved might be negligible even when the reactions are occurring at a
high rate. As a result, calorimetry is mainly used as a global measure of the degree
of hydration [44].
Experimental procedure:
The heat flow generated during hydration was measured for cement pastes, using a
TAM Air 8 twin channel calorimeter. 6 grams of binder and 3 grams of deionised
water was placed in a 20 ml plastic ampoule, and shaken on medium speed for 2
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minutes using a vortex shaker. The reference sample (quartz) was prepared in the
same way and placed in the reference position, while the paste samples to be
measured was placed in the measuring position. Measurements were taken at 20 and
38°C respectively, for periods up to 30 days (720 hrs).
Measuring the degree of slag reaction:
Calorimetry was used qualitatively to measure the degree of reaction of the slag
[44]. This was done by replacing the slag component in the slag blends with quartz.
This enabled the heat contributed by the slag‟s hydration to be separated from that of
the cement (Figure 3.4). The difference between the total heat evolved by the neat
cement paste and that containing quartz is attributed to the filler effect, while the
difference between the heat evolved by the paste containing quartz and that
containing slag is attributed to the hydration of the slag (Figure 3.4a). Figure 3.4b
shows the heat evolved as a result of the slag hydration normalized to the cement
content, while Figure 3.4c shows the heat evolved by the slag‟s hydration
normalized to the slag content and the positive contribution of the slag‟s hydration
to the total heat evolved. Figure 3.4b showed initial drops in the heat evolved by the
slag, which was attributed to the differences in the hydrates formed between the
cement paste containing quartz and that containing slag. As stated in the studies by
[44, 305], it was assumed that the slag‟s hydration had not commenced at that stage.
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Figure 3.4: Measuring the degree of slag hydration by calorimetry
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3.6.1.2 Hydration stopping for cement paste samples
There are various techniques for stopping/ arresting the hydration of cement. The
ones commonly used include: solvent exchange, freeze drying, oven drying and
vacuum drying. Each of these techniques has their own advantages and
disadvantages. Some have been reported to affect the microstructure of the hardened
cement paste resulting in the structural and physical collapse of some of the cement
hydrates, especially ettringite (AFt), monosulphate (AFm) and C-S-H [306]. The
suitability of any technique depends on various factors such as: type of specimen –
cement paste, mortar or concrete; size of specimen; age of specimen; and test to
which specimen will be subjected to – scanning electron microscopy (SEM) or
mercury intrusion porosimetry (MIP).
For example, Galle [307] suggested that freeze drying was an adequate drying
technique for use with MIP but that it generates significant damage to C-S-H.
Konecy and Naqvi [308] found that the pores of hardened cement pastes were
damaged by freeze drying. Collier et al. [306] observed that for samples having high
porosity the method of arresting cement hydration did not appear to have any effect
on the crystalline phase composition and microstructure, while Zhang and Scherer
[309] found that for electron microscopy and pore structure analysis, solvent
exchange with isopropanol best preserved the microstructure.
For this study, hydration was stopped for the cement paste samples using the solvent
exchange technique, as it best preserves the microstructure [308, 309]. Isopropanol
was used as the first solvent and was replaced by another solvent (diethyl ether).
Diethyl ether has a lower density than isopropanol and boils at about 35°C, and
would therefore displace isopropanol from the pores of the hardened cement paste.
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Also, the initial exchange with isopropanol does not have an irreversible effect on
the length change as observed by Beaudion et al. [310].
The samples used for the hydration studies were cement paste discs having a
diameter of 14 – 16 mm and a thickness of 2 mm. The samples were placed in
isopropanol for at least 24 hours. Hughes [311] tracked the weight change of
hardened cement paste discs of diameter 33 mm and thickness 3 mm, using solvent
exchange and found that after 1000 mins (about 17 hrs) of soaking, the weight
reached equilibrium. A solution to sample ratio of about 100:1 was used as
suggested by Aligizaki [312]. After soaking for 24 hours, the isopropanol was
removed completely and replaced with diethyl ether, and left for about 2 hours. The
samples were then dried in a preconditioned oven at 40°C to remove the diethyl
ether.

3.6.1.3 X-ray diffraction (XRD)
Principle:
X-ray diffraction is defined as the elastic scattering of x-ray photons by atoms in a
lattice plane [313]. It is a technique that is often applied in the identification and
quantification of mineral or phase composition in cement based materials. It
involves focusing a beam of x-rays unto a sample, while changing the angle between
the incident beam and the reflecting lattice plane. When the scattered
monochromatic x-rays reflected by the atoms in a lattice plane are in phase,
constructive interference occurs, and by application of Bragg‟s law the characteristic
spacing between the crystal planes (d) can be determined as follows:
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𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃

(3.1)

Where:
n

integer called the order of reflection

λ

wavelength of x-rays

d

characteristic spacing between the crystal planes of a given specimen,
and

θ

angle between the incident beam and the normal to the reflecting
lattice plane

To identify the composition of the crystalline phases in an unknown material, the
XRD pattern is obtained on a powdered sample of the material. This is then
compared to the standard line patterns available for various compounds in the
powder diffraction file (PDF) database, from which the crystalline phases in the
material can be identified. In this study, XRD was only used for qualitative purposes
– for the identification and characterisation of the crystalline phases present in the
hydrated cement paste samples.
Experimental setup:
XRD patterns were obtained on hydration stopped cement paste samples that had
been ground to particle sizes less than 63 microns. In order to minimise the effect of
preferred orientation, care was taken when preparing the samples and minimal
pressure was applied when backloading the samples onto the sample holders [314,
315]. Measurements were obtained via a D2 Phaser Bruker diffractometer, using a
CuKα radiation in a θ-θ configuration with a fixed divergence split size of 0.5° and a
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sample stage set to rotate at 15°/min. The samples were scanned over a range of 2θ
values (7 to 70°), at a step size of 0.034° and a dwell time of 3 secs, resulting in a
total scan time of 100 mins per sample.

3.6.1.4 Simultaneous thermal analysis (STA)
Principle:
Simultaneous thermal analysis (STA) is a technique in which two or more types of
measurement are made on a single sample at the same time [316]. This technique is
particularly useful for carrying out quantitative and qualitative thermal analysis for
materials such as cement paste that undergo physical or chemical changes as heat is
applied to them.

Thermogravimetric analysis (TGA) which involves the

measurement of mass loss can be used for quantitative analysis, while differential
thermal analysis (DTA), which involves the measurement of the difference in
temperature between a sample and a reference, can be used for both qualitative and
quantitative analysis.
When a hydrated cement paste sample is heated, the phases will decompose
releasing either water from hydrates, or CO2 from calcite [317]. Figure 3.5 shows a
typical thermogravimetry curve (TGA) for a cement sample with its corresponding
differential curve (DTA). The unreacted gypsum (calcium sulphate) decomposes at
temperatures between 140 and 170°C, ettringite at temperatures of 120 – 130°C,
while C-S-H gel decomposes at temperatures below 150°C [317]. Portlandite (CH)
decomposes to CaO between 420 and 550°C, releasing water in the process [44].
This is often seen as a sharp drop in the TGA and DTA curves as shown in Figure
3.5. At higher temperatures of 650 to 800°C, calcium carbonate decomposes to CaO,
releasing CO2.
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The data is usually affected by the type and size of the sample as well as the rate of
heating. A powdered sample will result in a more even distribution of the heat
within the sample compared to a lump. Too big a sample mass will result in an
increase in the time required to fully decompose a phase. The use of fast heating
rates will also affect the decomposition temperature as some phases present in low
concentrations will not be detected on the TGA and DTA curves.
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Figure 3.5: Typical TGA and DTA curves for a hydrated cement paste
Experimental setup:
STA was carried out using a Stanton Redcroft 780 series. About 15 to 18 mg of
hydration stopped cement paste samples were placed in an empty platinum crucible.
A corresponding empty platinum crucible was used as the reference. Both the
sample and the reference were heated under a nitrogen atmosphere from 20 to
1000°C at a constant rate of 10°C/min.
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Measuring the Portlandite and bound water content:
The CH content was determined using the tangent method as shown in Figure 3.6.
Tangents were drawn on the TGA curve at the points where inflection occurred on
the DTA curve. A line was then drawn along the slope of the TGA curve between
the inflection points. The mass loss due to the water bound to CH (CHw), is taken as
the length of the vertical line drawn through the midpoint of this line connecting the
tangent lines. The CH content was then calculated using Equation 3.2. In some
cases, where the CH content is corrected for carbonation, Equation 3.2 becomes
modified to Equation 3.3 [44]. Although, there is the difficulty of accounting for the
unreacted calcite and the carbonation of the C-S-H phase [44], both of which can
also contribute to the total calcite content. In this study, the drying method adopted
did not lead to any additional carbonation of the samples. Hence, the CH content
was not corrected for carbonation.
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Figure 3.6: Determining portlandite content using the tangent method
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The bound water content (Wn) was taken as the difference between the mass loss at
50 and 550°C, at which point it was assumed that all the phases containing water
had fully decomposed. Wn, normalised to the total mass loss at 550°C was calculated
using Equation 3.4.

%𝐶𝐻 = 𝐶𝐻𝑤 ×

𝑀𝐶𝐻
𝑀𝐻2 𝑂

(3.2)

%𝐶𝐻 = 𝐶𝐻𝑤 ×

𝑀𝐶𝐻
𝑀𝐶𝐻
+ 𝐶𝐶𝑐 ×
𝑀𝐻2 𝑂
𝑀𝐻2 𝑂

(3.3)

𝑊𝑛 =

𝑊50 − 𝑊550
× 100
𝑊550

(3.4)

where:
CHw

mass loss of water bound to CH

MCH

molar mass of CH, taken as 74 g/mol

MH2O molar mass of water, taken as 18 g/mol
CCc

mass loss due to decarbonation of calcite

W550

mass loss at 550°C

W50

mass loss at 50°C

3.6.1.5 Scanning electron microscope (SEM)
Principle:
Scanning electron microscope (SEM) is a well-known technique that is used to
investigate the microstructure of materials. It has been used by several researchers
[30, 135, 318-320] to study the microstructural evolution of hydrated cementitious
materials, both quantitatively and qualitatively. In an SEM, a beam of electrons is
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focussed over the sample surface and scattered electrons are collected by detectors
and used to construct an image.
Depending on the way the electrons interact with the sample, secondary electrons,
backscattered electrons (BSE) or X-rays will be produced. Secondary electrons are
low-energy electrons and they give information relating to the topography of the
sample. BSE are high-energy electrons from the primary incident beam that are
ejected back out from the sample. These BSE are used to produce a different kind of
image. Such an image uses contrast to give information about the average atomic
number of the sample. As the atomic number of a feature increases, more electrons
are reflected and appear brighter. Features having low atomic numbers appear dark
grey or black [321]. As a result, different phases can be identified according to
greyscale and this can be used for the characterisation and quantification of the
various phases present in the sample. This study involved the use of BSE imaging.
Sample preparation:
Sample preparation is a very important aspect of the SEM technique. For
determining degree of hydration of hydrated cement paste samples using BSE, it is
better to use flat polished samples so as to reduce edge effects [322]. 2 mm thick
discs were cut from the central portions of 14 mm ɸ cylindrical hydrated cement
paste samples. The samples were hydration stopped, followed by resin impregnation
using an epoxy based resin and a hardener. The resin impregnated samples were
polished to obtain flat surfaces using silicon carbide paper. This resulted in scratches
developing on the surface of the polished samples, which were removed by further
polishing using various diamond pastes (6, 3, 1 and 0.25 µm).
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Experimental procedure:
BSE-SEM images were collected for the polished samples using a Carl Zeiss EVO
SEM. An accelerating voltage of 15 keV was used, combined with a spot size of
500. Electron images were collected at a magnification of x800 and a working
distance of 8 – 8.5 mm, and were analysed to determine the degree of porosity. In
determining the degree of hydration of the slags, magnesium maps were collected
using an Oxford Instrument Xmax SDD detector at a minimum acquisition time of
90 secs.
Image analysis:
Image analysis was done using a software – ImageJ, on BSE–SEM images to
determine the degree of porosity and hydration. In the analysis, it was assumed that
the volume fraction in a three dimensional surface is equal to the area fraction of a
two dimensional surface. This assumption is based on the principle of stereology,
which uses two dimensional sections to interpret three dimensional structures [312].
Pores in the microstructure appear as dark spots on the electron images and can be
easily distinguished from the hydrated phases – C-S-H and CH, as shown in Figure
3.7. C-S-H appears as dark grey; however, the grey level varies depending on the
C/S ratio, temperature, water content and microporosity [114, 319, 320]. In a typical
histogram for a hydrated neat paste (Figure 3.8), the CH phase is brighter than the
C-S-H phase and appears as light grey while the anhydrous cement appears as the
brightest.
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Figure 3.7: Typical BSE-SEM image of a 28 day old paste sample of a slag
blend

Figure 3.8: Typical histogram for a hydrated neat paste showing the grey
levels of the various hydrated phases (taken from [44])
Degree of porosity:
The degree of porosity was determined for 7 and 28 day old samples. It was taken as
the area fraction corresponding to the pores present in an electron image. A total of
50 electron images were collected at random and analysed, and the average was
taken as the degree of porosity.
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It is important to state here that the degree of porosity measured by this technique
depends largely on the resolution of the electron images. It can also be affected by
overlap between the pores and the C-S-H phase on the greyscale, and other factors
associated with the instrument e.g. filament brightness. For slag blends, the hydrated
dark rim surrounding the anhydrous slag grains can also interfere while thresholding
for porosity. This was corrected for by careful adjustment of the brightness and
contrast of the images, while the aspects concerning the instrument was dealt with
by using the same settings each time measurements were being taken. The other
aspects not involving the instrument are discussed as follows:


Image resolution: Images of 1024 x 768 pixels were collected at a
magnification of x800. Based on this resolution, 1 pixel is approximately
0.17 x 0.17 µm [135]. If it is assumed that the smallest feature that can be
captured at this resolution is 2 pixels [135, 323], then only pores greater than
0.3 µm will be visible at this resolution. This implies that a fraction of the
capillary pores (those ranging from 0.01 to 0.3 µm), will not be captured.
Thus, the degree of porosity measured is that of pores greater than 0.3 µm,
and this will be referred to as „coarse porosity‟ in this study.



Overlap between the pores and the C-S-H phase: This often occurs at
later ages, where sufficient portion of the anhydrous materials have reacted,
resulting in lower porosity and pore size. In such instances, it becomes
difficult to distinguish the pores from the C-S-H phase on the greyscale. This
was only observed for the 28 day samples, and the porosity was measured
following the technique developed by Scrivener et al. [324]. The porosity
was taken at the point of intersection between tangents drawn to the lower
leg and the rising leg of the C-S-H peak, as shown below in Figure 3.9.
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Figure 3.9: Determination of porosity by tangent method
Degree of slag hydration:
The degree of hydration was determined for 7 and 28 day old samples using the
expressions below [44, 318] for the neat and slag blended systems.

𝑐𝑒𝑚
𝐷𝐻𝑆𝐸𝑀
𝑡 =1−

𝑉 𝑡 𝑐𝑒𝑚
𝑉 0 𝑐𝑒𝑚

(3.5)

𝑆𝐶𝑀
𝐷𝑅𝑆𝐸𝑀
𝑡 = 1−

𝑉 𝑡 𝑆𝐶𝑀
𝑉 0 𝑆𝐶𝑀

(3.6)

where:
V(0)cem

is the volume fraction of cement before hydration,

V(0)SCM

is the volume fraction of unreacted SCM before hydration,

V(t)cem

is the volume fraction of unhydrated cement at hydration time
t, and

V(t)SCM

is the volume fraction of unreacted SCM at hydration time t.
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For a slag blended cement paste, it is often difficult to distinguish between the
unreacted slag grain and the CH phase, as they have similar grey levels (as can be
seen from Figure 3.7) and tend to overlap on the histogram. As a result, in
determining the degree of hydration of a slag blended system by image analysis,
chemical elemental mapping by EDS is often combined with BSE-SEM imaging
[44, 153, 318].
Slags are rich in magnesium, and due to the element‟s low mobility, magnesium
maps will reveal the initial position of the unreacted slag grains. As the slags
undergo hydration, a dark rim is formed around the slag grain, which can be
removed by applying a threshold on the map to show only the unreacted slag grains.
The resulting map is then overlaid on the original BSE-SEM image to indicate the
position, shape and size of the unreacted slag grains.
This approach has been used by various researchers [44, 305, 318] to determine the
degree of slag hydration. The technique is described in Figure 3.10. Figure 3.10a
shows the original BSE-SEM image while Figure 3.10b shows the magnesium map
obtained from EDS. Threshold was applied to Figure 3.10a to highlight the
unreacted slag grains. However, during the process of thresholding, some clinker
and portlandite phases were also captured as seen in Figure 3.10c. To isolate the
unreacted slag grains, the magnesium map (Figure 3.10b) was overlain on Figure
3.10c to obtain Figure 3.10d. The area fraction corresponding to the unreacted slag
grains can then be obtained from Figure 3.10d. Due to the limitation of the
resolution, slag grains smaller than 0.3 µm will not be captured. However, from the
particle size distribution of the slags shown in Figure 3.2, we can see that this will
not have any impact on the measurement.
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(a)

(b)

(c)

(d)

Figure 3.10: Determination of degree of hydration of slag by SEM
combined with EDS (a) original BSE-SEM image (b) EDS Mg map (c)
threshold of original image showing unreacted slag grains, portlandite
and clinker (d) thresholded image overlain by Mg map

3.6.2 Unconfined compressive strength development
Compressive strength was determined in accordance with the procedure outlined in
EN 196-1:2005 [301] for mortar samples. Compressive strength was determined at
1, 7, 28, 90 and 180 days. Except for the 1 day old samples, the samples were
brought out from the curing tubs at the test date, and cleaned with a dry cloth before
testing. Each mortar prism was split into two halves to produce six samples, having
an approximate size of 40 x 40 x 80 mm. Thereafter, the split samples were tested
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for compressive strength using a Tonipact 3000 concrete cube crusher. The
compressive strength was taken as the average of six measurements.

