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Abstract

Rheological properties of most ordinary Portland cements are dictated by the hydration reactions
that their different phases experience. Cement clinker has four main phases with aluminate being
the most reactive. Once in contact with water, the aluminate phase reacts rapidly and generally
impedes the early hydration of other cement compounds such as calcium silicates that are
responsible for the strength of cement systems. Consequently, the obtained matrix is stiff without
much strength. Alternatively, calcium sulphate bearing materials are added within the clinker as
set regulators of the aluminate phase hydration. For this purpose, natural gypsum is moslty gound
with cement clinker as a source of sufficient sulphate, thereby keeping the cement paste plastic
for a certain amount of time, allowing the hydration of silicate phases that are responsible for the

early and later strength.

However, the heat generated within the mill during the grinding process of clinker and gypsum
causes a partial dehydration of natural gypsum into hemihydrate. The final ground cement product
is thus comprised of two unexpected types of calcium sulphate bearing materials in an
unpredictable proportion. Due to the difference in their solubility, the hydration of the aluminate
phase can variably be altered which consequently affects the rheokinetics of the cement paste.
Currently, the effect of the available amount of hemihydrate and natural gypsum in the cement
sulphate phase, on both the hydration and rheology of ordinary Portland cements (OPC), are not

well-understood.

An ordinary Portland cement clinker was sampled during the production process of CEM | under
stable kiln operations at a local cement plant. This was ground without any form of calcium
sulphate bearing material and the final product was considered as relatively pure cement clinker.
The degree of natural gypsum degeneration was achieved by partially replacing fractions of
hemihydrate with those of natural gypsum. Firstly, the individual effect of these calcium sulphate
bearing materials on the hydration kinetics was studied by varying their concentrations from 2-
7% within the cement system. Secondly, the effect of their mix proportions at an optimum calcium

sulphate concentration on cement paste rheokinetics was investigated.

This research confirmed the findings of previous investigations relative to the effect of calcium
sulphate on the hydration kinetic , giving new insight on the rheokinetics of cement paste with mix
proportions of various calcium bearing materials. Results showed that the reaction rates of
cement systems with hemihydrate were faster than those with natural gypsum and generally
tended to decrease with the increase in their concentrations. Cements with hemihydrate

experiencing shorter dormant durations than those with natural gypsum, likely due to the fact that



the consumption rate of calcium sulphate was higher in cement systems with hemihydrate than
those with natural gypsum. Consequently, before the exhaustion of sulphate ions, cement
systems with hemihydrate had higher degrees of hydration and became almost similar thereafter.
More ettringite and portlandite were formed in cement systems with hemihydrate as compared to
those with natural gypsum. The amount of ettringite increased with the increase in calcium
sulphate concentration up to 4% and thereafter remained constant. Conversely, the amount of
portlandite decreased with the increase in calcium sulphate and also remained unchanged after
4%. The strength development of the cement microstructure depended on the concentration of
hemihydrate within the suspension. The rigidification of the newly formed network was affected
at higher hemihydrate fractions. Rheological parameters were more pronounced when the
concentration of hemihydrate exceeded 50%. Below this hemihydrate concentration, cements
had almost similar flow properties as those with only natural gypsum. Large changes in yield
stress values and variation in plastic viscosity values of approximately 50% were observed. The
trend of mixes dynamic vyield stress were similar to their corresponding strength rate
developments. This rheological behaviour was primarily attributed to the morphology change of
ettringite that was triggered by the presence of a higher hemihydrate concentration. It was also
noticed that physical performances of cement systems depended on their respective

microstructure developments.



| can do all this through him who gives me strength.

Philippians 4:13
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Chapter 1 Introduction

Gypsum is a calcium sulphate bearing material that can be quarried or synthetised, commercially
available in different forms based on its combined water fraction. Natural gypsum or gypsum
dihydrate is usually added into cement clinker for Portland cement production. Cement has
arguably become the second most consumed substances after water on this planet, to a point
where many cannot conceive of a world without its derivative products (Potgieter, 2012). Cement
is the binding agent in concrete (an artificial conglomerate, essentially a mix of fine and coarse
aggregates, water and cement) and mortar (primarily a mix of sand, water and cement used in
masonry-type construction) and therefore a key component of construction sector in most
countries. It is thus imperative that special attention be paid to the cement system. Furthermore,
sustainability, innovation and quality improvement of cement are mostly achieved by considering
its manufacturing process and revising specifications that guide the design and regulate the use
of most cementitious materials. This research work focuses mainly on the performance of the

fresh cement paste with respect to its calcium sulphate phase.

1.1 Background and motivation

The performance of concrete in its fresh and hardened state depends strongly on the early
hydration of cement. This chemical and physical process influences the workability during
concrete processing as well as the strength of the final product. This reaction is predominantly
exothermic, with the amount of heat emitted depending on the fragmentation of the cement phase
composition, type and concentrations within the cement system. Correlations between the 28
days’ concrete strength and the amount of heat liberated during cement hydration have been

successfully established (Baran & Pichniarczyk, 2017).

Although it is difficult to quantitatively predict the performance of concrete based on that of the
cement paste phase, the success of most numerical prediction techniques (mesoscale model) of
concrete’s mechanical and physical properties relies on the contribution of cement paste
hydration (Contrafatto et al., 2016).

It is also agreed that concrete hydration reactions occur mostly at the cement paste scale since
coarse aggregates are regarded as inert materials. Hence, the optimization of most reactive
concrete additives is preferably done on cement paste scale (Lopez et al.,, 2009). The
understanding of cement paste hydration kinetics is therefore essential in controlling the flow

behaviour of concrete.
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Ordinary Portland cement consists of finely ground clinker which itself is a multi-phase inorganic
material comprised of four major phases: alite (CsS), belite (C.S), aluminate (CsA), and ferrite
(C4AF). These constitute the main compounds of pure cement clinker and are formed through the
burning of limestone and other materials in a kiln at high temperatures. A large amount of scientific
research has been devoted to the effects of the content of these cement clinker phases to the
rheological properties of cement paste. There exists a linear or exponential correlation between
these clinker phases and the flow resistance of cement paste (Vikan et al., 2007).

Enough knowledge has been gathered on the hydration kinetics of these individual cement
phases owing to a number of studies that have been conducted on cement mono-phase.
However, this approach seems rather dissatisfactory in trying to characterize the hydration
kinetics of cement paste, since cement hydration is not the summation of the individual hydrations
of its phases that are interdependent and occurs at different rates and times (Quennoz &
Scrivener, 2013a).

The exothermic reaction of these compounds in the presence of water releases a large amount
of heat, rendering the matrix stiff with no chance of being remixed. The early stage of this reaction
is dominated more by the dissolution of C3A. Thus, the yielded hydration products do not
contribute to the matrix strength and generally impede the early hydration of other cement
compounds such as calcium silicates (CsS, C.S) that are responsible for the strength of cement
systems. To overcome this phenomenon, calcium sulphate bearing materials are added within
the clinker as set regulators of aluminate phase hydration. Calcium sulphate dihydrate or natural
gypsum (CaS0..2H,0) is mostly ground with clinker as a source of sufficient sulphate which is
able to control the hydration of C3A. This addition is of great importance because it allows the
cement paste to remain plastic for a certain amount of time, prolonging the workability time and
also allowing the hydration of calcium silicate phases responsible for the early and later strength

of concretes.

The heat generated within the mill during the grinding process of clinker and gypsum causes a
partial dehydration of natural gypsum into hemihydrate (CaS04.0.5H20). The final ground cement
product thus comprises two unexpected types of calcium sulphate bearing materials (CSBM) in
an unpredictable proportion. Due to the difference in their solubility, the hydration of the aluminate

phase can variably be altered; consequently, this affects the rheokinetics of the cement paste.
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1.2 Research problem
The effects of the available amount of hemihydrate and natural gypsum in the cement sulphate
phase on both the hydration and rheology of ordinary Portland cements (OPC) are not currently

well-understood.

1.3 Research questions

What is the impact of the concentration of dihydrate (natural gypsum) and hemihydrate on the
early hydration reaction of cement paste?

What is the influence of the concentration of these cement gypsum phase components on the

rheological behaviour of cement paste?

1.4 Objectives and outcomes
The aim of this research is to evaluate the effect of the concentration of dihydrate and hemihydrate
contained in the cement gypsum phase on the hydration kinetic of cement paste.

The answer to these questions necessitated the following objectives:

e To evaluate the effect of hemihydrate and natural gypsum concentrations in a multi-phase
cement system on early hydration reactions;

¢ To identify and quantify the hydrate products induced by these gypsum phase components
during hydration;

e To analyse the microstructural changes of cement paste due to the concentrations of the
gypsum phase components;

¢ To determine and evaluate the effect of the gypsum phase components on cement paste
flow and viscoelastic properties; and

e To evaluate the rheological behaviour of cement matrix with respect to their hydration

kinetics.

The expected outcomes were as follows:

e The reactivity induced by the gypsum components in the cement paste hydration based
on calorimetric profiles and storage modulus developments.

e The x-ray diffraction patterns of cement with different mix proportions of natural gypsum
and hemihydrate collected after different hydration times.

¢ Different scanned images of cement matrix collected after specific hydration times (30 min
and 1 hour).

e The yield stress value and viscosity evolutions of cement paste with different proportions

of gypsum phase components.
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e A qualitative description of the influence of the microstructure development on the
rheological properties of the cement paste matrix.

1.5 Significance

The grinding process of cement clinker during cement production is important, mainly because
the targeted fineness of the finished cement is one of the main factors that dictates the early
strength development of the cement. Generally the energy consumption during grinding has been
proven to be linear up to a Blaine of approximately 300 m?/kg (Peray, 1979). Above this fineness,
the energy consumption increases progressively in the cement mill and a higher amount of energy
is lost in heat, inferring that there is more heat generated in the cement mill for commercial
cements which target higher finesses. Techniques to mitigate this problem are available, for
instance, by optimizing the cement mill technology and using different grinding aids such as
triethanolamines and many other polyol based cement grinding aids (Engelsen, 2009), though
the partial dehydration of natural gypsum seems inevitable during this process due to the rise of
ambient temperature within the mill caused by the dissipation of excessive heat. The current work
contributes to the present knowledge about cement by providing relevant information concerning
the impact of the degree of natural gypsum dehydration during grinding operations on the kinetics

of hydration and the rheology of cement paste.

Despite the fact that the effect of calcium sulphate on cement hydration is known due to the
progress made in cement chemistry and its wide use in construction globally, knowledge of the
effect of using the mix of two different calcium bearing materials on the hydration process of
cement paste is still limited. This study contributed to the understanding of the hydration of cement

pastes with different types of calcium sulphate and their effects on the rheology of cement paste.

1.6 Delineation

This research focused solely on the effect of the concentration of both dihydrate and hemihydrate
on the hydration reaction of ordinary Portland cement paste in a multi-phase system. It considered
a realistic model of cement with all its phases at constant concentrations, including the gypsum
phase that was the object of this study. The proportions of dihydrate and hemihydrate were the
only variables in the constant gypsum phase of the cement system. In addition, only the early
hydration of the cement matrix was studied. The other physical properties of cement paste, such
as resistance to environmental sulphate attack, the late ettringite formation, water permeability

and resistance to carbonation, were not part of this study.
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It is true that the presence of admixtures within cement pastes alters their hydration tremendously
even with constant phases. However, these alterations were not investigated in this study since

there was no admixture used.

1.7 Assumptions

A few assumptions were made concerning the material used and the techniques applied in this
research. A comprehensive study of cement paste hydration requires a congruent use of different
scientific disciplines owing to the fact that many physicochemical phenomena happen during
hydration. Therefore, for this work, cement suspensions were assumed to be colloidal materials
with spherical solids suspended in a liquid phase of water. Furthermore, all the theories developed
for these types of suspensions were applied during the investigations by considering the presence
of internal forces and their interactions due to physical and chemical properties inherent in
cementitious materials. With relatively same mixes in terms of the clinker purity and experimental
measurement conditions, the only variable responsible for any changes observed either in
hydration or rheological behaviour was the type and amount of calcium sulphate bearing materials

used.

1.8 Methodology

The rheokinetics of cement paste is directly related to the microstructural changes that occur
during cement hydration. It is agreed that the early hydration of cement paste is predominated by
the reaction of the aluminate phase. In the presence of calcium sulphate, calcium aluminate
hydrates are yielded. These hydrate products are responsible for the rigidification of the newly
formed internal structure and dictate the rheological behaviour of the fresh cement paste. This
research aims to correlate the microstructural changes induced by the presence of hemihydrate
in the gypsum cement phase and the rheokinetics of cement paste during the early hydration.
Experimental and comparative research designs were conducted for the achievement of this
purpose. Different techniques were employed, such as calorimetry, thermal analysis,
spectroscopy, imaging and rheometry. The hydration kinetics were evaluated by isothermal
calorimetry while the quantification of the hydrate phases was done by thermogravimetric analysis
(TGA) and x-ray diffraction (XRD). The microstructure of cement pastes was identified by
scanning electron microscopy (SEM) using backscatter electron (BSE) and energy dispersive
spectroscopy (EDS). The dynamic mode (small oscillatory amplitude sweep) and the shear mode
were used to characterize the rheological properties of the cement paste. The experiments were
conducted in various facilities depending on the availability of the required equipment. The
physics and chemistry laboratories of PPC Cement Ltd at Jupiter Plant, the Flow Process and

Rheology Centre (FPRC) at Cape Peninsula University of Technology and the laboratory of the
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Department of Physics at the University of Western Cape (UWC) were used for the described

experiments.

1.9 Organisation of research

This research entails a full understanding of the effects of calcium sulphate type and concentration
on the rheokinetics of cement paste. Various experimental tests have been conducted to shed
light on the problem stated. This current research is subdivided into six chapters, including the
Introduction (Chapter 1).

Literature review (Chapter 2): Different publications and investigations are reviewed and relevant
theories pertaining to cementitious materials are considered. A brief presentation of cement
production lines is presented with an overview of their impact on the environment and
sustainability. Various stages that occur during cement hydration are discussed depending on the
cement system of interest (multi-phase cement system or mono-phase cement systems). Focus
is given mostly to physical and chemical interactions that occur during this process. Applications
of rheology to cement paste are also presented and different measurement techinques to estimate

the hydration/rheological knietics are reviewed.