3.6.3 Methods for studying transport properties
3.6.3.1 Water penetrability
The degree of capillary porosity, which was determined on 7 and 28 day old paste
samples, enabled the effect of temperature on the early stages of the microstructural
development to be studied. In order to study similar effects on mortar samples, water
penetration tests were carried out. Both techniques complement each other. While
the degree of capillary porosity does not give any indication as to the connectivity of
the pores, it does give information regarding the microstructure. The water
penetration tests on the other hand, does not give any information on the
microstructure, but can be used to assess the connectivity of the pore system, and in
some cases it is often linked to durability.
Drying or preconditioning of samples is a very important aspect that should be
considered in determining the water transport properties of mortars or concretes.
Drying at 50°C is considered to be less damaging to the microstructure [131],
however, it usually takes longer periods for the samples to reach constant mass
during which hydration and pore refinement will still be going on. On the other
hand, drying at 105°C reaches equilibrium faster but induces microcracks [325] and
creates irreversible microstructural alterations [326], which will also have effects on
the transport properties. While drying at 50°C might seem to be the best option,
there is the possibility that microcracks could also be formed as reported by Wu et
al. [327].
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Since the scope of the study did not involve looking at the effect of the drying
technique on water penetrability, two different methods – sorptivity and water
absorption, involving the use of different drying techniques were used to study the
water transport property. In terms of the age of the samples, 7 day old samples were
considered unsuitable for the tests. This was as a result of the longer times required
to dry the samples to constant mass. For 7 day old samples, where the microstructure
is not fully developed and hydration is still on-going, drying would interfere with the
hydration process and microstructural development thus affecting the results. Hence,
the tests were only conducted on 28 and 90 day old samples. Also, mortar samples
were used instead of concrete so as to be able to relate the results to other aspects of
the study.
Sorptivity:
Sorptivity was determined using similar methods as used by Tasdemir [328], and
Gϋneyesi [131]. 50 mm mortar samples were used for the test. The test was
conducted on triplicate samples. The samples were cured for 28 and 90 days at 20
and 38°C, after which they were dried to constant mass in an oven at 50°C.
Depending on the mix, it took about 20 – 35 days for the samples to dry to constant
mass, with the slag blends taking longer times to dry than the neat system. After
drying, the sides of the samples were coated with paraffin and weighed to obtain the
initial mass before they were placed in a trough of water at 20°C. The water level
was maintained at about 5mm from the base of the samples (Figure 3.11), all
through the experiment. This was achieved by occasionally topping-up the water in
the trough. The mass of the samples were recorded at predetermined times (1, 4, 9,
16, 25, 36, 49 and 64 mins). At each of these times, the mass of water absorbed by
each specimen was calculated by subtracting the initial mass from the recorded
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mass, and from this the sorptivity coefficient (k) can be determined using the
following expression:

𝑘=

𝑄

(3.7)

𝐴 𝑡
where:
Q

amount of water absorbed in m3, which was calculated by dividing
the mass of the water absorbed in kg, by the density of water (1000
kg/m3)

t

time in seconds

A

cross-sectional area of the specimen that was in contact with the
water in m2

k

sorptivity coefficient in m3/m2s1/2.

Figure 3.11: Schematic of setup used for sorptivity test
In determining k, values of Q/A were plotted against √t, and k was taken as the slope
of the straight line fitted through the origin to the data points as shown below in
Figure 3.12.
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Figure 3.12: Linear fit for the determination of sorptivity coefficient for a
C1 mortar sample cured for 28 days at 20°C
Water absorption:
Water absorption was determined according to the procedure outlined in BS 1881122:2011 [329]. However, mortar samples were used in place of concrete. The
mortar samples were prepared and cured in similar ways as the samples used for the
sorptivity test. At the end of the curing period, the samples were dried in an oven for
72 hours at 105°C to remove all the evaporable water. After drying, the samples
were placed in a desiccator and left to cool for 24 hours at room temperature before
testing. The samples were weighed to obtain a dry mass Md, after which they were
completely immersed in a water tank at 20°C. The water level in the tank was
maintained at 25 mm above the samples throughout the duration of the test by
occasionally topping-up with water. The mass of the samples were recorded at 10,
30, 60 and 120 mins. The water absorbed (Wa) as a percentage was calculated using
Equation 3.8 and plotted against time t.
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𝑊𝑎 =

𝐾 𝑀𝑡 − 𝑀𝑑
× 100
𝑀𝑑

(3.8)

where:
Md

dry mass of the sample in grams

Mt

mass of the sample after time t, in grams

K

correction factor for the shape of the samples, which is equal to 0.667
[329]

Wa

water absorbed in %

3.6.3.2 Depth of chloride penetration by silver nitrate colorimetric technique
The depth of chloride ion penetration was determined using the silver nitrate
(AgNO3) spray technique.

50 mm mortar cubes were exposed to a 3% NaCl

solution after they had been initially cured for 7 and 28 days respectively, at
temperatures of 20 and 38°C. The samples were subjected to two chloride exposure
conditions (saturated and cyclic, as described in Section 3.5) at 20°C and only the
saturated exposure condition at 38°C. The samples were withdrawn periodically, at
14, 28, 56 and 90 days, to determine the depths of chloride ion penetration. The
withdrawn samples were split in half and the surfaces of the freshly split samples
were sprayed with a 0.1M AgNO3 solution. The presence of free chlorides was
indicated by the formation of a white precipitate of silver chloride (AgCl), while in
the absence of free chlorides the reaction between silver nitrate and portlandite
resulted in a brown coloration, due to the formation of silver hydroxide (Figure
3.13). By taking linear measurements from the edge of the specimen up to the colour
change boundary, the depth of free chloride penetration can be determined.
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Although, this technique has its limitations in that it can only indicate the presence
of free chloride ion if the concentration is greater than 0.15% by weight of cement
[200], it has been widely used by several researchers [200, 202, 274, 330, 331].

Figure 3.13: Colour changes for chloride ingress sample sprayed with
0.1M AgNO3 solution
3.6.3.3 Total chloride content
Sample preparation:
40 x 40 x 160 mm mortar samples were cast and cured for 7 and 28 days
respectively at temperatures of 20 and 38°C. After curing, a slice, about 20 mm
thick, was sawn off from one end of the samples so as to obtain a fresh surface. An
epoxy – based paint was used to coat all the sides of the sample except the fresh
surface so as to allow for unidirectional chloride ingress. The coated samples were
left in the laboratory for 2 days to allow for proper curing of the paint, after which
they were saturated in deionised water for 24 hours.
Exposure to chloride solution:
The saturated samples were then immersed in a tub containing 3% NaCl solution for
a soaking period of 90 days. The liquid to solid ratio was kept above 12.5 millilitres
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per square centimetre of exposed surface as recommended in EN 12390:2015 [275],
all through the exposure period.
Extraction of layers/ grinding:
At the end of the exposure period, the samples were removed from the tub and
wiped dry with a clean cloth. Layers were extracted from the sample by dry cutting
using an Erbauer tile cutter (Figure 3.14). The thickness of the cutting blade was
approximately 3 mm. A total of 7 layers (approximately 5 mm thick) were cut from
each sample. After cutting, each of the layers was placed in separate polythene bags
for grinding. Grinding was done for most of the samples using a mortar and a pestle.
The samples were ground to particles passing through a 300 microns sieve. The
ground samples were further dried in an oven at 105°C for 24 hours before they
were analysed for total chloride content.

(a)

(b)

Figure 3.14: (a) Dry cutting of sample into layers (b) Layers marked on
sample prior to cutting
Determining total chloride content:
Total chloride content was determined for each layer using the procedure
recommended by RILEM [277]. About 1 gram of the dried samples was weighed
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and placed in a beaker. 50 ml of concentrated nitric acid (HNO3) diluted to 1 in 2
parts was added to the sample. After the effervescence had stopped, the solution was
heated and allowed to boil for about 1 min. 5 ml of 0.1N silver nitrate solution
(AgNO3) was added to the beaker and the resulting solution was allowed to boil for
another 1 min. After this, the solution was allowed to cool down to room
temperature and filtered over a filter paper under vacuum. The filter paper and
beaker were washed with diluted HNO3 (diluted to 1 in 100 parts), and collected
alongside the filtrate. The final volume of the filtered solution was made up to 200
ml by adding diluted HNO3. This was titrated against a 0.05M ammonium
thiocyanate solution (NH4SCN). A blank test was also run using the same procedure
outlined above, but without any sample. The total chloride content per mass of the
dried sample was determined using the expression below:

%𝐶𝑙 =

3.5453𝑉𝐴𝑔 𝑀𝐴𝑔 𝑉2 − 𝑉1
𝑚𝑉2

(3.9)

where:
VAg

volume of AgNO3 added in cm3

MAg

molarity of the AgNO3 solution

V1

volume of NH4SCN used in the sample in cm3

V2

volume of NH4SCN used in the blank test in cm3

m

mass of the dried sample used for the test in grams

Two or three measurements were taken per layer, depending on the amount of
ground sample obtained from the cutting and grinding process. The average total
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chloride content obtained per layer was plotted against the distance of the centre of
each layer from the exposed face, to obtain total chloride profiles.
Chloride diffusion coefficient:
The non-steady state chloride diffusion coefficient Dc and the chloride content at the
surface Cs were determined by performing a non-linear regression analysis on the
total chloride profiles, using the expression below [275]:

𝐶𝑥 = 𝐶𝑠 1 − 𝑒𝑟𝑓

𝑥
2 𝐷𝑐 𝑡

(3.10)

where:
Cx

chloride content measured at average depth x and exposure time t, %
by mass of sample

Cs

calculated chloride content at the exposed surface, % by mass of
sample

x

depth below the exposed surface to the mid-point of the ground layer,
in metres

Dc

calculated non-steady state chloride diffusion coefficient, in square
metres per second (m2/s)

t

exposure time, in seconds (s)

erf

error function

The regression analysis was done using Excel solver function. The first set of data
(the chloride content of the first layer, obtained very close to the exposed surface)
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were not included in the regression analysis (Figure 3.15) as recommended in EN
12390:2015 [275].
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Figure 3.15: Determining the non-steady state chloride diffusion
coefficient Dnss by non-linear regression
3.6.3.4 Water-soluble chloride content
Water-soluble chloride content is defined here, as the amount of chloride ion in a
concrete specimen which can be leached out by water at room temperature [332].
This is not the same as the free chloride content, which is taken as the amount of
chloride ion dissolved in the pore solution that can be obtained by squeezing
concrete samples at high pressures [332].
Several leaching methods have been proposed by various researchers for the
extraction of water-soluble chlorides (see Section 2.3.5.1). Amongst the various
methods, 72 hour standing in water at 20°C was selected for this study, as according
to Arya et al. [273], this was seen to be more suitable for total chloride contents of
1.5 to 2.0% by weight of cement.
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Experimental procedure:
5 grams of ground samples was taken from each layer of the same samples used for
the total chloride content determination test. This was placed in a plastic bottle. A
solid to liquid ratio of 1:20 was used [273], hence 100 ml of distilled water was
added to the sample and the plastic bottle was sealed and left to stand for 72 hours at
20°C. At the end of the standing period, the solution was filtered off and the chloride
concentration of the filtrate was determined using an ion chromatography device.
The water-soluble chloride content, which was taken as the chloride concentration of
the filtrate, was expressed in parts per million (ppm) and plotted against the distance
of the centre of each layer from the exposed face, to obtain the water-soluble
chloride profile.

3.6.3.5 Chloride binding capacity
Sample preparation:
Paste samples were prepared and cured in sealed plastic moulds at 20 and 38°C, for
a period of 8 weeks. The central portions of the cured samples were wet-crushed and
water-sieved to particles ranging in size from 0.25 to 2.0 mm. The particulate
samples were vacuum dried in a desiccator at room temperature to remove most of
the water, then stored in a desiccator with decarbonized air at 11% RH kept by
saturated lithium chloride solution for 14 days.
Bound chloride content:
Bound chloride content was measured using the equilibrium method. This method
was developed by Luping and Nilsson [243] and has been used by several
researchers [15, 18, 245]. About 20 grams of the particulate sample dried at 11% RH
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was put in a plastic cup and filled with approximately 50 ml of a given concentration
of NaCl solution saturated with Ca(OH)2. Five different concentrations of NaCl
solution was used – 0.1, 0.5, 1.0, 2.0 and 3.0M. The filled plastic cup was sealed and
stored at temperatures of 20 and 38°C for a period of 6 weeks to attain equilibrium.
After equilibrium was reached, the chloride concentration of the resulting solution
was determined using an ion chromatograph. Knowing the initial concentration of
the NaCl solution, the content of bound chlorides was determined using the
expression:

𝐶𝑏 =

35.45𝑉 𝐶𝑖 − 𝐶𝑓
𝑊

(3.11)

where:
Cb

bound chloride content in mg/g-sample

V

volume of solution in ml

Ci

initial concentration of the chloride solution in mol/l

Cf

equilibrium concentration of the chloride solution in mol/l

W

weight of the dry sample in g, which is calculated from the difference
in weight of the sample dried in a desiccator at 11% RH and in an
oven at 105°C.

Correction for temperature effect on Cb:
Evaporation occurred at rates ranging from 3 – 12% at 38°C (as shown in Appendix
D) and this was corrected for using the method adopted by Zibara [244] as shown in
Equations (3.12 – 3.14). The correction is based on two assumptions:
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The ratio of the initial and equilibrium volume of the chloride solutions is
equal to the ratio of the initial and equilibrium weight of the chloride
solutions



The evaporation does not affect the equilibrium between the bound and free
chlorides

𝑉𝑖
𝑊𝑖
=
𝑉𝑒𝑒 𝑊𝑒𝑒

(3.12)

𝐶𝑒 × 𝑉𝑖 = 𝐶𝑒𝑒 × 𝑉𝑒𝑒

(3.13)

𝐶𝑒 = 𝐶𝑒𝑒 ×

𝑉𝑒𝑒
𝑊𝑒𝑒
= 𝐶𝑒𝑒 ×
𝑉𝑖
𝑊𝑖

(3.14)

where:
Vi

initial volume of host solution (without evaporation) in ml

Vee

volume of host solution after evaporation occurred in ml

Wi

initial weight of host solution in grams

Wee

weight of host solution after evaporation occurred in grams

Ce

chloride concentration at equilibrium (without evaporation) in mol/l

Cee

measured chloride concentration at equilibrium after evaporation
occurred in mol/l

Chloride binding isotherms:
The bound chloride content (Cb) was plotted against the equilibrium concentration
(Cf). The chloride binding coefficients (α and β) of the mixes were then determined
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using Freundlich and Langmuir binding isotherms [18] as shown below in Equations
3.15 and 3.16.

𝛽

𝐶𝑏 = 𝛼𝐶𝑓
𝐶𝑏 =

(3.15)

𝛼𝐶𝑓

(3.16)

1 + 𝛽𝐶𝑓

Figure 3.16 shows the chloride binding coefficients α and β obtained for one of the
mixes using Freundlich and Langmuir binding isotherms. The Freundlich binding
isotherm has been widely used by several researchers [18, 292, 296, 333], and from
Figure 3.16, it is seen that it gives the best fit to the data; hence it was used in
determining the chloride binding coefficients of all the mixes.
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Figure 3.16: Best fit binding isotherm for determining chloride binding
coefficients
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Chapter 4
Effects of Binder Composition and Temperature on the
Hydration of CEM I and Slag Blends
4.1 Hydraulicity of the slags
There are several indices that have been proposed for use in assessing the potential
of a slag to form cementitious hydration products [3, 9, 10, 12, 44], as discussed
previously in Section 2.1.3.4. Table 4.1 shows those used here for the initial
classification of the slags.

Table 4.1: Basicity and activity indices of the slags
Basicity index

Slag 1

Slag 2

CaO/SiO2

1.05

0.94

(CaO + MgO)/SiO2

1.28

1.18

(CaO + MgO + Al2O3)/ SiO2

1.61

1.37

7 day

58.8

53.6

28 day

84.3

84.3

Activity index (%)

From the table, it is seen that slag 1 has a higher basicity index and should be more
reactive than slag 2. The activity index of the slags at 20°C, which were obtained in
accordance with EN 15167-1 [42], indicates that slag 1 would have better early age
strength than slag 2, but similar later age strength.

4.2 Compressive strength development
Figure 4.1 shows the unconfined compressive strength (UCS) development of all the
mixes at 20°C. The CEM I 42.5R (C1) mix had higher strength up to 7 days but this
trend reversed at 28 days and beyond with the slag blends having higher strengths.
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The poor early age performance can be attributed to the lower reactivity of the slags
as observed previously by Al-Amoudi et al. [161]. At early ages, the degree of slag
hydration is considerably less than that of the cement clinker. Whittaker et al. [135]
reported that, in 40% slag blends, approximately 40% of slag had hydrated after 7
days at 20°C, compared with about 80% of the clinker.
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Figure 4.1: Compressive strength development at 20°C
The UCS development of all the mixes at 38°C is shown in Figure 4.2. High
temperature curing was seen to increase the early strength of all the mixes up to 7
days, except the neat C1 mix. While the 1 day UCS of the C1 mix was greater at
38°C, the 7 day UCS was slightly lower at 38°C than at 20°C. After 28 days, there
was minimal strength gain for the samples cured at 38°C as compared to those cured
at 20°C. This can be attributed to the effect of high temperature curing, which would
result in a high initial rate of hydration and slower subsequent hydration rates [23,
290]; and shows the deleterious impact of high temperature curing on the later-age
strength development. At 38°C, the UCS of the slag blends was higher than that of
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C1 at all ages indicating that the slag blends had better strength performance. This
agrees with similar findings by [23, 24, 163].
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Figure 4.2: Compressive strength development at 38°C
At 20°C there was no significant difference in the UCS of the two slag blends,
especially at later ages; whereas at 38°C, there was a clear distinction in their UCS
with slag 1, the more basic of the 2 slags, performing better than slag 2 at all ages.
Comparing this with the indices shown in Table 4.1, it can be seen that the strength
performance of the slag blends at 20°C did not tally with the prediction of the
basicity index, which predicted that slag 1 should have better strength performance
due to its higher reactivity. This is in agreement with previous studies [10, 11, 334]
which showed that at 20°C, there was no correlation between basicity indices and
the properties of slag blends. However, at 38°C there was a correlation between the
strength performance of the slag blends and the basicity indices. On the other hand,
the strength performance was seen to tally with the prediction of the activity index,
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which indicated that slag 1 would have better early age strength performance than
slag 2, but similar later age strength performance.

4.3 Heat of hydration by isothermal calorimetry
4.3.1 Heat flow
Figure 4.3 and Figure 4.4 shows the rate of heat flow at 20°C and 38°C, as
determined by isothermal calorimetry, normalised to the cement content. The
addition of quartz and slag to C2 resulted in a slight acceleration of the alite
hydration, as can be observed from Figure 4.3 and Figure 4.4, where the curves of
C2S1, C2S2 and C2Q appeared slightly earlier than that of C2. This can be
attributed to the filler effect of the quartz and the slags [30, 124, 153, 335]. At the
start of the reaction, the quartz and the slags do not react, and as a result more space
becomes available for the hydrates of the clinker [124, 153].
The main difference between Figure 4.3 and Figure 4.4 is seen within the early
stages of the reaction (0 to 20 hrs). The high temperature of 38°C resulted in an
increase in the rate of reaction of all the mixes, especially at the early ages, as was
observed in previous studies [110-112]. Peaks II and III corresponding to the
formation of C-S-H and secondary ettringite [83, 147], are observed after about 15
hours from the start of the reaction at 20°C compared to after about 7 hours at 38°C.
Peaks II and III appeared to be merged together at 20°C; whereas at 38°C, there was
a clear distinction between both peaks. The reason for this is because at higher
temperatures, there is an increase in the amount of sulphate ions reversibly bound to
the C-S-H phase, such that fewer sulphates are available to react and form AFt [111,
112, 116]. This was clearly reflected in Figure 4.4, where the intensity of peak III
was much lower than that of peak II; whereas in Figure 4.3, both peaks had similar
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intensities. The formation of the AFm phases, which is represented by peak IV [83],
was visible at 20°C, but not at 38°C. This indicates that at the higher temperature,
the AFt to AFm conversion occurred very early on such that peak IV was hidden
underneath peaks II and III. This can be attributed to the accelerating effect of
temperature on the early stages of hydration [45, 111], and explains the reason for
the initial higher strengths observed at 38°C in Figure 4.2.
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Figure 4.3: Heat flow at 20°C normalised to the cement content
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Figure 4.4: Heat flow at 38°C normalised to the cement content
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Table 4.2 shows the maximum peak heat flow (qmax) for all the mixes and the time
taken to reach qmax. At 20°C, the C1 sample was the first to reach its maximum peak
heat, followed by C2S1. However, at the higher temperature, both slag blends
reached their maximum peak heat ahead of the C1 mix. As the temperature rose
from 20 to 38°C, there was an increase of about 164% in the qmax of C1 at 38°C,
compared to about 300% for the slag blends. This can be attributed to the
accelerating effect of temperature; with the effect being greater on the slag blends
than the C1 mix. This indicates that at 38°C the slags reacted more rapidly and
contributed to the heat released in the system, hence the lower times taken to reach
qmax. This agrees with previous findings [126, 146-148], where it was reported that
at higher temperatures, GGBS contributes more to the total heat of hydration than at
lower temperatures. At both temperatures, the qmax of C2S1 was higher than that of
C2S2. Since the level of replacement was the same for both mixes, the higher values
of qmax obtained for C2S1 indicates that slag 1 had reacted more. This correlates
with the compressive strength results shown in Figure 4.1 and Figure 4.2.

Table 4.2: Maximum peak heat flow (qmax) and time taken to reach qmax
20°C

38°C

qmax
(mW/g of PC)

Time
(hrs)

qmax
(mW/g of PC)

Time
(hrs)

C1

2.40

12.21

6.35

8.79

C2S1

5.24

13.70

19.85

4.55

C2S2

4.98

14.95

18.29

4.81

4.3.2 Cumulative heat flow
The cumulative heat flow at 20°C and 38°C normalised to the cement content is
shown in Figure 4.5 and Figure 4.6 respectively. Similar trends were observed in the
total heat curves for both temperatures. There was positive heat contribution all
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through the period of measurement. Also, at the end of the measurement period (at
about 700 hrs), for a given mix, temperature did not greatly affect the total heat.
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Figure 4.5: Total heat at 20°C normalised to the cement content
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Figure 4.6: Total heat at 38°C normalised to the cement content
A major difference was however seen at the early stages of the reaction, where the
38°C heat curves were steeper over 0 to 100 hrs, due to the accelerating effect of
temperature on the hydration reaction. This is similar to the trends observed in the
compressive strength results (Figure 4.1 and Figure 4.2). After about 700 hrs, the

136
heat curves of the C1 mix were relatively at the same level at both temperatures;
whereas that of the C2 and C2Q mixes appeared to be slightly lower at 38°C as
compared to 20°C. This indicates that the high temperature only accelerated the
early hydration (0 to 100 hrs) of C2 but not the later hydration (at about 700 hrs).
This agrees with previous studies [110-112], which reported that higher temperature
curing increases the rate of hydration of PC, but the effect is more pronounced at the
early stages of hydration than at the later stages.
The cumulative heat evolved by the slag blends, normalised to the cement content,
was greater than that of C2 at both temperatures as seen in Figure 4.5 and Figure
4.6. This can be attributed to two reasons. The first being the hydration of slag,
which has been shown to be exothermic [154, 336]; and the second, due to the filler
effect [30, 153, 335]. At both temperatures, the total heat evolved by C2S1 (the
blend containing the more reactive slag) was greater than that of C2S2. However,
the difference was seen to be much higher at 38°C than at 20°C, thus indicating that
slag 1 had reacted much more at 38°C. This is in correlation with the compressive
strength results (Figure 4.1 and Figure 4.2), where it was observed that the
difference between the UCS of the slag 1 and 2 blend was much higher at 38°C than
at 20°C.

4.3.3 Degree of slag reaction
Figure 4.7 shows the positive contribution of the slag hydration to the total heat
evolved. The procedure followed in obtaining this has been described previously in
Section 3.6.1.1.

Total heat evolved from slag hydration (J/g of slag)
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Figure 4.7: Total heat evolved from the slag hydration
From Figure 4.7, it can be seen that the contribution to the total heat from the
hydration of the slags was far greater at 38°C than at 20°C. However, this was not
clearly reflected on the overall total heat evolved by the slag blends at 38°C, as seen
at the later stages (at about 700 hrs) in Figure 4.3 and Figure 4.4. This is because the
total heat evolved by C2 at about 700 hrs, is greater at 20°C than at 38°C, thus
masking the increased contribution from the slag hydration at the higher
temperature. This would explain why towards the later stages of the measurement,
the total heat curve of each slag blend appeared to be at the same level, at both
temperatures. This indicates that high temperature favours the reactivity of slags
more than that of clinker, and is in agreement with previous findings [21, 22, 26,
291].
In terms of the reactivity of the slags, slag 1 had a higher degree of reaction than
slag 2 at both temperatures, as was predicted by the basicity index in Table 4.1.
However, the difference in reactivity was much greater at 38°C than at 20°C. This
correlates with the compressive strength results and is in agreement with previous
studies [337, 338]. The reason for this can be attributed to two aspects. The first
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being the lower activation energy of the slag 1 blend, which is discussed in the next
section, and the second being the higher alumina content of slag 1. Richardson et al.
[147] observed for slag blends that the reaction of the silicates and aluminates were
accelerated at higher temperatures. Since slag 1 has a higher alumina content than
slag 2 (as seen in Table 3.1), the higher temperature would accelerate its reaction
more than that of slag 2.

4.3.4 Activation energy of the slag blends
The activation energy of the slag blends was determined from the cumulative heat
flow, by applying Arrhenius equation as shown below [9, 126]:

𝑘 𝑇 = 𝑘0 𝑒𝑥𝑝

−𝐸
𝑅𝑇

𝑡1
𝐸 1
1
= 𝑒𝑥𝑝 ( − )
𝑡2
𝑅 𝑇1 𝑇2

(4.1)

(4.2)

where k(T) is the rate constant (rate of hydration), k0 is the pre-exponential
term, t1 and t2 = time at 50% degree of hydration (t50) at temperatures T1 and
T2 respectively, E = activation energy in kJ/mol, and R = gas constant taken
as 8.314 JK-1mol-1.
Equation 4.2 was used to calculate the activation energy of the slag blends. In
determining the values of t1 and t2, the total heat evolved (Q) was plotted against the
inverse of time (1/t), as seen in Figure A9 and Figure A10 in Appendix C. Q∞ was
extrapolated from the data at 1/t = 0. The degree of hydration was approximated as
Q/Q∞, and plotted against time (t). t50 was taken as the time when the degree of
hydration was 50%.

139
Values of 43.65 and 44.57 kJ/mol were obtained as the activation energy for the slag
1 and slag 2 blend respectively. These values fall within the range reported for slag
blends [9, 23, 126]. Contrary to what was observed in Figure 4.7, there was no
significant difference between the activation energy of the slag 1 blend and that of
the slag 2 blend. The reason for this is can be seen from Equation 4.1, which shows
that the rate of hydration is influenced jointly by the pre-exponential term (k0) and
the activation energy (E). This implies that why both slag blends have similar
activation energies, there may be a significant difference between their k0 values.
Although, this inference cannot be drawn as the k0 values were not determined,
values of Q∞ obtained for the slag blends (shown in Table A1 in Appendix C),
shows significant difference in the Q∞ of the slag blends at 20 and 38°C.

4.4 XRD analysis
XRD analysis was carried out to examine the influence of temperature on the
hydration of the clinker phases present in the mixes. Figure 4.8a and Figure 4.8b
shows the XRD patterns obtained for 1, 7 and 28 day old paste samples of the
various mixes at 20 and 38°C respectively. As observed in the calorimetry results,
the high temperature accelerated the early hydration of the clinker phases. This can
be seen by comparing Figure 4.8a and Figure 4.8b. For the neat C1 system, the
reflections due to C3S and C3A were less pronounced after 1 day upon curing at
38°C. However, at 7 and 28 days, the reflections due to C3S and C2S were at similar
levels at both temperatures. The peak due to portlandite (CH), a product of hydration
of C3S [45], was more intense at the higher temperature of 38°C for the C1 mix, thus
indicating that more of these phases had reacted at the higher temperature. This
agrees with earlier observations made by [110-112].
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Figure 4.8: XRD patterns of paste samples showing the influence of
temperature on the hydration of the clinker phases (a) 20°C (b) 38°C
For the slag blends, after 1 day there was no trace of C3A in the samples cured at
38°C and the peaks of C3S and C2S were much lower than that of the samples cured
at 20°C. At later ages of 7 and 28 days, the C3S and C2S peaks were also similar at
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both temperatures. Also Figure 4.8 indicated that, at both temperatures, the blends
containing slag 1 contained less CH than those containing slag 2. Assuming that the
degree of clinker hydration was similar in the two blends, this will imply that slag 1
had reacted more than slag 2. This is in line with the results of the isothermal
calorimetry shown in Figure 4.7, and will be discussed further in Section 4.6.
Figure 4.9a and Figure 4.9b shows the impact of temperature on the evolution of the
AFt and AFm phases for all the mixes at 20 and 38°C. Ettringite (E), which is the
main AFt phase had lower reflections at the higher temperature for all the samples,
as was observed by Lothenbach et al. [291]. This is because at higher temperatures,
more AFm phases are formed in preference to AFt [111, 112, 116]. This can be seen
from Figure 4.9, where the reflections due to the AFm phases (calcium
monosulfoaluminate

–

Ms,

calcium

hemicarboaluminate

–

Hc,

calcium

monocarboaluminate – Mc) are higher at 38°C than at 20°C, and supports the
earlier observation in the heat flow measurements (Figure 4.3 and Figure 4.4).
The accelerating effect of temperature on the early hydration of C3A can be seen by
comparing Figure 4.9a and Figure 4.9b, where, after 1 day, the reflections due to the
AFm phase appeared more prominent at 38°C than at 20°C. This indicates that the
reaction of C3A with SO2−
occurred earlier, and at a faster rate at the higher
4
temperature. This explains why peak IV was not clearly visible in the heat flow
curve (see Figure 4.4) at 38°C.
For the neat C1 system, the higher temperature resulted in an increase in the amount
of Ms and a decrease in the amount of AFt. The reflections for Hc and Mc after 1
day were more prominent at 38°C than at 20°C, but this reversed after 7 days.
Beyond 7 days, the amount of Hc decreased while that of Mc increased at both
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temperatures, indicating that the Hc was gradually being converted to Mc, as was
also observed in previous studies [305, 339-341].
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For the slag blends, there was less AFt formed after 1 day at the higher temperature.
The reflection for hydrotalcite (Ht), a product of slag hydration [136-138], was seen
to overlap with that of Mc, and was more prominent after 1 day at the higher
temperature, indicating that the early hydration of the slags was accelerated at the
higher temperature. This correlates with the calorimetry results (Figure 4.7).
The reflections for Hc was more prominent in the aluminium-rich slag blend (C2S1)
as observed by Whitaker et al [135], and temperature did not seem to have any
impact on the amount formed except at 1 day. At 38°C, Mc was formed at the
expense of Ms for the slag 1 blend. For the slag 2 blend, the amount of Hc decreased
progressively and was barely noticeable after 28 days especially at the higher
temperature, due to the conversion of Hc to Mc. The reflection for Ms and Ht was
more prominent at 38°C than at 20°C for the slag 2 blend. The higher temperature
did not have any significant effect on the amount of Mc formed for the slag 2 blend,
as compared to the slag 1 blend.
Overall, in terms of the hydration products formed in both slag blends, the
reflections due to Ms were slightly lower in C2S1 than in C2S2, but the reflections
due to Ht and Mc was more prominent in C2S1 than in C2S2 at both temperatures,
especially at the higher temperature. This indicates that the degree of hydration of
slag 1 was much higher than that of slag 2 at 38°C, and correlates with the
calorimetry and compressive strength results shown in Figure 4.7 and Figure 4.2
respectively.

4.5 Degree of slag hydration by BSE-SEM image analysis
Table 4.3 shows the degree of hydration determined by BSE-SEM image analysis of
7 and 28 day old paste samples cured at 20 and 38°C. The results followed the same
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trend as the calorimetry and XRD (Figure 4.7 and Figure 4.9), where it was seen that
the higher temperature increased the reaction rate of the slags. The higher
temperature resulted in an increase in the degree of slag hydration, especially at
early age. At 7 days, the degree of hydration of slag 1 and slag 2 at 38°C was greater
than that of 20°C by about 14 and 11 percentage points respectively. Meanwhile, at
28 days, this difference fell, to about 8 and 5 percentage points for slag 1 and slag 2
respectively.