Research methodolgy (Chapter 3): Experimental methods with descriptive procedures for data
collection and analysis of cement hydration and microstructural kinetics are introduced.
Subsequently, a rheological approach to evaluate the effect of calcium bearing material on
cement paste microstructural development is explained and the characterization of the heat flow
rate curves are presented. Quantitative estimation of hydrate products and techniques to

investigate the microstructural changes of cement paste are discussed.

Results and discussion were presented in two different chapters:

Effect of hemihydrate and natural gypsum on the hydration kinetics of cement paste (Chapter 4):
The individual effects of these calcium sulphate bearing materials on the hydration kinetics and
subsequent hydrate products are investigated with respect to their concentrations. Mechanical
and physical performances of cement systems are also considered with respect to each calcium

sulphate bearing material and their concentrations.

Rheokinetics of cement paste with mix proportion of natural gypsum and hemihydrate (Chapter
5): The effect of mix proportions of natural gypsum and hemihydrate at an optimum calcium

sulphate concentration on cement paste rheological properties is assessed. The hydration
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kinetics and physical performances of cement mixes are evaluated. A link between the
rheokinetics, the hydration kinetics and physcal properties of cement systems is established.

Conclusion (Chapter 6): A general conclusion related to the observation of the hydration and
rheological kinetics of cement systems in the presence of natural gypsum and hemihydrate is
drawn. Relevant recommendations are suggested for further research and the contributions of
this study in the field of interest are presented




Chapter 2 Literature review and theory

Portland cement is the most important hydraulic cement in the construction industry. As it is the
most consumed construction material on earth, with 3.6 billion tonnes of production worldwide, it
is predicted to grow by 1.2% per annum in the immediate future (Stafford et al., 2015).The term
cement is restricted to the material that is able to bond different elements such as stones, sand,
bricks and building bricks to form a compaosite material. Portland cement is referred to as hydraulic
cement because it has the property of setting and hardening when mixed with water by virtue of

a chemical reaction referred to as hydration (Peray, 1979).

Thanks to perpetual research conducted within the field of fundamental knowledge required for
cementitious materials, the cement industry has experienced continuous innovations that improve

the production process and the quality of cement.

The following section introduces relevant theory based on actual publications and investigations
pertaining to cement materials. Different stages involved in cement production lines are briefly
presented with an overview of their impact on the environment and sustainability. Thereafter,
stages that occur during cement hydration are discussed, firstly in a multi-phase cement system
and secondly, in mono-phase cement systems. Physical and chemical interactions that occur

during this process are also reviewed in detail.

2.1 Introduction

The current review is subdivided into three main parts: first, the relative development in the art of
cement making is highlighted for suitable classification of cements; next, the kinetics of cement
hydration are presented with a specific emphasis on the microstructure changes that occur during
this chemical interactions; and finally, the rheological behaviours of cement pastes as a response
to contact and non-contact interactions between cement particles within the suspension are

addressed.

2.2 Cement history

The use of cement originates from ancient civilizations. Despite the fact that earlier structures
were composed of earth raised in the form of walls or domes by ramming successive layers of
stone blocks set one above another without the assistance of any adhesion, the stability of these
structures has always given place to masonry erected with the aid of some plastic materials. For
instance, Egyptians raised their walls with dried bricks joined together with a moist layer of Nile
mud or loam. The Babylonians and Assyrians used burnt bricks and alabaster slabs connected

together with bitumen. According to Blezard (1998), the idea of using materials similar to
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cementitious materials was found in their massive masonry constructions. The Egyptian mortar
generally consisted of burnt lime and sand, with its technological property largely attributed to the
Romans (Lucas, 1933). Also, the Greeks mixed volcanic ash with lime and sand to produce a
mortar with both superior strength and resistance to severe environmental attacks. The
corresponding material for Roman builders was volcanic tuff found in the surroundings of
Pozzuoli, near the Bay of Naples, and the material was referred to as Pozzolana. This designation
has been extended to the entire class of mineral materials of similar properties. In the absence of
volcanic tuff, Romans used other powders such as tiles and pottery powders which produced a
similar effect. It is known that the word cement was first used to appropriately designate such

materials classified now as artificial pozzolanas.

The need to improve the performance of these materials dates hundreds of years back. In 1756,
John Smeaton conducted an investigation to select the best building materials for the construction
of a new lighthouse on the Eddystone Rock (Reid, 1877). When comparing the performance of
mortars made of limes mined from different origins, he found that the proportions of clay in these
limes were the main factors responsible for the mechanical performance of mortars. It was only
in 1796 that the possibility of making hydraulic lime by the calcination of argillaceous limestone
nodules was discovered (Patent granted to James Parker, 1811). Due to its hydraulic properties
(quick setting), the final product was referred to as Roman cement, not to be mistaken for Roman
mortar (Thurston, 1938). The interest in developing “cement” with better hydraulic properties has
taken place around the world ever since. However, Roman cement continued to be used in much

construction until 1850 after which it was gradually replaced by Portland cement.

Portland cement was first made in England in the early part of the 19" century, its name derived
from its similarity in colour and quality to a stone in Portland. Many people have claimed to have
been the first to make Portland cement, but it is generally accepted that it was first manufactured
by William Aspdin in Northfleet, England in about 1842. The name Portland cement was given by
Joseph Aspdin, suspected to be a British bricklayer. He was granted the patent for a process of
making cement as early as 1824. This patent of the cement manufacturing process was a
precursor to the modern Portland cement. It is assumed that William Aspdin did bring some
improvements (clinkered or over burning materials, synthesising calcium silicate) to the existing
process established by his father Joseph Aspdin (Ludwig & Zhang, 2015; Fathi, 2012).

It is remarkable that up to this stage, innovation in the cement industry was dominated by the
search for the strongest construction materials by improving techniques and using different

materials to produce cement. It is therefore important to differentiate the different stages that took
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place in the history of the Portland cement development based on the mineralogical assemblage
and the kiln technology.

In its initial stage, referred to as proto-Portland cement, the cement is essentially a calcined
mixture of limestone and clay with inappreciable evidence of the CaO-SiO; interaction due to a
low burning temperature. The following stage is referred to as Meso-Portland cement. At this
level, the cement is simply a heterogeneous material with evidence of a CaO-SiO; interaction that
favours the formation of C,S and CsS and poorly defined flux phases, achieved by cooling the
feed from the shaft kiln slowly. The final stage is the same as the normal Portland cement that is

used nowadays. This is a calcareous cement manufactured in a rotary kiln

2.3 Cement manufacturing process
The most significant event that took place in the history of Portland cement is probably the
replacement of the shaft kiln by the rotary kiln (Blezard, 1998) as this made it possible for cement

production to shift from a batch process to a continuous manufacturing process.

Generally, the cement manufacturing process consists of three major stages (Salas et al., 2016):
raw meal preparation, clinker production and cement preparation. And these manufacturing
stages can typically be processed in two different ways: dry process or wet process (UNIDO &
MITI, 1994).

2.3.1 Raw materials preparation
Contrary to other industrial products, the raw materials that are required in the manufacturing
process of Portland cement are found and exploited in nearly all parts of the world. This is a

significant reason for its worldwide importance as a construction material (Fathi, 2012).