Table 4.3: Degree of hydration (%) of the slags
Age

Degree of slag hydration (%)
20°C

38°C

C2S1

39.6 ± 1.29

53.3 ± 1.12

C2S2

31.8 ± 1.84

42.4 ± 1.76

C2S1

54.9 ± 1.00

62.4 ± 1.01

C2S2

43.8 ± 1.55

48.9 ± 1.50

7 day

28 day

In terms of the impact of the chemical composition of the slags, the more reactive
slag 1 had hydrated to a greater extent than slag 2, at both ages and curing
temperatures. At 20°C, the degree of hydration of slag 1 was about 8 and 11
percentage points higher than that of slag 2 at 7 and 28 days respectively; while at
38°C, this became about 11 and 13 percentage points at 7 and 28 days respectively.
At 38°C, as the curing duration was increased from 7 to 28 days, the degree of
hydration of slag 1 was increased by about 9 percentage points compared to about 6
percentage points for slag 2. This indicates that slag 1 reacted more at the high
temperature as was previously observed in the calorimetry and XRD results.
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4.6 Portlandite content from thermogravimetric analysis
Figure 4.10 and Figure 4.11 shows the CH content calculated from
thermogravimetric analysis (TGA) for all the samples cured at 20 and 38°C
respectively.
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Figure 4.10: Portlandite content from STA at 20°C
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Figure 4.11: Portlandite content from STA at 38°C
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As CH is a hydration product of cement, the CH content of the slag blends was
normalised to the PC content so as to produce comparable results with the neat C1
system. At 20°C, the CH content of C1 increased rapidly up to 28 days and
continued at a slower rate up to 180 days; whereas at 38°C, it remained relatively
constant beyond 28 days. This indicates that most of the CH was formed within the
first 28 days, and explains the early strength gain observed within this period as seen
in Figure 4.1 and Figure 4.2.
In the early ages up to 7 days, the CH content of C1 was much higher at 38°C than
at 20°C, indicating that more CH was formed at 38°C. This is in agreement with the
XRD patterns shown in Figure 4.8, and can be attributed to the accelerating effect of
temperature on the early hydration of the clinker phases. At the later ages of 28 days
and beyond, there was no significant difference between the CH content of C1 at 20
and 38°C. This is in agreement with previous studies [110-112], and correlates with
the calorimetry results (shown in Figure 4.5 and Figure 4.6), where it was seen that
after about 28 days the total heat evolved by the C1 mix was already at the same
level at 20 and 38°C. This indicates that the degree of hydration was similar at the
later ages and supports the earlier observation that the higher temperature only
accelerated the early degree of hydration. Despite the degree of hydration of the C1
mix being similar at the later ages at both temperatures, this did not reflect in the
compressive strength results. From Figure 4.1 and Figure 4.2, it can be seen that the
later strengths of the C1 samples were lower at 38°C than at 20°C. The reason for
this can be attributed to the effect of high temperature curing on the microstructure,
which is discussed in the next chapter.
The CH content of the slag blends was much lower than that of the neat system, and
was seen to decrease steadily over time up to 180 days. This can be attributed to the
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consumption of the CH by the hydration of the slag [13, 25, 154]. This implies that
the hydration of the slags continued up to 180 days, and supports previous
observations [135, 153, 342] that slag hydration is gradual and continues for longer
periods. This also correlates with the calorimetry results (over the first 28 days),
where Figure 4.7 show that slag is still hydrating at 28 days (the slope being positive
at this time).
After 7 days and beyond, the CH contents were lower following curing at higher
temperatures, reflecting the greater degree of slag hydration. C2S1 had lower CH
contents than C2S2 at both temperatures, with the difference appearing to be much
greater at 38°C. This reflects the increased reactivity of slag 1 over slag 2 at the
higher temperature as observed previously in the calorimetry results (Figure 4.7),
XRD patterns (Figure 4.8) and SEM results (Table 4.3). This explains the significant
difference observed in their strength development at 38°C, as seen in Figure 4.2.

4.7 Bound water content
The bound water content is often used to study hydration of cementitious materials,
as it gives an indication of the progress of hydration [135, 154]. Figure 4.12 and
Figure 4.13 shows the bound water content calculated for all the mixes at 20 and
38°C respectively, using the procedure described previously in Section 3.6.1.4. At
20°C and at ages up to 28 days, there was no significant difference between the
bound water content of the slag blends and the neat C1 mix. However, at later ages
up to 180 days, the slag blends had higher bound water contents. This correlates
with the compressive strength results (Figure 4.1 and Figure 4.2) and also supports
the increased degree of slag hydration as determined from the portlandite contents
(Figure 4.10 and Figure 4.11) and SEM (Table 4.3).

148

Bound water (%)

25

20

15

C1
C2S1
C2S2
10
0

20

40

60

80

100

120

140

160

180

Age (Days)

Figure 4.12: Bound water content from STA at 20°C
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Figure 4.13: Bound water content from STA at 38°C
The impact of temperature on the hydration of the neat C1 system is seen by
comparing Figure 4.12 and Figure 4.13. Bound water content at 1 day was much
greater at 38°C, due to the acceleration effect of temperature on the early age
hydration. However, the difference reduced at intermediate ages, such that bound
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water contents determined at 20 and 38°C were similar. Prolonged hydration then
led to lower bound water content at later ages in the samples cured at 38°C.
It should be noted that the bound water content at 38°C was not corrected for
temperature effect. Gallucci et al. [114] observed that the bound water content of CS-H was reduced by about 14.5% when the temperature was increased from 5 to
60°C. If we take this into consideration at 38°C, and ignore minor contributions to
the bound water content due to CH and AFt, the degree of hydration at the later ages
would be similar at both temperatures, as was observed in the CH content.
At 38°C the impact of temperature on the hydration of the slag blends resulted in the
slag blends having higher bound water contents than the neat C1 mix at all ages.
More so, the difference between the bound water content of C2S1 and C2S2 was
much higher at 38°C than at 20°C, highlighting the impact of temperature on the
reactivity of the slag 1 blend, as previously shown in Figure 4.7 and Figure 4.11.
This also correlates with the compressive strength results.

4.8 Summary
This chapter has looked at the combined effect of binder composition and
temperature on the strength development and hydration process of the neat CEM I
42.5R mix and the slag blends. High temperature curing was seen to increase the
early strength of all the mixes, but not the later strength. Beyond 28 days, there was
minimal strength increase at 38°C while the samples cured at 20°C continued to gain
strength. This was attributed to the effect of high temperature curing on hydration,
which would accelerate the early hydration, and slow down subsequent hydration.
The various techniques (isothermal calorimetry, XRD, SEM and TGA) used to study
hydration showed that the early hydration of the mixes was accelerated at the higher
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temperature. However, this accelerating effect of temperature on hydration was seen
to be more pronounced on the slag blends than the neat CEM I 42.5R mix. At 20°C,
the neat CEM I 42.5R mix had higher strengths than the slag blends up to 7 days,
but beyond 28 days, the trend was reversed; whereas at 38°C, the slag blends had
better strength performance than the neat CEM I 42.5R mix at all ages.
In terms of the strength performance of the slag blends, at 20°C, both slag blends
showed similar strength development, especially at later ages; whereas at 38°C,
there was a clear distinction in their UCS with slag 1, the more basic of the 2 slags,
performing better than slag 2 at all ages. Although, the higher temperature increased
the reactivity of the slags, the effect was seen to be greater on slag 1 (the more
reactive slag). This was attributed to the slag 1 blend having a lower activation
energy and higher alumina content, than the slag 2 blend. The strength performance
of the slag blends tallied with the predictions of the slag activity index and basicity
index at 20°C and 38°C respectively.
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Chapter 5
Effects of Temperature and Curing Duration on the
Microstructure of CEM I and Slag Blends
5.1 Degree of capillary porosity by BSE – SEM image analysis
Figure 5.1 and Figure 5.2 shows selected BSE-SEM images obtained from 7 and 28
day old paste samples, which had been cured under saturated lime water at 20 and
38°C respectively. 7 and 28 day old paste samples were chosen for characterisation
because they represented the times at which the mortar samples were immersed in
chloride solutions.
Regardless of the temperature, the neat C1 paste samples cured for 28 days had
lower apparent porosities than those cured for 7 days. The samples cured at the
higher temperature appeared to have a coarser pore structure. In the previous
chapter, although it was seen that the higher temperature resulted in an increase in
the initial degree of hydration, this did not reflect on the compressive strength,
especially for the neat C1 mix. The reason for this can be attributed to the impact of
high temperature curing on the microstructure. When hydration occurs at higher
temperatures, the hydration rims formed around the cement grains are usually denser
[113, 119, 291]. The acceleration of the early hydration coupled with the formation
of denser rims at higher temperatures, gives rise to a non-uniform distribution of the
hydration products [113, 343]. This non-uniform distribution of the hydration
products will result in a coarser pore structure [21, 113, 291]. At lower temperatures,
the distribution of the hydration products are more homogenous, giving rise to the
formation of smaller gel pores and better interlocking between the hydrated phases
[291].
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Figure 5.1: BSE – SEM images of paste samples at 20°C (a) C1 – 7 day (b)
C1 – 28 day (c) C2S1 – 7 day (d) C2S1 – 28 day (e) C2S2 – 7 day (f) C2S2
– 28 day
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Figure 5.2: BSE – SEM images of paste samples at 38°C (a) C1 – 7 day (b)
C1 – 28 day (c) C2S1 – 7 day (d) C2S1 – 28 day (e) C2S2 – 7 day (f) C2S2
– 28 day
For the slag blends, the samples cured at 38°C for 7 days showed lower porosities
than the ones cured at 20°C. The reason for this can be attributed to the increased
reactivity of the slags at 38°C as was discussed in the previous chapter, and as was
reported by [337]. Anguski da Luz and Hooton [337] observed that paste samples
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made from super sulphated cements and cured for 7 days at higher temperatures had
lower porosities than the ones cured at lower temperatures. After 7 days (as shown
in Table 4.3), the degree of slag hydration in the samples cured at 38°C was about
53% and 42% for slag 1 and 2 respectively, compared to about 40% and 32% at
20°C. This would lead to the formation of more hydration products at the early
stages, that will have a pore blocking effect on the microstructure [31]. This reduced
porosity at 7 days observed for the slag blends at 38°C was indeed reflected in the
strength results (Figure 4.1 and Figure 4.2), where it can be seen that the slag blends
had greater early age strengths at 38°C than at 20°C. However, on prolonged curing
for 28 days, the slag blended samples cured at 38°C had greater apparent porosities
than those cured at 20°C. The reason for this can also be linked to the reactivity of
the slags at 38°C. From Table 4.3, after 28 days, we can see that there was no much
difference in the degree of hydration of the slags at 20 and 38°C. This, coupled with
the effect of prolonged high temperature curing on the microstructure, would explain
why the porosity of the slag blended samples cured for 28 days at 38°C became
greater than those cured at 20°C.
The coarse porosities, as determined from the electron images according to the
method described in Section 3.6.1.5, are shown in Table 5.1. At the lower
temperature of 20°C, increasing the curing duration from 7 to 28 days resulted in a
significant decrease in the coarse porosity, especially for the slag blends. The coarse
porosity dropped by 1.9 percentage points for C1 and by over 5.2 percentage points
for the slag blends. At 7 days, the coarse porosity of C1 was lower than that of the
slag blends but at 28 days, the trend was reversed. Similar observations were made
by [164, 168, 169], where it was seen that slag blends exhibited similar porosities as
ordinary PC at early ages, but at later ages when substantial portions of the slag had
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reacted, the porosities of the slag blends became less than that of the ordinary PC.
This indicates that prolonged curing at the lower temperature was beneficial for the
microstructural development of the slag blends. Slags are latently hydraulic [4], and
so require prolonged moist curing for better performance. This explains why in the
compressive strength results shown in Figure 4.1 for 20°C, the 7 day strength of the
C1 samples were greater than that of the slag blends, but at later ages beyond 28
days, the samples made from the slag blends became stronger.

Table 5.1: Effect of curing age and temperature on coarse porosity
Age

7 day

28 day

Coarse porosity (%)
20°C

38°C

C1

9.0 ± 0.16

10.4 ± 0.16

C2S1

11.8 ± 0.10

9.2 ± 0.14

C2S2

12.3 ± 0.12

9.9 ± 0.11

C1

7.1 ± 0.13

9.9 ± 0.13

C2S1

6.5 ± 0.11

8.9 ± 0.08

C2S2

7.0 ± 0.07

9.5 ± 0.09

At the higher temperature of 38°C, prolonged curing for 28 days did not seem to
have any significant improvement on the coarse porosity of the samples. Only a drop
of about 0.5 and 0.4 percentage points was observed in the coarse porosity of the C1
and slag blends respectively. From the calorimetry (Figure 4.6), XRD (Figure 4.8b
and Figure 4.9b) and TGA (Figure 4.11) results, it was seen that prolonged curing at
38°C did not change the degree of hydration much between 7 and 28 days, and so
there were no significant changes in the microstructure. Also, the coarse porosity of
the C1 samples was always greater than that of the slag blends, indicating that the
microstructure of the slag blends were better than that of the neat C1 mix at the
higher temperature. This can also be related to the compressive strength results
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(Figure 4.1 and Figure 4.2), where at 38°C, the strength performance of the slag
blends were better than that of the neat C1 mix at all ages.
Comparing the two slags, the blends prepared with slag 1 always showed a lower
coarse porosity than the equivalent blend prepared with slag 2. Furthermore, the
difference in performance between the two slags increased with increasing
temperature. This correlates with the previous results and further explains why
samples prepared with slag 1 had higher strengths than those prepared with slag 2.

5.2 Relationship between compressive strength and coarse porosity
Several studies [135, 344-347] have showed that there is a negative correlation
between porosity and compressive strength. Although, the coarse porosity
measurements were made on paste samples, it can also be related to mortar samples.
Figure 5.3 shows a scatter plot of compressive strength against coarse porosity,
using the 7 and 28 day strength and coarse porosity at both temperatures. From the
figure, it can be seen that for most of the data points, there was a negative
correlation between the compressive strength and the coarse porosity. This suggests
that the coarse porosity is the main factor that dominates the compressive strength,
irrespective of the degree of hydration or the type of binder.
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Figure 5.3: Relationship between compressive strength and coarse
porosity

5.3 Water penetrability
As mentioned previously in Section 3.6.3.1, 7 day old samples were considered
unsuitable for the water penetration tests, so 28 and 90 day old samples were used.

5.3.1 Sorptivity
Table 5.2 shows the sorptivity of 28 and 90 day old samples which had been cured
at 20 and 38°C. At the lower temperature, increasing the curing duration from 28 to
90 days resulted in a significant decrease in the sorptivity of all the mixes. The
sorptivity coefficient of the C1 mix was seen to decrease by about 80%, compared to
about 50% and 80% for the slag 1 and 2 blend respectively. These results are similar
to those obtained by Güneyisi and Gesoğlu [131], and can be attributed to the
formation of a more developed and dense microstructure, upon prolonged curing
from 28 to 90 days.
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At 38°C, prolonged curing also resulted in a decrease in the sorptivity, although the
impact was not as significant as was observed at 20°C. There was a drop of about
30% in the sorptivity coefficient of the C1 mix, compared to about 12% and 14% for
the slag 1 and 2 blend respectively. This implies that prolonged curing at 20°C was
more beneficial for the resistance to water penetration of all the mixes, and can be
related to the compressive strength results.
At 38°C, there was minimal decrease in the sorptivity between 28 and 90 days,
hence the minimal increase in the compressive strength observed between 28 and 90
day (Figure 4.2). Meanwhile, at 20°C the significant decrease in the sorptivity
between 28 and 90 days resulted in a significant increase in the compressive strength
between 28 and 90 days (Figure 4.1). As observed in the coarse porosity results,
there was a negative correlation between the sorptivity coefficient (k) obtained at 28
and 90 days, and the 28 and 90 day UCS at both temperatures. These are shown as
scatter plots in Figure A7 and Figure A8 in Appendix B.2.