There are four major raw materials involved in cement production: limestone, clay or shale, sand
and iron ore. These materials are preferentially mined from quarries near to the plant (Ishak &
Hashim, 2015) and undergo a series of crushing. Initially, raw materials most often in the form of
stones are sized and reduced to fragments of approximately 125 mm on primary crushing.
Afterwards, with the help of mechanical conveyors, these fragments are carried on to secondary
crushing where they are reduced to grains of about 19 or 20 mm. It is at the plant where these
grains are mixed and proportioned to attain the requirements of a cement with specific chemical

compositions (Salas et al., 2016).
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2.3.2 Clinker production

The proportioned raw materials, or the raw mix, is thereafter fed into a rotary kiln, a long cylindrical
shaft that slopes downward and rotates slowly as illustrated in Figure 2.1.The purpose at this
stage is to convert the raw mix into granular materials referred to as cement clinker. This single
process requires maximum temperatures that are high enough to partially melt the raw mix. The
latter is constantly agitated to ensure the homogenisation of the chemical composition within the

clinker.
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Figure 2.1: Typical rotary kiln for the cement clinkering process (Jennings & Thomas, n.d.)

Generally, the raw mix enters at the upper end of the kiln and moves slowly downward to the
hottest area of the kiln within a couple of hours (60-90 minutes). Materials undergo different
chemical reactions as they gradually approach the end of the kiln, a progressive allowing each
reaction to be completed at its appropriate temperature. However, it is difficult to reach these
designated temperatures for each specific reaction due to their endothermicity properties. This is
the reason why itis challenging to bring a reaction at a particular zone in the kiln to its completion.
In fact, there are four different reaction zones that can be found in the kiln depending on the

prevailing temperature (Jennings & Thomas, n.d.).

First thermic zone

This zone in the kiln is referred to as the dehydration section with ambient temperatures of up to
450 °C. The aim of this zone is simply to allow for the evaporation and removal of free water since,
regardless of the selected process (dry or wet process), adsorbed moisture can be found in the
raw mix. The time and energy needed for this task depend on the moisture content of the raw
mix. However, this moisture is only partially removed due to the fact that the ambient temperatures
in this zone are not high enough to accomplish this work. In the wet process, this zone takes half

of the kiln length, whereas in the dry process only short distances are required.
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Second thermic zone

This is the calcination zone. The ambient temperatures in this region vary between 450-900 °C.
Normally, at around 600 °C, the bound water is driven out of the clay while the decomposition of
limestone or calcium carbonate occurs at about 900 °C and carbon dioxide is released. At the
end of this zone, the mix consists mostly of oxides of the four main raw materials. At this stage,

the mix is still a free-flowing powder since calcination does not involve melting.

Third thermic zone

This zone is referred to as the solid-state zone with ambient temperatures between 900-1300 °C.
This region sometimes overlaps with the calcination zone since the onset of the solid-state
reactions occurs at 900 °C. Calcium oxides (CaO) combine with reactive silica and form small
crystals of dicalcium silicate (C.S). In the same way, the formation of intermediate calcium
aluminates and calcium ferrites takes place. These chemical compounds are very important in
the clinkering process because they play the role of fluxing agent and can melt at relatively low
temperature of about 1300 °C, increasing the reaction rate and aiding the formation of calcium
silicate cement compounds. As the mix goes through this zone, adjacent particles tend to fuse

together and the products become quite sticky.

Fourth thermic zone

This constitutes the clinkering zone, the hottest zone of the kiln with ambient temperatures varying
between approximately 1300-1500 °C. The formation of tricalcium silicate (CsS) occurs in this
zone. The beginning of this zone is characterized by the melting of the intermediate calcium
aluminate and ferrite phases. These melt phases activate the agglomeration of the mix into large
nodules that consist of many small solid particles joined together by a thin liquid layer. Inside this
liquid phase, the reaction between C.S crystal and CaO takes place and CsS is formed. As the
process evolves, the crystals of solid C3S grow within the liquid while those of C,S decrease in
number but grow in size. The clinkering process is completed when all the silica is in the C3S and
C.S crystals and the amount of free lime, CaO, is reduced to a minimal level, normally below an

admissible value of 1%.

A schematic illustration of these reactions within the kiln are shown in Figure 2.2.

-12 -



Literature review and theory

% CaC0y g
3 a2
E|E =
£ i
[y
h =
£
Low quartz High{quartz Liquid
el e
Clay minerals S
Coafy | A
FEQDE HQD ) x
CalAF) CitF
T T T T T T T T 1
0 200 400 500 500 1000 1200 1400

Temperature (*C)

Figure 2.2: Reactions within the kiln for the formation of Portland cement clinker phases (Newman
& Choo, 2003)

The cooling zone

This region is located at the bottom part of the kiln behind the heating source. As the mix moves
past this hot point, the temperature drops rapidly and the liquid phase solidifies, allowing the
complete formation of CsA and C4AF. The dissolved sulphate and alkalis (K and Na) in the liquid
phase also combine to form K;SO4 and Na>SO.. The final products, the nodules formed, are hard
after being through this zone. The reactivity of the cement in the future depends strongly on the
actual rate of cooling of the clinker. Rapid cooling has been found to provide a more reactive
cement, which is why the clinker is rapidly cooled down by either air blowing or water spraying as
it exists the kiln (Shafeek et al., 2017). Without this rapid cooling, the prevailing temperature in

the cooling zone (1100 °C) can cause the CsS to degenerate back into C,S and CaO.

In modern cement plants, there is another section placed at the upper end of the kiln and referred
to as suspension preheaters or calciners. In fact, the reaction that happens inside the kiln is mostly
endothermic. This suggests that the raw mix particles will require a consistent and permanent
input of energy for the completion of a particular reaction at a specific zone. This is difficult to
achieve as the raw mix piles up in the kiln. Consequently, the rate at which the heat can be
transferred into a large mass of particles decreases and the rate of reaction will be limited. A
remedy to this issue is to use suspension preheaters that allow the hot gas from the kiln to enter
from the bottom, moving upward, thereby dehydrating and partially calcining the mix particles as

they enter and settle in the kiln in less than a minute. Similarly, some plants can have precalciners
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in which some of the fuel is burnt directly and completely calcine the mix particles as they enter
the kiln.

2.3.3 Cement clinker oxides

The major oxide components of a cement clinker include CaO (Lime), SiO. (Silica), AlO3
(Aluminium oxide), Fe»Os3 (Iron oxide) and MgO (Periclase) (Macphee & Lachowski, 2003). CaO,
the most important oxide of cement clinker, comes from the calcination of the limestone. The
reactivity of this oxide in the presence of water depends on the previous calcination temperature.
This decreases with increasing temperatures that diminish the active surface area of lime by

sintering.

The SiO2 generally comes from aluminosilicate minerals in the shale and clay components of the
kiln. It can exist within the clinker in different states. Most of the time, it is present in its pure state
under different crystalline polymorphs such as quartz, cristobalite and tridymite. In its impure
state, it is poorly crystallised and amorphous. Silica oxides combine with those of lime during
clinkering to give calcium silicates (alite and belite) which comprise the bulk of the hydraulic active

materials in Portland cement.

The periclase, MgO, is introduced within the clinker as an impurity in the raw materials either in
limestone, clay or shale sources. The acceptable content of this oxide is limited to a value below

1%, since its slow hydration is deleterious and causes unsoundness.

Aluminium oxides arise in the kiln on heating bauxite and clays at temperatures close to 900 °C.

Iron oxides derive from the clay in the kiln and shale feeds.

There are also unavoidably minor oxides such as Na;O, K>O, SO3; and P,0Os that come mostly
from the fuel used during clinkering (Ludwig & Zhang, 2015). The presence of these trace
elements influences the clinker formation and the cement properties (e.g. cement reactivity)
depending on their doping level in the clinker phase. Li et al. (2014), studying the effect of some
of these oxides on the alite polymorphisms using the ex-situ XRD, found that the silicate phases
content in the clinker were linearly proportional to the SO3/MgO ratio. This is because MgO
enhances the formation of C3S, while SOs3 hinders its formation. The presence of MgO and SOs;

can also increase the amount of C4AF and C:3A in the clinker.

2.3.4 Cement grinding process
The purpose of this process is mainly to provide cement with the required fineness for achieving

a particular reactivity. Gypsum is added to the clinker and inter-ground together to control the
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early hydration of cement at the time of its use. The particle size distribution (PSD) of cement is
a very important parameter since most of the cement quality and concrete properties depend on
it. There is a correlation between the specific surface area (SSA) and the PSD of a given cement.
The Blaine of a cement can be predicted based on a measured PSD (Jankovic et al., 2004).

Cement grinding mill

The size of the clinker nodules, of which 80% lie between 10-20 mm, is normally reduced to 90
pm during this process. The grinding is generally done in a mill that can either be a ball mill (tube
mill) or a vertical mill, as shown in Figure 2.3 (Joergensen, 2016).

The ball mill allows the comminution to take place by impact and attrition. This happens in two
compartments of different lengths. The first compartment consists of larger balls of 80-50 mm that
are used to grind coarse clinker. The second compartment is used to grind the ground clinker
from the previous compartment using smaller balls of about 25 mm.These two compartments are
separated by a diaphragm that allows only particles of a specific size to pass through to the
second chamber. The ground material is collected in an air classifier where the fine fraction is air-

swept out of the mill while coarse materials return to the mill.

fitter Fan

§
ust

/T:Q:*

Classifier

i Buchet
Feed . | — elevator
—T

Product

Discharge
hood

Figure 2.3: Closed circuit ball mill for cement grinding process (Newman & Choo, 2003)

The vertical mill allows the comminution to occur by exposing a bed of material to a pressure that
is high enough to cause the fracturing of particles using rollers. This requires that a stable and
consistent grinding bed be formed between the rollers and the geared table of the vertical mill.
This has, however, been a challenge in cement grinding due to the disproportion in size of the
ground cement and the feed material. Although more improvements have been made on the
vertical mill by implementing newer technologies such as the vertical mill (OK mill), the ball mill is

preferred to the vertical one.
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The efficiency of the grinding systems cannot only be limited to the fineness, the specific surface
or Blaine of the cement achieved. Its effects on the eventual performance of the ground cement
are more complex and should be considered. Liu et al. (2015) discovered a numbers of factors
that can significantly affect the performance of the cement due to the grinding process (e.g the
dehydration degree of the added gypsum).

The effect of the grinding system on the dehydration of cement

Cement Grinding Office (2016) has reported that only 5% of the total energy supplied to the mill
systems is used effectively, while the rest is converted into heat; energy that is generated heats
up the ground cement in the mill and can cause the ambient mill temperature to rise up to 120 °C,
depending on the initial temperature of the clinker and the characteristics of the mill (Nowack,
2015). Cement manufacturers pay special attention to the prevailing temperatures inside the mill.
In the interest of minimizing issues related to setting (false or flash setting) and stiffening, these
temperatures are limited to certain maxima by cooling the mill with water or fresh air. At
temperatures within the range of 90-120 °C, the water of crystallisation of the added gypsum will
partially be lost. Papageorgiou et al. (2005) confirmed that temperatures below 120 °C are
considered to avoid excessive or complete dehydration of gypsum, generally achieved by
spraying water into the interior of the mill. Under these conditions, the natural gypsum partially
dehydrates into hemihydrate by losing half of its crystallisation water (Smallwood & Wall, 1981,
Dunn et al., 1987; Svinning et al., 2008).

To a certain extent, the dehydration of natural gypsum is favourable for both cement hydration
and storage as it increases the solubility of the calcium sulphate during cement hydration. This
makes the gypsum more effective in controlling and retarding the hydration of the aluminate
phase, thus improving the cement strength. The partial dehydration of gypsum is also desirable
since its crystal water may cause cement particles to adhere or form lumps during cement
storage. Moreover, the formation of these lumps increases in the presence of potassium sulphate

that reacts with gypsum and yields syngenite during cement storage (Taylor, 2003).

Due to economic and environmental reasons, modern cement plants attempt to use less energy
during grinding and shorten the retention time of the ground cement in the mill, without
compromising the required cement fineness. However, this does not always allow the adequate
dehydration of gypsum. Therefore, as a remedy, either more gypsum is added within the limit of
SO; cement recommendations or more heat is supplied to the mill system to increase the gypsum
dehydration or a more reactive form of gypsum is added such as hemihydrates (Joergensen,
2016).
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2.3.5 Classification of cement
Based on the proportion of these chemical compounds and the physical properties achieved
during grinding, the American Society for Testing and Materials (ASTM) designation C150

provides eight types of Portland cement.

Ordinary Portland cement
This type of cement consists of Portland cement clinker ground with a specified amount of
gypsum. Table 2.1 describes different types of ordinary Portland cement and their applications.
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Table 2.1: Different ordinary Portland cement type and their applications (Taylor, 2003)

Ordinary Portland cement type (OPC)

Application

CEMI

Suitable for all uses where the special
properties of other types are not required. To
be used where mortar or concrete is not
exposed to sulphate attack from soil or water
or objectionable temperature rise due to heat
generated by hydration. Can be used for
reinforced  concrete  building, bridges,
pavements, reservoirs, tanks, railway
structures and masonry units.

CEMII

Generates low heat of hydration. Can
therefore be used in structures of considerable
mass such as large piers, heavy abutments
and heavy retaining walls. Suitable in
moderate sulphate attack environments and
where concrete is placed in warm weather.

CEM I

High early strength Portland cements. To be
used when formworks are to be removed as
soon as possible or when structure must be
put into service quickly.

CEM IA, 1A, THA

These cements are similar to the
corresponding CEM |, Il and Il types in terms
of composition, except that small quantities of
air-entraining materials are inter-ground with
the clinker during manufacture to produce
small well distributed air bubbles. Suitable for
freeze-thaw action.

Low heat of hydration cement advisable for
construction where the rate and amount of

=y heat generated must be minimized, such as
large gravity dams.
CEM V Sulfate-resisting cement to be used only in

concrete exposed to severe sulphate action.

Other Portland cements

White Portland cement (BL): This cement is made from raw materials containing very little iron

and magnesium oxides. Its manufacturing requires higher firing temperatures since there are not

enough iron elements. Unlike ordinary Portland, this cement has lower C,AF contents, lower

specific gravity and lower strength; however, its fineness is higher than that of ordinary Portland.

Calcium aluminate cement (CAC/R): The clinker is mostly constituted of calcium aluminate from

aluminous and calcareous raw materials. These are very fast-hardening cements that can be

used in pre-stressed concrete.
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Blended hydraulic cement: These cements are produced by uniformly blending the Portland
cement and the by-product materials such as blast-furnace slag, fly ash, silica fume and other
pozzolans (e.g. Portland blast-furnace slag cement).