Table 5.2: Effect of curing age and temperature on sorptivity
Sorptivity, k (m3/m2s1/2)x10-5

Age

28 day

90 day

20°C

38°C

C1

4.1 ± 0.08

9.9 ± 0.07

C2S1

2.1 ± 0.05

4.0 ± 0.07

C2S2

3.3 ± 0.09

6.34± 0.04

C1

2.3 ± 0.05

7.7 ± 0.07

C2S1

1.4 ± 0.04

3.6 ± 0.08

C2S2

1.9 ± 0.07

5.6 ± 0.04

On the effect of temperature on water sorptivity, high temperature curing resulted in
an increase in the sorptivity of all the mixes. This effect was more pronounced on
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the neat C1 mix, with an increase in sorptivity over the values obtained at 20°C by
about 2.4 and 3.4 folds at 28 and 90 days respectively. For the slag blends, at 28
days, the sorptivity of the samples cured at 38°C was about 1.9 folds higher than
those cured at 20°C. After 90 days, this became higher by about 2.6 and 3.0 folds for
the slag 1 and 2 blend respectively, indicating that the high temperature curing was
more detrimental to the microstructure of the less-reactive slag 2. This supports the
compressive strength results and explains the lower later strengths observed for the
samples cured at 38°C (Figure 4.2), and the larger difference observed between the
compressive strength of the slag blends cured at 38°C.
Overall, the slag blends showed better resistance to the penetration of water than the
neat system at both temperatures, as has been seen previously [348]. The addition of
GGBS to concrete results in the formation of a hardened cement paste having
smaller gel pores and fewer large capillary pores [59]. Also, as stated by Feldman
[170], the pore structure of slag blends comprises of large discontinuous thin-walled
pores, as compared to that of plain PC, which is continuous. This finer pore structure
is what makes GGBS concretes to exhibit lower permeability than concretes made
from PC [31, 164].
As was observed with coarse porosity, the sorptivities of blends prepared with slag 1
were lower than those for slag 2 blends at both temperatures. This can be attributed
to the higher reactivity of slag 1 enabling the formation of more hydration products
that resulted in a more refined pore structure, as was observed by [164]. At 20°C,
the 28 day sorptivity of C2S2 was about 60% greater than that of C2S1, but at 90
days this reduced to about 35%; whereas at 38°C, the slag 2 blend‟s sorptivity was
about 60% higher at both 28 and 90 days. This highlights the impact of prolonged
curing at the lower temperature on the microstructural development of the slag 2
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blend, and would explain why both slag blends had similar later strengths at 20°C
(as seen in Figure 4.1).

5.3.2 Water absorption
The results obtained for the water absorption tests carried out at 20 and 38°C, on
similar samples used for the sorptivity tests are shown in Figure 5.4 and Figure 5.5
respectively. While the sorptivity is a measure of the unidirectional penetration of
water (i.e. only one face of the sample is exposed), the water absorption test is a
measure of the total amount of water absorbed by the samples when completely
immersed in water, as described in Section 3.6.3.1. As observed in the results of the
sorptivity test, the high temperature of 38°C resulted in more water being absorbed
into the samples. The impact was also more pronounced on the neat C1 system as
compared to the slag blends, and slag 1 showed better resistance to the absorption of
water than slag 2, at both temperatures.
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Figure 5.4: Effect of temperature on the water absorption for 28 day old
samples
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Figure 5.5: Effect of temperature on the water absorption for 90 day old
samples
The 30 mins water absorption, which is given as the standard duration for water
absorption test in BS 1881-122 [329], was obtained for all the mixes as shown in
Table 5.3. At all curing ages and temperature, the slag blends had lower water
absorption values than the neat system, indicating that they had a finer pore
structure. This correlates with the sorptivity results. The reduction in the 30 mins
water absorption, when the curing duration was increased from 28 to 90 days, was
much greater at 20°C than at 38°C. This is because the degree of hydration at the
higher temperature did not change significantly from 28 to 90 days, while it did at
20°C. There was a decrease of about 66% for the C1 mix as compared to about 18%
and 45% for the slag 1 and 2 blends. This is similar to the trends observed in the
sorptivity results. Also, as was observed in the sorptivity results, prolonged curing at
the higher temperature resulted only in a minimal decrease in the 30 min water
absorption, thus confirming that the lower temperature was more beneficial for the
later development of the microstructure of all the mixes.
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Table 5.3: 30 mins water absorption for all the mixes
Age

28 days

90 days

30 mins water absorption (%)
20°C

38°C

C1

1.7 ± 0.02

2.3 ± 0.04

C2S1

1.2 ± 0.01

1.3 ± 0.06

C2S2

1.6 ± 0.08

1.8 ± 0.04

C1

1.0 ± 0.09

2.1 ± 0.10

C2S1

1.0 ± 0.04

1.3 ± 0.02

C2S2

1.1 ± 0.09

1.6 ± 0.11

5.4 Summary
Increased degrees of hydration are known to reduce porosity. However, the results
have shown that the degree of hydration alone cannot explain porosity and transport
properties. Rather, temperature has been shown to have a great impact. For all the
samples studied, high temperature curing was seen to increase the degree of
capillary porosity and rate of water penetration. The effect of the high temperature
curing was more pronounced on the neat C1 mix, as compared to the slag blends.
Samples that were cured for longer periods exhibited lower porosities and better
resistance to water penetration, especially those cured at the lower temperature.
Apart from the early ages at 20°C, when the degree of hydration of the slags was
low, the slag blends had lower porosities and better water resistant properties than
the neat C1 mix. Regardless of the temperature and curing duration, the slag 1 blend
had lower porosities and exhibited better transport properties than the slag 2 blend.
This was attributed to the higher reactivity of slag 1. Prolonged curing at 20°C led to
significant improvements in the microstructure and transport properties of the slag
blends. However, this impact was seen to be greater for the slag 2 blend.
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Chapter 6
Effects of Binder Composition and Temperature on the
Chloride Binding Capacity of CEM I and Slag Blends
6.1 Bound chloride content (Cb)
The bound chloride content obtained from samples exposed to 5 different
concentrations (Ci) of NaCl solution at 20 and 38°C is shown in Figure 6.1 and
Figure 6.2. At both temperatures, there was an increase in the amount of chlorides
bound by all the mixes as the chloride concentration of the host solution was
increased. This can be seen from Figure 6.3 and Figure 6.4, where chlorides bound
as Friedel‟s salt, as evidenced by TGA data are greater for samples exposed to host
chloride solutions of 2.0M than those exposed to 0.5M.
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Figure 6.1: Chloride binding relationship for all mixes at 20°C
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Figure 6.2: Chloride binding relationship for all mixes at 38°C
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Figure 6.3: DTG plots showing peaks of Friedel salt (FS) for paste
samples after immersion in 0.5 and 2.0M NaCl solution at 20°C
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Figure 6.4: DTG plots showing peaks of Friedel salt (FS) for paste
samples after immersion in 0.5 and 2.0M NaCl solution at 38°C

6.1.1 Effect of binder composition on chloride binding
At both temperatures (as seen in Figure 6.1 and Figure 6.2), the bound chloride
contents of the slag blends were greater than that of the neat C1 mix. This can be
attributed to the high alumina content of the slag blends [15-18], which will increase
the propensity for Friedel‟s salt formation, and enable more of C-A-S-H phases to be
formed. A study by Florea and Brouwers [19] showed that the C-A-S-H phase was
responsible for the binding of about two-thirds of the chloride. From Table 6.1, it
can be seen that the main difference in the oxide compositions of all the mixes is in
the alumina content, and that the bound chloride content at a Ci of 3.0M increased as
the alumina content. Also, from Figure 6.3 and Figure 6.4, it can be seen that the
reflections due to the C-S-H phase is greater for the slag blends, than the neat C1
mix. This is in agreement with previous studies [15-18], and explains the higher
bound chloride contents of the slag blends as compared to the neat C1 system. In
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comparing both slag blends, C2S1 had higher bound chloride contents than C2S2 at
both temperatures, and this can also be attributed to its higher alumina and C-S-H
content (as seen in Table 6.1, Figure 6.3 and Figure 6.4).

Table 6.1: Relationship between bound chloride content and alumina and
sulphate content at NaCl solution of Ci = 3.0M
Mix

Bound chloride content Al2O3 (%)
(Cb) (mg/g-sample)

SO3 (%)

20°C

38°C

C1

16.69

31.62

5.08

2.97

C2S1

34.01

47.76

7.41

2.64

C2S2

30.31

42.03

6.07

2.78

C2S1$

29.77

36.81

7.16

3.64

C2S2$

25.57

28.18

5.92

3.77

The addition of extra sulphate to the slag blends resulted in a decrease in the bound
chloride content as seen in Figure 6.1, Figure 6.2 and Table 6.1. At 20°C, the
amount of chlorides bound by C2S2 was very similar to that of the slag 1 blend
containing extra sulphate (C2S1$). At the higher temperature, the effect of the added
sulphate became more pronounced such that the C1 mix having the lowest alumina
content had slightly higher bound chloride contents than the slag 2 blend containing
extra sulphate (C2S2$). This agrees with previous findings [17, 241, 349, 350], and
can be attributed to the preferential reaction of sulphates with C3A [17]. In the
presence of additional sulphates, more of the C3A reacts with the sulphates to form
ettringite [45, 351, 352], which is more thermodynamically stable than Friedel‟s salt.
This reduces the amount left to chemically bind the chlorides. XRD patterns (Figure
6.5) and DTG plots (Figure 6.6) show more intense reflections for ettringite, for the
mixes containing extra sulphate compared to those without, thus confirming that
more ettringite was formed.
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Figure 6.5: X-ray diffraction pattern for paste samples after immersion in
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Figure 6.6: DTG plots showing peaks of Friedel salt (FS) for paste
samples after immersion in NaCl solution (Ci = 2.0M) at 20°C

6.1.2 Effect of temperature on chloride binding
The effect of temperature on chloride binding is seen by comparing Figure 6.1 and
Figure 6.2. At Ci = 0.1M, there was no significant difference in the bound chloride
contents obtained at 20 and 38°C but at Ci of 0.5M and beyond, bound chloride
contents were higher for samples cured and exposed at 38°C. XRD patterns (Figure
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6.7) and DTG plots (Figure 6.8), showed that there were increased signals due to
Friedel‟s salt (FS) for the 38°C samples, thus confirming that there was higher
chloride binding at 38°C. This agrees with previous findings by [192, 292], but
appears to be slightly different from those obtained by [244]. Zibara [244] observed
that an increase in temperature from 23 to 38°C resulted in a decrease in the amount
of bound chlorides for host chloride solutions having low concentrations between
0.1 and 1.0M, and an increase in the amount of bound chlorides at a concentration of
3.0M. However, the difference at 1.0M was minor compared to the increase at 3.0M.
Also, it is important to point out that all their test samples were cured at the same
temperature of 23°C and tested for chloride binding at temperatures ranging from 7
to 38°C. In this study, the samples were cured and tested for chloride binding at
temperatures of 20 and 38°C.
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Figure 6.7: X-ray diffraction pattern for paste samples after immersion in
NaCl solution (Ci = 2.0M) at 20 and 38°C
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Figure 6.8: DTG plots showing peaks of Friedel salt (FS) for all mixes at
20 and 38°C after immersion in NaCl solution (Ci = 2.0M)
The reason for the increased chloride binding observed at 38°C can be attributed to
an increase in the amount of C-A-S-H and AFm phases, due to the impact of high
temperature curing on hydration. At higher temperatures, there is increase in the
amount of sulphate ions bound reversibly within the C-S-H phase, and less calcium
sulphate remains available for a reaction with C3A [45]. Gallucci et al. [114]
observed that at higher temperatures, AFm phases were formed in preference to AFt
phases, and more sulphate and aluminium ions were incorporated into the C-S-H
phase. The XRD patterns shown in Figure 6.5 indeed confirmed this, as the
reflections due to ettringite were barely visible in the 38°C samples. This shows that
there was more AFt to AFm conversion at the higher temperature, in line with
previous observation in Figure 4.9.
Also, from the XRD patterns (Figure 6.7), it can be seen that the reflections due to
CH were lower for the slag blends and higher for the C1 mix at 38°C, indicating that
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the degree of hydration was greater at 38°C than at 20°C, as was observed in the
TGA plots shown in Figure 4.10 and Figure 4.11. DTG plots of the same samples
shown in Figure 6.8 also confirmed this, and even showed slightly greater intensities
for the C-S-H phase at 38°C. This implies that at 38°C, more C-S-H or C-A-S-H and
AFm phases was available for the physical and chemical binding of the chloride
ions. Thus, the higher bound chlorides observed at 38°C can be related to the higher
degree of hydration of the slags and the cement at 38°C, as was observed in the
study by Loser et al. [229], where it was shown that chloride binding was strongly
related to the hydration degree of the cement and of the mineral admixtures.

6.2 Binding isotherms
The chloride binding capacity of the mixes was obtained using Freundlich binding
isotherms as described previously in Section 3.6.3.5. The chloride binding
coefficients α and β obtained for the mixes are shown in Table 6.2. These
coefficients don‟t have any physical meaning as they are not material properties, but
can be used to give an indication of the chloride binding capacities of the
cementitious materials.

Table 6.2: Chloride binding coefficients obtained at 20 and 38°C using
Freundlich‘s binding isotherm
Mix

20°C

38°C

Al2O3

SO3

α

β

Adj. R2

α

β

Adj. R2

(%)

(%)

C1

11.41

0.45

0.9596

17.49

0.56

0.9949

5.08

2.97

C2S1

20.11

0.50

0.9890

26.46

0.55

0.9839

7.41

2.64

C2S2

18.07

0.51

0.9908

23.00

0.58

0.9972

6.07

2.78

C2S1$

18.68

0.47

0.9815

19.71

0.56

0.9762

7.16

3.64

C2S2$

15.62

0.52

0.9523

16.74

0.50

0.9856

5.92

3.77
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The values of α and β shown here are somewhat higher than those reported by
Thomas et al. [18] for similar samples at 23°C. The reason for this can be related to
the type of samples used. They used 3mm thick disc paste samples for their chloride
binding test, but here ground samples were used. Zibara [244] showed that the
amount of chlorides bound by ground samples were higher than that of disc samples.
The chloride binding coefficient (α) increased by about 53%, 32% and 27% for the
C1, C2S1 and C2S2 mixes respectively, when the temperature was raised from 20 to
38°C. The highest value obtained for α was that of C2S1 at 38°C. For the slag
blends containing anhydrite, the increase in α from 20 to 38°C was about 7%. At
20°C, the values of α was seen to decrease in the order of C2S1 > C2S2 > C2S1$ >
C2S2$ > C1, which also links to the alumina content of the binders. A similar order
of decrease was observed at 38°C, except that the C1 mix had a slightly higher
chloride binding capacity than C2S2$. This can be attributed to the effect of the
additional sulphate, as previously explained.
In terms of the performance of the slag blends, the α-value of C2S1 was greater than
that of C2S2 at both temperatures. An interesting observation was that the difference
between the α-value of C2S1 and C2S2 increased as the temperature was raised
from 20 to 38°C (as seen in Table 6.2). At 20 and 38°C, the α-value of C2S1 was
higher than that of C2S2 by about 11% and 15% respectively. This indicates that it
is not just the alumina content of the slag which is important, but also the degree of
hydration. The impact of temperature on the degree of hydration of the slags was
greater for the aluminium-rich slag, as seen in the calorimetry (Figure 4.7), XRD
(Figure 4.8 and Figure 4.9), portlandite (Figure 4.10 and Figure 4.11) and bound
water content results (Figure 4.12 and Figure 4.13). Also from Figure 6.8, while
both slags seemed to have similar portlandite contents at 20°C, the portlandite
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content of C2S1 was lower than that of C2S2 at 38°C, indicating that slag 1 had
reacted more. Alumina is the principal compound within the slag which can
contribute to chloride binding [353]. Thus, at the high temperature of 38°C, due to
increased reactivity of the slags, there would be more reactive alumina in the system
and this would be more beneficial for the slag 1 blend in forming C-A-S-H. This
relates to the findings of Gallucci et al. [114], where it was observed that more
aluminium was incorporated into the C-S-H phase at higher temperatures, and
explains why the C2S1 had a much greater chloride binding capacity than C2S2 at
38°C.

6.3 Relationship between chloride binding coefficient (α) and the
alumina and sulphate contents
A multiple linear regression model of the form (y = Ax1 + Bx2 + C) was fitted to the
values of α, and the Al2O3 and SO3 contents shown in Table 6.2, at both
temperatures. A summary of the results obtained from the fit is shown below in
Table 6.3.

Table 6.3: Multiple linear regression model relating the chloride binding
coefficient (α) to the Al2O3 and SO3 content at 20 and 38°C
Model

Adj. R2

20°C

𝛼 = 3.27678𝐴𝑙2 𝑂3 − 0.70703𝑆𝑂3 − 1.72322

0.72355

38°C

𝛼 = 2.7379𝐴𝑙2 𝑂3 − 5.6382𝑆𝑂3 + 21.17129

0.93335

Temperature

The model indeed showed that there was a relationship between the chloride binding
coefficient (α) and the alumina and sulphate contents, at both temperatures. The
model showed that the α-value would increase as the alumina content increases and
decrease as the sulphate content increases. However, the model had a stronger
correlation at 38°C. At 20°C, the model showed that the alumina content was the
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dominating factor, whereas at 38°C the sulphate content was seen as the most
dominating factor.