The potential mineral compounds of these cements are given in Table 2.2.

2.3.6 Cement chemical nomenclature
The oxides of cement clinker are preferentially designated by capital letters for technical and
industrial purposes (Nelson et al., 1990):

A: Al,O3

C: CaO

F: Fe O3

S: SiO;

M: MgO

H: H,O

S:50,4

C: CO,

The anhydrous phases of ground cement are abbreviated (Zhang et al., 2010; Hall, 2009) by:
CsS = CazSiOs: Tricalcium silicate or alite

C.,S = Ca,SiO4: Dicalcium silicate or belite

CsA = CasAl;03: Tricalcium aluminate or aluminate

C4AF = CajAlzFe,010: Tetracalciumalumino ferrite or ferrite

Table 2.2 gives the required amount of these phases within ground cements with respect to each

type of cement.
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Table 2.2: Chemical composition ranges for ordinary Portland cements (Taylor, 2003)

Phase

CsS [%] C2S [%] CsA [%] C4AF[%)]
Type Min | Max | Min | Max | Min | Max | Min Max
CEMI 40 63 9 31 |6 14 |5 13
CEMII 37 68 6 32 |2 8 7 15
CEMIII 46 71 4 27 |0 13 |4 14
CEM IV 37 49 27 |36 |3 4 11 18
CEMYV 43 70 11 |31 |0 5 10 19
White 51 72 9 25 |5 13 |1 2

2.4 The environmental impact of cement production

The increase of cement production has been assumed to be parallel with the evolution of modern
societies, considering the cost and strength that it provides to all type of infrastructures, buildings
and houses. Although this growth is ostensibly a positive factor for the economy and social

development, its environmental impact is an issue deserving of special attention.

The cement manufacturing process not only requires a significant amount of raw materials but
also a large amount of fuel as the heating source. As far as climate change is concerned, the
cement industry has been reported as among the major contributors of carbon dioxide (CO.,)
emission (Lin & Zhang, 2016). In fact, the cement industry sector is responsible for approximately
5% of the global CO; emission. Vargas and Halog (2015), conducting extensive research on the
reduction of carbon emissions within the cement industry, confirmed that for every ton of cement
produced, a ton of carbon dioxide is ejected into the atmosphere. Due to the population increase
and the need for more efficient infrastructures, cement consumption has also drastically increased
over recent decades and according to analysts, will further increase in the near future (Gao et al.,
2015).

In recent years, more attention has been given to the environmental aspects of material
conversion. This has significantly affected the research towards possible modifications of ordinary
Portland cement (OPC) to meet all possible demands for sustainability in the concrete industry.
Consequently, strategies have been established to reduce the carbon emission in the cement
industry around the world (Potgieter, 2012). Although there are many technologies available for
CO; abatement, such as the utilization of alternative fuels and raw materials (AFR), the use of
supplementary cementitious materials (SCMs) is still preferable due to their economical and
engineering benefits (Vargas & Halog, 2015; Ishak & Hashim, 2015). SCMs are used to replace
the clinker in ground cement during the cement manufacturing process or cement in concrete

during concrete production. This underlines the fact that the emission of carbon is mitigated by
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producing or using less cement. Fly ash, burnt furnace slag, limestone, silica fume and other
pozzolanic materials have been used successfully for this purpose. These are mostly industrial
by-products or wastes, the utilization of which assumes no additional emissions (Ataie & Riding,
2016).

2.5 Cement paste hydration

Hydration is referred to as a process that involves the contact of water and cement powder, and
implies the transformation of cement paste from a fluid suspension to a porous solid after a few
hours, progressively developing strength over days or months (Juilland et al., 2010). The kinetics
of cement paste hydration comprise numerous and simultaneous phenomena with specific

mechanisms, including chemical and physical phenomena.

This section reviews the hydration of cement paste by considering firstly, the reactions that take
place in poly-phase systems and secondly, those that occur in mono-phase systems. The latter
consideration emphasises the reaction kinetics in the aluminate and gypsum phases since the

early hydration of cement paste is predominantly controlled by their reactivity.

2.5.1 Chemical interactions within poly-phase cement systems
Chemical interactions within poly-phase cement systems include the dissolution, diffusion,

growth, nucleation, complexation and adsorption of ions during the cement hydration process.

Dissolution mechanisms involve the disunion of molecular units from the surface of a solid in
contact with water. Wang et al. (2016) confirmed that during cement hydration this mechanism is
more characterized by the dissociation of Ca* and Al (OH) 4 ions. Bisschop and Kurlov (2013)
have reviewed and researched intensively on the dissolution of the main cement phases such as
alite and belite, whereas, the dissolution of gypsum in the early hydration of cement paste has
been studied by Burgos-Cara et al. (2016). Diffusion mechanisms define the transport of solution
components through the pore volume of cement paste or along the surface of solids in the

adsorption layer.

Nucleation and growth activities involve both the precipitation of solids (either heterogeneously or
homogeneously) on the solid surfaces and the incorporation of these molecular units into a
crystalline or amorphous solid within the solution (Bullard et al., 2011; Bishnoi & Scrivener, 2009).
Complexation and adsorption relate to the reaction that occurs between ions to form complex ions

or molecules and accumulate on the surface of solid particles.
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It has been observed in many experimental works that these mechanisms can occur in series, in
parallel or in some complex combination. They also happen at different stages and rates during
hydration. This makes the investigation of these mechanisms individually difficult. In addition, they
cannot be observed directly due to the fact that they occur on a microscopic scale (Bishnoi, 2008).
Consequently, scholars have used different techniques in combination to study the Portland
cement hydration process, techniques that involve the determination of the amount of non-reacted
clinker minerals and calcium sulphate and/or by determining the amount of the formed hydrate

phases over time (Odler, 1998).

Since the hydration of cement is an exothermic reaction, the thermodynamic approach is the
primary approach for identifying this process. The chemical processes that occur over the course
of cement hydration can therefore be associated with the heat flow curves, as presented in Figure
2.4 (Salvador et al., 2016). Jolicoeur and Simard (1998) subdivided this process into five parts
corresponding to the hydration stages: initial hydration, induction period, acceleration and set,

deceleration and hardening, and finally, curing.
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Figure 2.4: Typical cement hydration stages describing the heat flux curve (Newman & Choo,
2003)

First stage: Initial hydration
During this period, the easily soluble phases such as alkali NaSO,, KSO, and gypsum
components dissolve into the aqueous solution. Simultaneously, the hydrolysis of aluminate and

silicate releases Ca?* and OH- ions from their surfaces. The concentration of soluble alkali in the
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solution influences the dissolution of aluminate and silicate phases, thereby increasing their
solution concentration with increase in pH. It is clear that in this stage of the hydration, water
plays the role of wetting the highly hygroscopic cement compounds, causing the hydrolysis of
their surfaces. This degradation leads to the formation of a gel-like thin layer which consists mostly
of aluminate hydrates. Tricalcium silicate dissolves congruently and C-S-H gels also form rapidly
around the C3S particles during this period. This has been demonstrated by Roussel et al. (2012)
and furher discussed by Juilland et al. (2010). Odler (1998) reported that the fraction of C3S
hydrated in this period remains low and was estimated at around 2-10%.

Besides the dissolution process, nucleation and growth mechanisms take place as well during
this period. For instance, calcium sulfoaluminates are one of the most important hydration
products that nucleate and grow from the interaction of Ca?*, SO, and the Al(OH). ions during
this stage. The rate of these mechanisms depends on the concentration of the precipitated ions,
the availability of water to the reaction sites and the activation energy for the formation of

molecular units (Jolicoeur & Simard, 1998).

The occurrences of all these mechanisms are not the only contributors to the rapid heat evolution
observed during this stage. The type of calcium sulphate (i.e hemihydrate) has also been
identified by Kumar et al. (2012) as another factor influencing the heat liberation during OPC

hydration.

Second stage: Induction period

After about 15 minutes, the rate of heat evolution drops drastically and becomes constant. In
literature, this is referred to as the dormant period. It is worth clarifying that the hydration process
does not stop during this period, but occurs at a very low rate. Processes that started in the
previous period continue in the dormant phase. The very beginning of this stage is dominated by
the reaction of aluminate CsA. During the course of this period, different ions available in the
suspension arrange themselves in a regular way and form nuclei. The formation and

disintegration of these nuclei continue until they reach critical sizes (Kumar et al., 2012).

A number of phenomena are observed during this stage: the growth of ettringite (mostly of needle
like shape), the gradual thickening of the gel layer on the cement particles surface, disproportional
nucleation and growth of both calcium aluminate hydrate (CAH) and gypsum crystals depending
on the concentration of SO4%. A low concentration of these ions allows the development of CAH,
while higher concentrations favour the formation of gypsum crystals. In this case, flash set has to
be distinguished from false set, the latter taking place at high concentrations of sulphate ions

available in the suspension, whereas the former occurs at lower concentrations.
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It has been proven that the presence of hemihydrate and alkali sulphate increases the
concentration of sulphate ions. When there are enough sulphate ions in the aqueous phase,
numerous reactions take place yielding phases that contribute to the rigidification process of
cement paste systems. For instance, ettringite crystals grow continuously, the increase in
production of C-S-H gel, accretion of Ca?" and OH- concentrations in the suspension and
transformation of ettringite (AFt) to monosulfoaluminate (AFm) when the present sulphate has
been completely consumed. Jolicoeur and Simard (1998) assured that most of cementitious
material properties, such as setting time and flow behaviours, depend actively on the development

of these reactions.

Third stage: Acceleration period

There are a number of hypotheses that have been suggested by various researchers intending
to explain the essence of the slowing down of the hydration during the dormant phase and the
onset of the acceleration period. The rate of heat liberation sharply increases during the third
stage of hydration attesting to a significant augmentation in the number and energy of the physical
and chemical interactions between the growing cement phases. The rate of heat evolution

reaches its maximum after a few hours of hydration.

There have been various views regarding the cement phase responsible for this hydration period.
Kumar et al. (2012) observed that this period is mostly due to the hydration of C3sS phase in the
cement. Aitcin and Flatt (2016) confirmed that the hydration of CsA and CsS does not happen
simultaneously. In particular, Barnes and Bensted (2002) specified that after the induction period,
only 2% of the total amount of CsS hydrated, and only around 10% of the same amount would
hydrate at the end of the acceleration period. They also attributed the peak identified in this period
to the hydration of the main cement phase, CsS. Scrivener et al. (2015), after extensively
reviewing the different mechanisms controlling the hydration of Portland cement, reported that
the rate controlling the acceleration period or the heat evolution peak was related to the growth
of C-S-H.

It is also accepted that during this period, the calcium hydroxide (CH) precipitates from the liquid
phase and, together with the concentration of Ca?*, gradually declines. The SO,*> completely
dissolves and its concentration in the pore solution begins declining due to the formation of AFt
phase and adsorption on the formed C-S-H phase. The evolution of the hydrates formed during

this period has been estimated by Odler (1998), as given in Figure 2.5.
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Figure 2.5: Formation of hydrate phases during cement hydration (Odler, 1998)

Bellmann et al. (2015) have recently focused on the dissolution rate of alite in the presence of
other cement compounds, while Bullard et al. (2011) studied the interaction of Alite and aluminate
during cement hydration and found that, although CsS is the main cement compound that controls
the mechanism of cement hydration during the acceleration stage, CsA governed the early
hydration depending on the amount of calcium sulphate available in the system for the formation
of the AFt phase.

Fourth and Fifth stage: Deceleration period

Immediately after the second heat evolution has reached its peak, the hydration continuously
decreases. This stage is referred to as the deceleration period. In this stage the reaction is more
controlled and dominated by the diffusion mechanism due to the formation of a significant amount
of hydrate products (Kumar et al., 2012). Hesse et al. (2011) discovered that, due to the rapid
growth of hydrate products in the previous period, the amount of water available within the
suspension is reduced and the rate of dissolution of the cement compounds decreases.
Consequently, the precipitation of hydrate products slows down until the reaction becomes

diffusion controlled.

Beside the decrease in water quantity, Bullard et al. (2011) suggested other factors that may
contribute to the deceleration of heat evolution, including the particle size distribution of the solid
phase in the system and the lack of space. They attested that the effect of PSD is as important
during the main peak of hydration as it is in the post peak stage. In fact, smaller particles are

consumed quicker and leave only larger ones to react. For instance in cement systems, particles
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of about 3 pm are completely consumed after 10 hours, while those below 7 ym after 24 h.
Therefore, the researchers investigated the mechanisms that control this period of hydration,
finding that diffusion was not the only mechanism prevailing during this stage. They demonstrated
that although diffusion mechanisms control most of this period, its onset is dominated by
nucleation and growth mechanisms that favour the yielding of considerable amounts of hydrate
products. The progress of these activities reduces the available surface for the next products in
the system, so that the rate of hydration shifts from accelerating to deceleration defined by the
diffusion mechanism at the later stage.

The formation of hydrate products during this hydration phase was evidenced by Kumar et al.
(2012) who noticed an imperceptible peak (on the heat flow rate curve) adjacent to the main peak
that is generally difficult to distinguish from one another in poly-phase cement systems. They
attributed this maximum to the depletion of sulphate, characterized by the renewal of CsA
dissolution. Clarity between the depletion of sulphate and the second dissolution of CsA was
ascribed by Aitcin and Flatt (2016) and distinguished as demonstrated in

Figure 2.6.

>
min hours days

Figure 2.6: Regions of sulphate depletion and the second dissolution of C3A during hydration
(Altcin & Flatt, 2016)

The main peak between phase Il and IV corresponds to the main hydration of C3S. The small
peak (shoulder) observed during the fourth stage (V) was attributed to the depletion of sulphate
leading to a more massive CsA hydration. The hump in phase V defined the conversion of
ettringite to monosulfoaluminate. This was concluded by confirming the interdependence of the

aluminate and alite phases during cement hydration.

Finally, it is clear that the heat of hydration is primarily influenced by the proportion of alite and

aluminate in the cement system. However, it is true that the water-cement ratio, fineness of
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cement grains and the curing temperature also affect the liberation of heat during hydration.
Variation in these factors will cause change in the heat of hydration and thus the kinetics of cement
paste hydration.

2.5.2 Effects of hydration on cement paste microstructure

The microstructure of cement paste is strongly affected by the evolution of the hydration process,
which explains why cement systems are known as “living structures” and as such, are time and
temperature dependent materials (Nehdi & Al Martini, 2009; Saleh Ahari et al., 2015).