6.4 Summary
The results presented in this chapter have shown that chloride binding is influenced
by the chemical composition of the binder, as well as temperature. Regardless of the
temperature, chloride binding was seen to increase with the alumina content, and
decrease with the sulphate content. Also, regardless of the binder type, more
chlorides were seen to be bound at the higher temperature.
The slag blends were seen to bind more chlorides than the neat C1 mix, and this was
attributed to higher alumina contents, enabling them to form more Friedel‟s salt and
C-A-S-H phases. Adding extra sulphate to the slag blends significantly decreased
their chloride binding capacity, and this impact was seen to be greater at the higher
temperature. The chloride binding capacity of the mixes decreased in the order of
C2S1 > C2S2 > C2S1$ > C2S2$ > C1 at 20°C, and in a similar way at 38°C, except
that the slag 2 blend containing extra sulphate was seen to have the lowest chloride
binding capacity.
The chloride binding capacity of the slag 1 blend was greater than that of the slag 2
blend, especially at the higher temperature. This was attributed to the higher alumina
content of C2S1 and the greater degree of hydration of C2S1 at 38°C. A multi-linear
regression model, which was developed to relate chloride binding capacity to binder
composition, showed that chloride binding was more influenced by the alumina
content at 20°C, and by the sulphate content at 38°C.
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Chapter 7
Chloride Ingress Resistance of the CEM I and slag blends:
Effects of Binder Composition, Temperature, Curing and
Exposure Conditions
7.1 Depth of penetration of free chlorides
Figure 7.1 to Figure 7.6 shows the depth of penetration of free chlorides, measured
on mortar samples that had been pre-cured for 7 and 28 days under water before
exposure to a 3% NaCl solution. As mentioned in the description of the test method
(Section 3.6.3.2), all samples were cured and exposed at temperatures of 20 and
38°C.

7.1.1 Effect of pre-curing duration
Figure 7.1 shows the chloride penetration depths measured on samples that were
cured and exposed at 20°C.
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Figure 7.1: Effect of pre-curing duration on depth of chloride penetration
at 20°C
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The depth of free chloride penetration for samples that were pre-cured for 7 days
were significantly greater than those pre-cured for 28 days before exposure. Beyond
about 28 days of exposure, the depth of free chloride penetration did not increase
much for samples that were pre-cured for 28 days, as compared to those that were
pre-cured for 7 days before exposure. This agrees with previous studies that has
shown that longer curing duration in water at a temperature of about 20°C, enhances
the chloride ingress resistance of concretes [5, 164, 199-201].
At the end of the exposure period, the chloride penetration depth was about 90%
higher for the C1 samples that had been pre-cured for 7 days compared to those that
were pre-cured for 28 days before exposure. For the slag blends, the difference was
about 80%. This can be attributed to two factors. The first can be attributed to the
coarseness of the pore structure, which was seen to be reduced significantly when
the curing duration was increased from 7 to 28 days at 20°C (as seen in Table 5.1).
This will imply that the samples pre-cured for 28 days had a less coarse pore
structure and was more resistant to the ingress of chloride ions. The second factor
can be attributed to chloride binding. Chloride binding is related to the degree of
hydration of the cement and the admixtures [21, 291], as shown in the previous
chapter. The degree of hydration at 28 days was greater than at 7 days, as shown in
the calorimetry (Figure 4.5 and Figure 4.7), XRD (Figure 4.8a and Figure 4.9a),
SEM (Table 4.3) and TGA (Figure 4.10 and Figure 4.12) results. This implies that
more chlorides were bound by the 28 day pre-cured samples, and explains the reason
for the lower chloride penetration depths observed for the 28 day pre-cured samples.
Although, the coarse porosity results (Table 5.1) at 20°C showed that at 7 days, the
slag blends had a coarser pore structure than the neat C1 mix, this did not reflect in
the chloride penetration results. The chloride penetration depths measured for the
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slag blends were seen to be much lower than that of the neat C1 mix for samples
pre-cured for 7 days before exposure. This can be attributed to the higher chloride
binding capacities of the slag blends, as observed by [15-18] and as shown in the
previous chapter. This also implies that chloride binding plays a greater role in
resistance to chloride ingress, than the coarseness of the pore structure.
In comparing the performance of the slag blends at 20°C, C2S1 showed better
resistance to the penetration of chloride ions than C2S2, especially for samples that
were pre-cured for 7 days prior to exposure. This agrees with the results obtained by
Otieno et al. [232], and can be attributed to the higher reactivity of slag 1 as
predicted by the activity index (shown in Table 4.1), and the higher chloride binding
capacity of C2S1 (as seen in Figure 6.1). For the samples that were pre-cured for 28
days before exposure, there was minimal difference in the chloride penetration
depths measured for both slag blends, especially at later ages. This can be attributed
to the impact of prolonged curing at 20°C on the microstructure, which was seen to
significantly improve the resistance to water penetration of the slag 2 blend as seen
from the sorptivity and water absorption results shown in Table 5.2 and Table 5.3
respectively.
At 38°C (Figure 7.2), similar trends were observed as at 20°C. The overall depth of
chloride penetration was greater for samples that were pre-cured for 7 days than
those pre-cured for 28 days before exposure. For the period of exposure up to 28
days, except for the C1 mix, there was not much difference in the chloride
penetration depth for the samples pre-cured for 7 days as compared to those precured for 28 days.
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Figure 7.2: Effect of pre-curing duration on depth of chloride penetration
at 38°C
The explanation for this can also be linked to the role of chloride binding and
porosity on chloride ingress. From Table 4.3 and Table 5.1, it can be seen that at
38°C, prolonged curing did not have much impact on the degree of hydration and
coarse porosity of the samples. Since chloride binding is related to the degree of
hydration, it implies that at 38°C the chloride binding capacity of the samples precured for 7 and 28 days were similar. Hence, the minimal difference observed in the
chloride penetration depths measured within the period up to 28 days of exposure.
However, on prolonged exposure, samples that were cured for 28 days before
exposure showed better resistance to chloride penetration.
At the end of the 38°C exposure, the chloride penetration depth of the C1 samples
that were pre-cured for 7 days before exposure was about 47% greater than those
that were pre-cured for 28 days before exposure. For the slag 1 and 2 blend, the
difference was about 45% and 29% respectively. Comparing these values to the
previous ones at 20°C, it can be seen that prolonged curing at the higher temperature
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before exposure did not improve the chloride ingress resistance as it did at 20°C.
This is because the degree of hydration at 38°C was high, even after 7 days, so
prolonged curing before immersion had less effect. It should also be noted that of
the two slag blends, the slag 2 blend had the lowest decrease of 29% in the chloride
penetration depth, due to prolonged curing at the high temperature. This correlates
with the water penetration results (shown in Table 5.2 and Table 5.3), and also
supports the earlier observations made in the sorptivity and UCS results that
prolonged curing at the higher temperature was detrimental to the performance of
the slag 2 blend.

7.1.2 Effect of temperature
Figure 7.3 and Figure 7.4 shows the effect of temperature on the depth of chloride
penetration into samples pre-cured for 7 and 28 days respectively, before immersion
in a 3% NaCl solution. As can be seen from both figures, irrespective of the precuring duration before exposure, samples cured and exposed at 38°C always had
greater chloride penetration depths. This agrees with previous studies [196, 205,
207, 286, 287] that has shown that increase in exposure temperature leads to an
increase in the rate of chloride ingress.
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Figure 7.3: Effect of temperature on depth of chloride penetration for
samples wet-cured for 7 days before exposure to 3% NaCl solution
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Figure 7.4: Effect of temperature on depth of chloride penetration for
samples wet-cured for 28 days before exposure to 3% NaCl solution
For samples pre-cured for 7 days before exposure, the difference in temperature did
not appear to have much significant impact on the initial rate of chloride ingress,
especially for the slag blends. As explained before, this may be due to the influence
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of temperature on the porosity and chloride binding capacity of the samples. Table
5.1 showed that slag blended samples cured at 38°C for 7 days had a less coarse
pore structure than those cured at 20°C. Also, from Figure 6.2, it was seen that
chloride binding was greater at 38°C due to a higher degree of hydration of the
samples. This would explain the similar depths of chloride penetration observed
within the first 28 days of exposure (as seen in Figure 7.3). However, at prolonged
exposure periods beyond 28 days, the chloride penetration depths were greater for
samples exposed at 38°C than those exposed at 20°C, especially for the neat C1 mix.
This indicates that the pore structure became coarser on prolonged exposure at the
higher temperature, allowing the ingress of more chloride ions. This is similar to the
results obtained by Detwiler et al. [199], for slag blends containing 30% GGBS.
They observed that at a given w/b ratio, increasing the curing temperature resulted in
an increase in the rate of chloride ingress, and that the effect was more pronounced
on the plain concretes than the slag blended concretes.
For the samples pre-cured for 28 days before exposure (Figure 7.4), there was no
difference in the chloride penetration depths measured at both temperatures within
the first 14 days. However, as the exposure period lengthened, the samples cured
and exposed at the higher temperature showed greater chloride penetration. This
may be attributed to two aspects. The first, due to the pore structure being coarser at
38°C. As mentioned before, high temperature curing results in a high initial rate of
hydration, retarding subsequent hydration. This produces a non-uniform distribution
of hydration products compared with the case of a lower curing temperature [290,
291]. The samples exposed at 38°C had hydrated to a greater degree but had a much
more open microstructure as seen in the results of the degree of capillary porosity
(Table 5.1). The second may be attributed to continued curing under exposure to the
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salt solution, as shown in previous studies by [164, 165]. Goñi et al. [220], cured
paste samples in demineralised water for 28 days at 20°C before exposing them to
NaCl solutions. They observed that the ingress of sodium and chloride ions into the
paste caused the formation of Friedel‟s salt in the pores that resulted in a denser
microstructure. This denser microstructure resulted in a decrease in the rate of
subsequent chloride ingress.
Overall, the effect of the high temperature curing and exposure was more
pronounced on the neat C1 mix than the slag blends, especially for the samples that
were pre-cured for 7 days before exposure. This highlights the benefit of using slag
cements in high temperature marine environments. In terms of the effect of
temperature on the chloride ingress resistance of the slag blends, C2S1 performed
better than C2S2 at all pre-curing durations and temperature. This can be attributed
to the higher chloride binding capacity and finer pore structure of the slag 1 blend.

7.1.3 Effect of exposure condition
Figure 7.5 and Figure 7.6 shows the depth of chloride penetration for samples that
were continuously immersed in a 3% NaCl solution, and samples that were
subjected to a cyclic chloride exposure of 6-hr wetting in a 3% NaCl solution
followed by 6-hr drying, after initially pre-cured under water for 7 and 28 days
respectively.
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Figure 7.5: Effect of exposure condition on chloride ingress for 7 days
pre-cured samples
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Figure 7.6: Effect of exposure condition on chloride ingress for 28 days
pre-cured samples
For samples that were pre-cured for 7 days before exposure (Figure 7.5), the
difference in the exposure condition did not have any significant impact on the depth
of chloride penetration. However, from Figure 7.6, longer curing durations appeared
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to amplify the effects of the exposure condition on chloride ingress. Samples which
were cured for 28 days prior to exposure showed greater chloride ingress depths
upon cyclic exposure than when exposed continuously. This effect was more
pronounced for the neat C1 samples compared to the slag blends, and implies that
the immature 7 day samples allowed rapid ingress, so capillary suction was less
important. This is similar to results obtained by Ben Fraj et al. [182] where they
investigated the effect of saturation rate of concrete on chloride ingress by
subjecting concrete specimens to wetting/drying cycles at 75% RH and continuously
in contact with sodium chloride solution of 30g/l for 1 month. They observed greater
chloride ingress for the samples exposed to the wetting/drying cycles, and attributed
it to the combined effect of diffusion and capillary suction. For unsaturated concrete
exposed to alternate wetting and drying cycles, the chlorides diffuse into the
concrete during the wetting period by liquid pressure gradient. In the drying period,
only water evaporates from the concrete surface while the salts remain in the
concrete leading to an accumulation of chlorides [182], which then increases
capillary suction [183, 184, 205].
From Figure 7.5 and Figure 7.6, it can be seen that in the cyclic exposure condition
the slag blends performed better than the neat C1 mix. The slag 1 blend having a
higher chloride binding capacity, performed better than the slag 2 blend, especially
for the shorter pre-curing duration. However, when the pre-curing duration was
increased to 28 days, the difference in performance between the two slag blends
became minimal. This is in correlation with the strength and water penetration
results, which showed that prolonged curing at 20°C improved the performance of
the slag 2 blend.
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7.2 Total and water-soluble (free) chloride content
Total and water-soluble chloride profiles obtained for samples immersed completely
in a 3% NaCl solution for a period of 90 days (as described in Section 3.6.3.3 and
3.6.3.4), at 20 and 38°C are shown in Figure 7.7 and Figure 7.8 respectively. Here,
total chloride means both free and bound chloride, while water-soluble chloride
means free chloride.

7.2.1 Effect of pre-curing duration
At 20°C and at the region within 10mm from the exposed face (Figure 7.7a),
samples that were pre-cured for 7 days had similar total chloride contents as those
pre-cured for 28 days before exposure. However, at further depths from the exposed
face, the total chloride content was greater for samples pre-cured for 7 days
compared to those pre-cured for 28 days before exposure. This was especially true
for the neat C1 samples. This indicates that samples pre-cured for 28 days before
exposure were more resistant to the ingress of chloride ions due to their lower
porosity as seen from the coarse porosity results (Figure 5.1 and Table 5.1). This
agrees with previous studies [5, 164, 199-201], and is also similar to the trend
observed in the chloride penetration results (Figure 7.1), where it was seen that the
depth of chloride penetration into samples pre-cured for 28 days were lower than
those that were pre-cured for 7 days before exposure.
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Figure 7.7: (a) Total chloride profile and (b) water-soluble chloride
profile for samples pre-cured for 7 and 28 days at 20°C
However, comparing Figure 7.7a and Figure 7.1, we see that the difference between
the total chloride contents of the samples pre-cured for 7 and 28 days, is not as
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significant as the difference between the chloride penetration depths measured for
these samples. The reason for this can be seen by observing Figure 7.7b, which
shows the water-soluble (free) chloride content obtained from the same samples
used for the determination of the total chloride content. In Figure 7.7b, we see a
clear difference in the free chloride content of the samples pre-cured for 7 days
compared to those pre-cured for 28 days before exposure, especially at the region
close to the exposed surface. This can be attributed to chloride binding as previously
discussed in Section 7.1.1. The samples pre-cured for 28 days before exposure had a
higher degree of hydration and were able to bind more of the chlorides, hence their
lower free chloride content. The results shown in Figure 7.7b correlates with those
shown in Figure 7.1, and thus confirms the benefit of prolonged curing on the
resistance to the ingress of free chloride ions. This is significant, as it is the free
chlorides present in the pore solution that can induce corrosion of steel
reinforcement.
Figure 7.8 shows the total and free chloride profile obtained for samples that were
immersed in the 3% NaCl solution at 38°C for a period of 90 days. In contrast to
what was observed in Figure 7.7a at the region close to the exposed face, samples
that were pre-cured for 28 days had greater total chloride contents than those precured for 7 days before exposure. The reason for this can be attributed to the greater
porosity of the samples pre-cured for 7 days compared to those pre-cured for 28
days as seen in Figure 5.2 and Table 5.1, where at 38°C, paste samples cured for 7
days had a more porous microstructure than those cured for 28 days. Also, as seen
later in Section 7.2.3, samples pre-cured for 7 days had higher chloride diffusion
rates, as compared to those pre-cured for 28 days. This would mean that the
chlorides permeating into the 7 day pre-cured samples migrated faster unto further
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depths within the samples, without reaching higher concentrations at the surface
region. This is similar to findings by Maes et al. [180], where they observed that
samples having lower chloride diffusion rates had greater chloride concentrations at
the surface. This explains why in the 28 day pre-cured samples (having a less coarse
pore structure and lower chloride diffusion rate); more of the chlorides permeating
into the samples remained within the region close to the exposed face. Since total
chloride is a measure of the free and bound chlorides, this indicates that most of the
chlorides found within this region in the 28 days pre-cured samples, would exist in
the form of bound chlorides. Figure 7.8b, which shows the free chloride content
profile indeed confirmed this, and showed that the free chloride content measured in
this region was greater for samples pre-cured for 7 days than those pre-cured for 28
days. At further depths into the samples, as seen in Figure 7.8, the total and free
chloride contents of the samples pre-cured for 7 days were always greater than those
pre-cured for 28 days before exposure. This is in agreement with the chloride
penetration results (Figure 7.2).
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Figure 7.8: (a) Total chloride profile and (b) water-soluble chloride
profile for samples pre-cured for 7 and 28 days at 38°C
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From Figure 7.7 and Figure 7.8, it can be seen that the total chloride contents of the
C1 samples were much greater than that of the slag blends at both pre-curing
durations. This indicates that the slag blends had better resistance to the ingress of
chloride ions, due to their finer pore structure [164, 168, 169] and higher chloride
binding capacities [15-18]. This correlates with the chloride penetration (Figure 7.1
and Figure 7.2) and chloride binding (Figure 6.1 and Figure 6.2) results and is also
in agreement with previous studies [17, 221, 228, 354]. The aluminium-rich slag
blend (C2S1) had lower total and free chloride contents than C2S2 at both precuring durations. This is in agreement with the results of the chloride penetration
depth (Figure 7.1), degree of capillary porosity (Figure 5.1 and Table 5.1) and
sorptivity (Table 5.2). This confirms that the slag 1 blend had a higher chloride
binding capacity and finer pore structure than the slag 2 blend.

7.2.2 Effect of temperature
The effect of temperature on the diffusion of chloride ions into the samples can be
seen from Figure 7.9 and Figure 7.10, for samples pre-cured for 7 and 28 days
respectively.
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Figure 7.9: Effect of temperature on (a) total and (b) water-soluble
chloride content for samples wet-cured for 7 days before exposure to 3%
NaCl solution
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Figure 7.10: Effect of temperature on (a) total and (b) water-soluble
chloride content for samples wet-cured for 28 days before exposure to 3%
NaCl solution
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The total chloride profiles at 38°C appear more as block-shaped, when compared to
those at 20°C. These block-shaped profiles are characterised by very high chloride
concentrations at the surface, which decreases to much lower values within a short
distance [235], and are characteristics of

mixes having high chloride binding

capacities. Indeed, the chloride binding results shown in Figure 6.1 and Figure 6.2
showed that there was higher chloride binding at 38°C.
The trend observed in both figures was similar. Irrespective of the pre-curing
duration, the total and water-soluble chloride content of samples cured and exposed
at the higher temperature of 38°C was greater than those at 20°C, especially at the
region close to the exposed face. This agrees with results from previous studies
[205, 207, 287, 355], and supports the chloride penetration results which showed
that there was greater chloride penetration at 38°C (as seen in Figure 7.3 and Figure
7.4). The difference in temperature only had a significant effect on the total and
water-soluble chloride content at the region close to the surface. At further depths
within the samples, there was no significant difference between the total and watersoluble chloride contents for the samples exposed and cured at 20°C as compared to
those at 38°C, despite the increased porosity of the 38°C samples. The reason for
this can be linked to chloride binding. Since chloride binding was greater at 38°C,
this implies that more Friedel‟s salt was formed. These can act as pore blockers,
slowing down the rate of chloride ingress [220, 233, 234].

7.2.3 Chloride diffusion coefficient (Dc)
Table 7.1 and Table 7.2 shows the chloride diffusion coefficient (Dc) and the
chloride concentration at the surface (Cs) obtained at 20 and 38°C respectively, from
the samples by a non-linear regression fit of Fick‟s 2nd law of diffusion, as described
previously in Section 3.6.3.3.
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Table 7.1: Cs and Dc of the slag blends obtained by non-linear regression fit of
Fick’s 2nd law of diffusion to the total chloride profile of all the mixes at 20°C

7 days pre-cured

28 days pre-cured

Adj. R2

Cs

Dc

(% mass of sample)

(m2s-1)

C1

0.38

5.15 x 10-11

0.9135

C2S1

0.44

5.41 x 10-12

0.9796

C2S2

0.47

7.70 x 10-12

0.9816

C1

0.50

1.75 x 10-11

0.9980

C2S1

0.55

3.87 x 10-12

0.9936

C2S2

0.58

4.00 x 10-12

0.9916

Table 7.2: Cs and Dc of the slag blends obtained by non-linear regression fit of
Fick’s 2nd law of diffusion to the total chloride profile of all the mixes at 38°C
Cs
(% mass of sample)
7 days pre-cured

28 days pre-cured

Dc

Adj. R2

(m2s-1)

C1

0.50

4.41 x 10-11

0.9156

C2S1

0.90

3.56 x 10-12

0.9939

C2S2

0.83

4.02 x 10-12

0.9859

C1

1.15

7.92 x 10-12

0.9976

C2S1

1.25

2.47 x 10-12

0.9979

C2S2

1.17

2.73 x 10-12

0.9954

At both temperatures, the Dc values of the samples pre-cured for 28 days were lower
than those pre-cured for 7 days before exposure. However, the trend was reversed
for the values of Cs. This can be attributed to the finer pore structure and higher
chloride binding capacity of the 28 days pre-cured samples. This would lead to an
accumulation of chloride ions at the region close to the exposed face, resulting in the
higher values obtained for Cs.
It was expected that increased chloride ingress at the higher temperature would
result in greater Dc values. However, the results in Table 7.1 and Table 7.2 showed a
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slight decrease in the chloride diffusion coefficient (Dc), but a significant increase in
the total chloride concentration at the surface (Cs), when the temperature was
increased from 20 to 38°C. This can be explained by the block shape of the total
chloride profiles at 38°C, as discussed in the previous section. Similar observations
were also made in previous studies by [286, 355]. Lindvall [286] observed that for
samples subjected to laboratory chloride exposure, the rate of chloride diffusion was
more influenced by the salinity and only to a small extent by the temperature; while
Song et al. [355] showed that exposure in tropical areas resulted in increased values
of Cs with similar levels of Dc. This indicates that chloride diffusion was influenced
jointly by the pore structure and chloride binding, both of which were also
influenced by temperature. The coarsening of the pore structure caused by the high
temperature curing, led to the ingress of more chloride ions, some of which were
bound as Friedel‟s salt and made to act as pore blockers slowing down the rate of
subsequent chloride ingress [220, 233, 234]. Hence, the significant increase in the
values of Cs, and the slight decrease in Dc as the temperature increased from 20 to
38°C.
Although, the Cs values of the neat C1 mix was less than that of the slag blends, the
values of Dc was seen to be higher at both temperatures and for all pre-curing
durations. This can be attributed to the finer pore structure and higher chloride
binding capacity of the slag blends. This would result in higher total chloride
contents at the surface, as explained previously. Similar results were also reported
by [180, 356]. For the slag blends, the Dc values of C2S1 were lower than those
obtained for C2S2 at both temperatures and for all pre-curing durations. At 20°C,
the difference between the Dc value of C2S1 and C2S2 was greater for samples precured for 7 days than those pre-cured for 28 days. This links to the activity index of
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the slags (Table 4.1), which showed better early performance for slag 1 and similar
later performance for both slags. This is also in correlation with the previous results
shown above, and indicates that less chlorides had diffused into the samples of the
more basic, high alumina slag blend.

7.3 Summary
The results of this chapter have shown that chloride ingress is influenced jointly by
the chloride binding capacity of the binder and the coarse porosity. The greater the
former, the lower the rate of chloride ingress; while the greater the later, the higher
the rate of chloride ingress. Chloride binding and capillary porosity can also be
influenced by the curing temperature, binder type and length of curing duration as
shown in the previous chapters.
Regardless of the exposure condition, increasing the curing duration from 7 to 28
days resulted in a significant reduction in the rate of chloride ingress, especially for
the samples cured and exposed at the lower temperature. Samples cured for longer
periods at 20°C would have a higher chloride binding capacity and less coarse pore
structure, hence lower chloride ingress. While those cured at 38°C, although they
would have a higher chloride binding capacity, they would also have a more coarse
pore structure, which will be more open to the ingress of chloride ions.
The CEM I 42.5R samples had the least resistance to chloride ingress at both
temperatures, and for all pre-curing durations. This was attributed to its lower
chloride binding capacity as compared to the slag blends. For the slag blends, the
aluminium-rich slag 1 blend had better chloride ingress resistance than the slag 2
blend, for all exposure and pre-curing durations. This was attributed to the higher
chloride binding capacity and finer pore structure of the slag 1 blend. Prolonged
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curing at 20°C was seen to improve the chloride ingress resistance of the slag 2
blend; such that there was minimal difference between the Dc values and chloride
penetration depths measured for both slag blends. This is significant as it highlights
the importance of prolonged curing on the performance of slag blends in low
temperature chloride environments, especially for slags of lower reactivity.
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Chapter 8
Discussion
As mentioned in Chapter 3, the performance of the slag blends was measured
against that of C1 (CEM I 42.5R) and not C2 (CEM I 52.5R). Looking at the
chemical compositions of C1 and C2 (see Table 3.1), we can see that C2 contains
more alumina and sulphate than C1. The addition of the slags to C2 will result in
blends containing more alumina and less sulphate. The results of the chloride
binding and ingress studies showed that alumina and sulphate were the primary
compounds influencing chloride binding, hence the better chloride ingress resistance
observed for the slag blends as compared to that of the neat C1.
If C2 had been used as the reference cement, the slag blends would have still
showed better chloride ingress resistance properties because of their higher alumina
and lower sulphate content. The only difference, perhaps would have been in the
strength performance, and it is generally known that slag blends have inferior early
age strength but similar or superior later age strength as compared to neat systems.
Hence, while it would have been better to compare the performance of the slag
blends against that of C2, the outcome would probably still be the same as
comparing against C1.
In this section, the performance of the slag blended cements, which was evaluated in
terms of the strength and durability (water and chloride transport) properties, was
compared against that of C1. Various factors such as chemical composition of the
slag, exposure/ curing temperature, and the curing duration, were seen to influence
the performance of the slag blends. These various factors are discussed here, as well
as the implications this may have on the practical applications of slag blended
cements.
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8.1 Performance of the slag blends at 20°C
Table 8.1 shows the strength performance of the slag blends relative to that of the
reference cement (C1), at each temperature. At 20°C, the C1 mix had better strength
performance than the slag blends at 7 days, but this reversed at 28 and 180 days.

Table 8.1: Strength performance index of the slag blends
Age

C2S1

C2S2

20°C

38°C

20°C

38°C

7 days

0.92

1.15

0.90

1.13

28 days

1.13

1.08

1.07

1.02

180 days

1.12

1.16

1.13

1.02

The calorimetry (Figure 4.7), SEM (Table 4.3) and TGA (Figure 4.10 and Figure
4.11) results showed that the degree of hydration of the slags at the early ages was
low at 20°C, as compared to at 38°C. The degree of capillary porosity obtained by
SEM at 20°C (Table 5.1) showed that the slag blends had a coarser pore structure
than the C1 mix at 7 days. This implies that at 20°C, the slag hydration did not
contribute much to the densification of the microstructure at the early ages. It is
generally known that the hydration of slags occurs over a long period of time, and at
a slower rate than that of PC. Thus, as the curing duration was increased to 28 days,
the slags hydrated more leading to the formation of a denser microstructure, hence
the higher strengths observed beyond 28 days.
This denser microstructure of the slag blends resulted in a better resistance to the
penetration and absorption of water, as compared to the neat C1 mix (see Table 5.2
and Table 5.3). When considering the resistance to the ingress of chloride ions, the
higher alumina content of the slag blends also played an important role, in terms of
chloride binding. The slag blends were seen to bind more of the chlorides
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penetrating into the samples, resulting in lower chloride penetration depths and
lower chloride diffusion coefficients, as seen in Figure 7.1 and Table 7.1
respectively.
So overall, in comparing the performance of the slag blends to that of the C1 mix at
20°C, while the early strength of the slag blends were lower than that of the C1 mix,
the slag blends had better later strength performance. For the durability
performance, regardless of the curing duration, the slag blends were seen to perform
better than the C1 mix.
In terms of the individual performance of the slags, Table 8.1 shows that at 20°C,
the strength performance of the slag 2 blend was similar to that of the slag 1 blend at
the later ages. This was contrary to what was expected as predicted by the basicity
index of the slags (shown in Table 4.1), which showed that slag 1 is more basic and
should be more reactive than slag 2. However, the strength performance of the slag
blends matched well with the predictions of the activity index of the slags, which
showed that slag 1 should have higher early reactivity than slag 2, but at later ages
both slags would show similar levels of reactivity. This improved performance of
the slag 2 blend at the later ages can also be linked to the impact of prolonged curing
on the microstructural development. The capillary porosity (Table 5.1), sorptivity
(Table 5.2) and water absorption (Table 5.3) results, all showed that prolonged
curing improved the pore structure of the slag 2 blend more significantly than that of
the slag 1 blend.
It was seen from the chloride binding results that at 20°C, the alumina content was
the chief dominating factor influencing chloride binding. The aluminium-rich slag 1
blend was seen to bind more chlorides than the slag 2 blend. However, when
considering the chloride ingress resistance of the slag blends, the slag 1 blend only
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outperformed the slag 2 blend at the shorter curing duration of 7 days, as seen in
Figure 7.1 and Table 7.1. As the curing duration was increased to 28 days, despite
the higher chloride binding capacity of slag 1, there was minimal difference in the
chloride ingress resistance of the two slag blends (see Figure 7.1 and Table 7.1).
Considering the performance of the slag blends at 20°C, it is obvious that except at
the early ages, the difference in basicity of the slags did not have much impact on
the performance of the slag blends; rather it was the duration of curing. Prolonged
moist curing was seen to be essential for the performance of the slag blends,
especially for the blend prepared from the lower reactive slag.

8.2 Performance of the slag blends at 38°C
Referring to Table 8.1, it can be seen that at 38°C, the slag blends showed better
strength performance than the C1 mix at all ages. Also, as observed at 20°C, the slag
blends had better resistant to the ingress of water and chloride ions, as well as higher
chloride binding capacities, than the neat C1 mix at 38°C.
As mentioned before, the hydration of slag in the presence of PC depends on the
breakdown and dissolution of the glass slag structure by hydroxyl ions released
during the hydration of PC [12, 22], both of which are accelerated at higher
temperatures. At 20°C, the reactivity of the slags was lower at the early ages, but as
the temperature was increased to 38°C, the reactivity of the slags increased greatly,
resulting in higher degrees of slag hydration as seen in the calorimetry (Figure 4.7),
SEM (Table 4.3) and TGA (Figure 4.10 and Figure 4.11) results. This higher degree
of slag hydration led to the formation of a more refined microstructure, as seen by
comparing Figure 5.1 and Figure 5.2, where at 7 days, the microstructure of the slag
blends were less coarser at 38°C than at 20°C. This explains why at 38°C, the slag
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blends were seen to have better early strength performance than the C1 mix, as
against what was observed at 20°C.
Although, it was seen that the higher temperature curing resulted in higher degree of
slag hydration, this was not reflected on the long-term strength and transport
properties of the slag blends. This was mainly because prolonged curing at the
higher temperature resulted in a coarser pore structure as seen in the capillary
porosity (Table 5.1), sorptivity (Table 5.2) and water absorption (Table 5.3) results.
This coarser pore structure was the reason why the slag blends had lower later
strengths and poorer transport properties at 38°C than at 20°C. Figure 5.3 showed a
negative correlation between compressive strength and capillary porosity. Similar
relationships were drawn relating the degree of hydration and sorptivity, to
compressive strength at both temperatures. These are shown in Appendix A and B
respectively. The figures clearly show that at the higher temperature, the pore
structure is the most dominating factor influencing performance, and not the degree
of hydration. While the higher temperature resulted in a higher degree of hydration
and hence, increase in chloride binding, it also resulted in a coarser microstructure
that was more open to the ingress of chloride ions.
Comparing the individual performances of the slags at 38°C, the more basic slag 1
had higher reaction rates and was much better in terms of early- and later-age
strength, resistance to water and chloride ions penetration, and chloride binding. The
reason for this was partly attributed to the higher amount of CH available from PC
hydration, at the high temperature of 38°C (Figure 4.11), which will be used for the
early activation of the slags. Slag 1, having a higher basicity and slightly higher
glass content than slag 2, would benefit more from the availability of the CH, as we
see from Figure 4.7 where the reaction of slag 1 commenced earlier and more
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rapidly than that of slag 2. Also, for slag blends, the reaction of silicates and
aluminates are accelerated at higher temperatures [147], and slag 1 is richer in
alumina than slag 2 (Table 3.1). This increased early reactivity of slag 1 led to the
formation of more hydration products, and a more developed microstructure that
was more resistant to the ingress of water and chloride ions, as compared to that of
slag 2.
So, at 38°C, the performance of the slag blends was influenced mainly by the
difference in basicity of the slags, which is a function of the chemical composition
of the slags, and not the curing duration as was observed at 20°C. Prolonged curing
at 38°C resulted in a non-uniform distribution of the hydration products and a
coarser pore structure. Slag 2 being the lower reactive slag, suffered more from this
effect, as compared to slag 1. Hence, the poor performance observed for the slag 2
blend at 38°C.

8.3 Practical implications of this study
The results of this study imply that at lower temperatures, longer curing durations is
essential for good performance of slag blends. However, if shorter curing durations
of 7 days is to be adopted, as often seen in practice, then to achieve good early
performance, slags richer in alumina or more basic in nature should be used in
preparing the blends.
Secondly, in hot climates like the tropical regions, the findings of this study
indicates that to achieve good performance, slag blends should be prepared from
slags of higher basicity or higher alumina contents. This pinpoints the drawbacks in
relying on the European standards in the design and choice of construction
materials, as are often the case in Nigeria and other developing countries in tropical
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regions. While both slags used in the study met with the requirements as specified in
BS EN 197-1:2011 [3] and BS EN 15167 [42], and performed well at the lower
temperature, the results clearly showed that the high temperature exposure was less
favourable to the lower reactive slag. Nevertheless, the slag blends prepared from
the CEM I 52.5R still performed better than the equivalent CEM I 42.5R at the high
temperature, regardless of the curing or exposure condition.
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Chapter 9
Conclusions and Further Works
9.1 Conclusions
This study has investigated the influence of slag composition and temperature on the
performance of slag blended cements in chloride environments. In conclusion, the
following points are highlighted in relation to the findings of the study, and the
contribution to knowledge.


Influence of slag composition and temperature on the hydration and
strength development of slag blends:
It is known from previous studies that higher temperature curing
accelerates the early hydration of slags, leading to higher early strengths of
the slag blends. This was also observed in this study. At 20°C, the early
strength performance of the slag blends was inferior to that of the reference
cement; but at 38°C, it became the opposite.
Curing at 38°C accelerated the early hydration of the slags, leading to
higher early strengths. This effect was more pronounced on the more
reactive slag 1 blend (C2S1). At 20°C, difference in slag composition did
not have much impact on the later degree of hydration and strength
development of the slag blends. This has not been reported in previous
studies.
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Influence of slag composition, curing duration and temperature on the
microstructure, relating it to water transport properties of the slag blends:
The results of this study showed that prolonged curing at lower
temperatures enhances the transport properties of slag blends. This
confirms existing knowledge.
The results also showed that slags of higher basicity will give better
resistance to water penetration than those of lower basicity, especially at
higher temperatures. This has not been reported in previous studies.
It was observed that curing for 28 days at 20°C was more beneficial for the
microstructural development of slag blends as compared to curing for 7
days. On the other hand, curing for 28 days at 38°C did not result in any
significant improvement on the microstructure of the slag blends. In both
cases, the effects were more pronounced on the blend prepared from the
lower reactive slag.



Influence of slag composition and temperature on the chloride binding
capacity of slag blends:
In relation to slag composition, the study has shown that chloride binding
in slag blends is dependent on the chemical composition of the slag. High
alumina content will result in an increase in the amount of bound chlorides
and vice versa, while high sulphate content will result in a decrease. This
has not been clearly highlighted in previous studies.
The results also showed that higher temperature increases chloride binding.
The chloride binding of the slag blends was far greater at 38°C than at
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20°C. In previous studies, it was unclear as to whether chloride binding
increases or decreases at higher temperatures.


Influence of slag composition, curing duration and temperature on the
resistance of slag blends to chloride ion penetration:
This study showed that irrespective of the curing duration or temperature,
slags of higher alumina contents will have better chloride ingress resistance
properties. Slag 1 having an alumina content of 12.23%, bound and resisted
more chlorides than slag 2 having an alumina content of 7.77%. This
confirms the findings of previous studies that have attributed the better
chloride resistance properties of SCMs to their higher alumina content.
On the influence of curing duration, it is generally known that slag blends
require prolonged moist curing for better chloride ingress resistance
properties. The results of this study confirmed this. In addition, it was
shown that the beneficial effect of curing for longer duration was more
pronounced at 20°C than at 38°C.
On the influence of temperature, it is generally known that higher
temperature increases the rate of chloride ingress. This was observed in this
study. Curing and exposure at 38°C resulted in significant increase in the
Cs values, with minimal changes in the Dc values.
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Influence of curing duration and difference in exposure conditions on
the chloride ingress resistance of slag blends:
It is generally known that subjecting samples to a cyclic chloride exposure
will result in greater chloride ingress than if the samples were completely
immersed in the chloride solutions. This was also observed in this study.
The results of this study further showed that the negative impact of cyclic
chloride exposure is greater for samples cured for longer periods of 28 days
than those cured for shorter periods of 7 days. The reason for this was
because the main factor influencing chloride ingress at the early ages was
the porosity, whereas that of the later ages was capillary suction. This has
not been looked at in previous studies.

Overall, in assessing the performance of slag blends in high and low temperature
environments, the findings of this study implies that it is important to consider the
temperature of the environment as well as the chemical composition of the slag,
when selecting the type of slag to be used. For low temperature environments,
irrespective of the slag composition, prolonged curing is essential for good strength
and durability performance. On the other hand, to achieve good strength and
durability performance in high temperature environments, slag blends should be
prepared from slags of higher reactivity.

9.2 Further works
There are several factors that can affect the performance of slag blends. This study
has focused mainly on the impact of slag composition, hydration temperature and
curing duration. It would be interesting to see how variations in the degree of
fineness and proportion of slag loading would impact on the performance of the slag
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blends. For example, there is a possibility that increasing the degree of fineness of
the lower reactive slag would improve its performance, such that it may perform
better than the higher reactive slag.
Other techniques such as SEM-EDS and
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Al NMR, coupled with thermodynamic

modelling can be used to study how the hydration kinetics and phase assemblage
changes with time and temperature, for slag blends prepared from slags of different
chemical compositions. This would give more understanding as to the reason for the
significant difference in performance observed at the higher temperature, between
the slag blends.
In hot climates, sulphates are usually added to slag blends to regulate the setting
times and give more time for concrete placement. Literature shows that at higher
temperatures, the amount of sulphates reversibly bound to the C-S-H phase
increases, resulting in a decrease in the S̅/Al ratio, and the preferential formation of
AFm phases. It would be interesting to see how this impacts on the hydration and
performance of slag blended systems, which are already rich in aluminium. This
would give a clearer explanation to the observations in the chloride binding results,
where it was seen that at higher temperatures, the chloride binding capacity of the
slag blends was significantly reduced by the addition of extra sulphates.
In this study, durability performance was assessed only by resistance to the ingress
of chloride ions. Furthermore, samples were only subjected to a 3% NaCl solution.
This does not replicate typical field conditions, where seawater can contain other
ions such as K+, Mg2+, Ca2+, Br − and SO2−
4 . Artificial seawater containing similar
ionic concentrations as that of seawater could have been used in the chloride ingress
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experiments. Then, one would have been able to study the interaction between
sulphate and chloride ions, and how it impacts on the durability of slag blends.
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Appendix A
Relationship between hydration and compressive
strength
y = a + b*x

Equation
Adj. R-Squar

0.98901

0.96672
Value

Intercept

4.46648
4.96618

0.26141
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-- Slope
Intercept

0.49038
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Intercept
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Figure A 1: Linear relationship between UCS and total heat evolved at
20°C

Equation

0.96326
Value
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Intercept 77.71899
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Figure A 2: Linear relationship between UCS and total heat at 38°C
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Figure A 3: Relationship between UCS and bound water content at 20°C
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Figure A 4: Relationship between UCS and bound water content at 38°C
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Appendix B
B.1

Linear regression plots showing values obtained for
sorptivity coefficient (k)
Sorptivity (k)
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Figure A 5: Linear fit to obtain sorptivity coefficient (k) at 20°C
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Figure A 6: Linear fit to obtain sorptivity coefficient (k) at 38°C
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Relationship between sorptivity coefficient (k) and UCS
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Figure A 7: Relationship between UCS and sorptivity coefficient (k) at
20°C
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Figure A 8: Relationship between UCS and sorptivity coefficient (k) at
38°C
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Appendix C
Calculating the activation energies of the cementitious
materials
The activation energy of the slag blends was determined from the cumulative heat
flow, by applying an Arrhenius-type equation as shown below:
𝑡1
𝐸 1
1
= 𝑒𝑥𝑝 ( − )
𝑡2
𝑅 𝑇1 𝑇2
Where t1 and t2 = time at 50% degree of hydration at temperatures T1 and T2
respectively, E = activation energy in kJ/mol, and R = gas constant taken as 8.314
JK-1mol-1.
Obtaining t50 (time at 50% degree of hydration) values:
The total heat evolved (Q) was plotted against the inverse of time (1/t). Q∞ was
extrapolated from the data at 1/t = 0. The degree of hydration was approximated as
Q/Q∞, and plotted against time (t). t50 is taken as the time when the degree of
hydration is 50%.
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Figure A 9: Obtaining t50 at 20°C (a) Heat evolved vs 1/t (b) Estimated
degree of hydration vs time
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Figure A 10: Obtaining t50 at 38°C (a) Heat evolved vs 1/t (b) Estimated
degree of hydration vs time
Table A 1: Calculated activation energy using Q∞ and t50 values obtained at 20
and 38°C
Q∞ at 20°C

Q∞ at 38°C

t50 at 20°C

t50 at 38°C

Activation energy

(J/kg)

(J/kg)

(hrs)

(hrs)

(kJ/mol)

C1

397.72

368.86

37.55

14.14

41.15

C2S1

631.66

603.17

41.61

14.76

43.65

C2S2

595.81

553.55

37.49

13.02

44.57
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Appendix D
Tables showing chloride binding and chloride ingress
results
Table A 2: Bound chloride contents at 20°C
C1

C2S1

C2S2

C2S1$

C2S2$

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

0.08

1.89

0.041

5.83

0.05

4.60

0.05

5.11

0.06

3.82

0.45

8.41

0.42

12.26

0.43

10.67

0.42

11.81

0.45

8.64

0.89

11.64

0.84

17.74

0.84

16.78

0.85

16.51

0.86

14.54

1.95

16.07

1.85

27.71

1.86

25.78

1.85

26.81

1.86

24.31

2.93

17.69

2.85

34.01

2.88

30.31

2.89

29.77

2.92

25.57

Table A 3: Bound chloride contents at 38°C uncorrected for evaporation losses
C1

C2S1

C2S2

C2S1$

C2S2$

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

0.06

3.91

0.05

5.59

0.06

4.29

0.05

5.25

0.06

4.01

0.48

5.34

0.45

9.80

0.46

7.89

0.44

10.04

0.47

7.92

0.93

8.27

0.88

13.99

0.89

13.12

0.90

14.22

0.91

13.68

2.02

9.37

1.97

15.17

1.97

15.48

1.93

18.95

1.97

15.17

3.05

12.16

3.00

19.32

3.00

19.70

2.93

26.22

3.00

20.17

Correcting for evaporation losses:
Evaporation occurred at rates ranging from 3 – 12% at 38°C and this was corrected
for. The correction was based on two assumptions:


The ratio of the initial and equilibrium volume of the chloride solutions is
equal to the ratio of the initial and equilibrium weight of the chloride
solutions
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The evaporation does not affect the equilibrium between the bound and free
chlorides

𝑉𝑖
𝑊𝑖
=
𝑉𝑒𝑒 𝑊𝑒𝑒
𝐶𝑒 × 𝑉𝑖 = 𝐶𝑒𝑒 × 𝑉𝑒𝑒
𝐶𝑒 = 𝐶𝑒𝑒 ×

𝑉𝑒𝑒
𝑊𝑒𝑒
= 𝐶𝑒𝑒 ×
𝑉𝑖
𝑊𝑖

where:
Vi

initial volume of host solution (without evaporation) in ml

Vee

volume of host solution after evaporation occurred in ml

Wi

initial weight of host solution in grams

Wee

weight of host solution after evaporation occurred in grams

Ce

chloride concentration at equilibrium (without evaporation) in mol/l

Cee

measured chloride concentration at equilibrium after evaporation
occurred in mol/l
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Table A 4: Evaporation losses (%) measured at the end of the equilibrium
period at 38°C
Host chloride conc.

C1

C2S1

C2S2

C2S1$

C2S2$

0.1M

8.98

9.14

10.15

5.30

3.71

0.5M

10.92

12.66

11.25

4.63

4.13

1.0M

8.64

11.48

8.69

4.74

3.75

2.0M

8.32

9.24

8.10

3.87

4.63

3.0M

6.64

9.17

7.14

3.90

2.86

Table A 5: Bound chloride contents at 38°C after correcting for evaporation
effect
C1

C2S1

C2S2

C2S1$

C2S2$

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

Cf

Cb

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

mol/l

mg/g

0.05

4.39

0.04

6.03

0.05

4.88

0.05

5.48

0.06

4.21

0.44

10.20

0.40

15.47

0.42

13.14

0.42

11.93

0.45

9.69

0.85

15.80

0.79

24.23

0.82

21.07

0.86

18.14

0.87

16.83

1.86

25.23

1.81

33.99

1.82

31.98

1.86

25.87

1.88

23.54

2.86

31.62

2.75

47.76

2.80

42.03

2.82

36.81

2.91

28.18

Table A 6: Average depth of chloride penetration in mm, for samples wet-cured
for 7 and 28 days before immersion in a 3% NaCl solution at 20°C
Exposure

C1

C2S1

C2S2

duration

7 days

28 days

7 days

28 days

7 days

28 days

14 days

7.9

6.1

4.7

3.8

5.3

4.9

28 days

10.2

8.3

7.5

5.5

8.3

6.7

56 days

14.8

8.6

9.4

6.3

11.1

7.0

90 days

21.5

11.3

11.4

6.4

13.1

7.3
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Table A 7: Average depth of chloride penetration in mm, for samples wet-cured
for 7 and 28 days before exposure to a 6-hr wet/dry cyclic condition with a 3%
NaCl solution at 20°C
Exposure

C1

C2S1

C2S2

duration

7 days

28 days

7 days

28 days

7 days

28 days

14 days

6.5

10.0

5.9

5.2

6.3

6.9

28 days

10.3

10.6

6.9

7.2

9.0

7.3

56 days

14.8

12.6

10.5

8.0

11.1

8.5

90 days

19.8

15.8

11.2

8.8

12.6

9.6

Table A 8: Average depth of chloride penetration in mm, for samples wet-cured
for 7 and 28 days before immersion in a 3% NaCl solution at 38°C
Exposure

C1

C2S1

C2S2

duration

7 days

28 days

7 days

28 days

7 days

28 days

14 days

7.2

7.3

3.5

3.2

4.6

3.8

28 days

11.6

7.9

7.4

6.4

8.6

7.2

56 days

16.2

11.1

9.9

6.6

11.7

7.4

90 days

23.8

16.2

12.0

8.3

14.0

10.8
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Plate 1: Pictures showing extent of chloride penetration into mortar samples
exposed to a 3% NaCl solution at 20°C for 90 days

C1-7 days wet-cured

C2S1-7 days wet-cured

C2S2-7 days wet-cured

C1-28 days wet-cured

C2S1-28 days wet-cured

C2S2-28 days wet-cured

Plate 2: Pictures showing extent of chloride penetration into mortar samples
exposed to a 3% NaCl solution at 38°C for 90 days

C1-7 days wet-cured

C2S1-7 days wet-cured

C2S2-7 days wet-cured

C1-28 days wet-cured

C2S1-28 days wet-cured

C2S2-28 days wet-cured
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Plate 3: Pictures showing extent of chloride penetration into mortar samples
subjected to 6-hr wet/dry cyclic chloride exposure at 20°C for 90 days

C1-7 days wet-cured

C2S1-7 days wet-cured

C2S2-7 days wet-cured

C1-28 days wet-cured

C2S1-28 days wet-cured

C2S2-28 days wet-cured

Table A 9: Total chloride contents in %, obtained for mortar samples wetcured for 7 and 28 days before subjected to salt ponding test at 20°C
Distance
from C1
exposed face

C2S1

C2S2

(mm)

7 days

28 days

7 days

28 days

7 days

28 days

2.5

0.41

0.44

0.35

0.41

0.40

0.44

10.5

0.23

0.27

0.08

0.08

0.12

0.09

18.5

0.13

0.12

0.07

0.05

0.08

0.06

27.0

0.13

0.05

0.05

0.04

0.06

0.05

36.0

0.11

0.03

0.04

0.03

0.04

0.03

44.5

0.10

0.02

0.03

0.03

0.03

0.03
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Table A 10: Total chloride contents in %, obtained for mortar samples wetcured for 7 and 28 days before subjected to salt ponding test at 38°C
Distance
from C1
exposed face

C2S1

C2S2

(mm)

7 days

28 days

7 days

28 days

7 days

28 days

2.5

0.52

0.95

0.67

0.86

0.63

0.82

10.5

0.30

0.38

0.13

0.09

0.13

0.12

18.5

0.16

0.11

0.08

0.07

0.10

0.09

27.0

0.14

0.07

0.06

0.05

0.09

0.07

36.0

0.14

0.06

0.05

0.04

0.07

0.06

44.5

0.13

0.06

0.04

0.04

0.05

0.05

Table A 11: Water soluble chloride contents in ppm, obtained for mortar
samples wet-cured for 7 and 28 days before subjected to salt ponding test at
20°C
Distance
from C1
exposed face

C2S1

C2S2

(mm)

7 days

28 days

7 days

28 days

7 days

28 days

2.5

3253

2616

2241

1328

2643

1801

10.5

1215

1085

451

107

751
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18.5

590

373

155

60

196

73

27.0

468

137

131

49

144

68

36.0

355

87

122

34

121

65

44.5

352

65

35

0

105

55
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Table A 12: Water soluble chloride contents in ppm, obtained for mortar
samples wet-cured for 7 and 28 days before subjected to salt ponding test at
38°C
Distance
from C1
exposed face

C2S1

C2S2

(mm)

7 days

28 days

7 days

28 days

7 days

28 days

2.5

6668

5775

5371

2661

5793

4679

10.5

1763

1443

624

337

943

440

18.5

650

432

352

75

466

98

27.0

468

217

153

49

315

69

36.0

355

147

128

46

218

67

44.5

352

142

117

0

168

58