The microstructure of cement paste can be defined by considering different parameters such as
pore size distribution, porosity, number of hydrated compounds and strength development of the
system. All these properties depend firmly on the hydration products of various cement phases.
For instance, Ma et al. (2015) and Kamali and Ghahremaninezhad (2016) studied the effect of
some admixtures on the microstructure of Portland cement focusing solely on the pore size
distribution and the porosity changes in the hydrated cement systems. Similarly, Yu and Brouwers
(2011) studied the effect of B-hemihydrate on the strength growth of calcium sulphate based

materials by investigating the microstructure development of the hydrated systems.

Morphology of main cement hydrates

Several investigations on the cement paste microstructure have reported a number of changes
that occur on the main hydration products, such as calcium aluminate hydrate (CAH), portlandite
(CH) and calcium silicate hydrate (C-S-H) (Rossen et al., 2015). These changes affect and define

the flow and mechanical properties of cement paste.

Ciach and Swenson (1971) followed the hydration of CsA in different systems. They firstly
observed it in a pure phase, discovering that the very first hydration products were dominated by
C.AHs in hexagonal form of semicrystalline foils and plates. After 1 hour of hydration, the cubic
hydrogarnet phase of 1 um crystal size appeared in the hexagonal phase and only became
dominant after 1 day. Secondly, they considered the pure phase of C3A in the presence of the
gypsum phase, observing in the first few minutes of hydration some partly rolled, semicrystalline
foils and rods in the form of flower-like aggregates on the surfaces of gypsum crystals. After one
day of hydration, the main hydration product became dominated by ettringite, short and rod-like
particles of the sulphate form of CAH. At the onset of setting, the hydration products became a
loose and amorphous mass covered by ettringite of a coin-in-coin type. After the cement paste
had set, the microstructure was similar to that of a loose structure made up of unoriented thin

hexagonal plates.
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Richardson (2000) and other scholars such as Goiii et al. (2012) acknowledge the fact that
cement paste properties depend strongly on the characteristics of the C-S-H and CH phases.
They have very complex structures that exhibit different shapes at specific scales (Constantinides
& Ulm, 2004). On the atomic scale, their structure is described as a hydrate with layers arranged
in a disorderly manner, whereas at nanoscale, they have been observed as gel-like materials with
properties similar to those of a colloidal (Fonseca & Jennings, 2010).

Although there are various models that have been used to characterize the C-S-H morphology
(Jennings, 2008), all agree on a few aspects pertaining to its structure. For example, C-S-H is
determined by the inside and outside parts. These sides are referred to as the inner (IP) and outer
(OP) hydrate products, respectively defining the products that lie inside and outside the cement
particles (Powers, 1958). Two types of C-S-H morphology can therefore be observed based on
these defined entities of its hydrate products, as illustrated in Figure 2.7. The OP corresponds to
the C-S-H gel of a less dense morphology, mostly found in the space originally filled by water,
while the IP coincides with C-S-H gel of denser morphology that is generally found in the space

occupied by the cement particles (Hu et al., 2016; Tennis & Jennings, 2000).
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Figure 2.7: The C-S-H morphology of a mature cement paste (Stutzman, 2004)

Garrault et al. (2006) reported that during cement hydration, the low-density C-S-H is formed
exclusively in the early stage while the high-density C-S-H is most abundant in the later stage of
hydration. Fonseca and Jennings (2010), studying the effect of hydration on the morphology of
C-S-H, found that at each stage of hydration, C-S-H presented a specific morphology that could
be affected by more than one parameter, such as water to cement ratio (w/c), temperature of
curing and ambient relative humidity. Moreover, they observed that C-S-H can possess more than
one shape in the early stage of hydration. The OPs of some young pastes were fibrous, similar
to partly rolled sheets of 0.5 to 2 um in length. In other pastes, their OPs were either an interlocking

structure comparable to a reticular network or they consisted of an equant grain morphology.
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However, at a later stage, the structure of C-S-H was dominated by the OP with a more stable

structure.

Ma et al. (2015), investigating the effect of the w/c ratio on the C-S-H structure, revealed that the
capillary pores that prevail in the vicinity of the OP are quite small, with their porosity depending
on both the degree of hydration and the w/c ratio. They therefore established a relationship
between the hydrate porosity and the w/c, based on the degree of hydration as defined by
Equation (2.1):

5P 7 0.852w/ ¢ — 0.09 (2.1)

CSH
With ¢SCP the porosity of outer C-S-H product with small capillary pores (SCP); w/c water cement

ratio; and ¢ the degree of hydration.

This equation is a more meaningful relationship than a purely empirical one. It implies that in
cement paste, the porosity of the outer C-S-H structure will decrease with the increase in the

degree of hydration, thereby promoting the strength development of the cement paste.

Although C-S-H remains the main hydrate product in poly-phase cement systems, there are other
hydrate products that develop in the available space of the C-S-H gel, including portlandite (CH),
ettringite (Aft) and monosulfoaluminate (AFm) (Richardson, 2000; Hu et al., 2016). These
hydrates may affect the features of the C-S-H structure (defined by the presence of calcium and
oxygen on the central layer which is flanked on both sides by tetrahedral chains of silicate) by
increasing its Ca/Si ratio (Trapote-Barreira et al., 2014). Several values of Ca/Si atomic ratio
characterizing the structure of C-S-H have been suggested in literature, but doubt still remains as

to the value over 1.50 (Rossen et al., 2015).

Conversely, other hydrate products have well-defined crystalline structures, as shown in Figure
2.8. CH or portlandite has a penny-shaped structure and can be modelled as oblate. Ettringite
has prismatic needles or sometimes flower like-aggregates, whereas monosulfoaluminate has a
shape similar to that of CH, but with a smaller size (Hu et al., 2016; Richardson, 2000).
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Figure 2.8: The morphology of other cement hydrate products: portlandite, monosulfoaluminate
and ettringite (D’Ayala & Fodde, 2008)

Mechanical properties

The physical properties of cement paste depend on the changes that occur on the structure of
the hydrate products, changes which include the increase in specific surface area, the decrease
in the pore size distribution and the continual rigidification of the cement paste system (Thomas
& Jennings, 2006). Constantinides and UIm (2004) evidenced this by using the nanoindentation
technique, showing that the macroscopic elastic properties of cement paste can be predicted
accurately by the intrinsic properties of C-H-S. Subsequently, the mechanical properties of
cement paste depend strongly on the hydration of the available cement phase contents. Their
contributions to the overall strength development of cement systems are very different, as

illustrated in Figure 2.9.
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Figure 2.9: Contribution of main cement phases to the strength development of cement paste at
20 °C with w/c=0.45 (Hewlett, 2001)

It is worth noting that, although all cement phases contribute to the strength development of the
cement paste at different times with distinct magnitudes, the overall strength of the cement system
at a specific time cannot be considered as an additive function of the individual cement phase
strength. Certainly, for a cement composition with a constant amount of gypsum and a well-
specified fineness, relationship can be established between the strength and the cement phase
provided that regression coefficients be determined correctly, as suggested by Hewlett (2001) in
Equation (2.2):

o=a,+aC,S+a,C,S+a,C;A+a,C,AF 2.2

With a,, a4, ....a, regression coefficients whose magnitudes depend on the hydration time and
approached testing method.

Besides these cement clinker main phases, the presence of minor oxides such as alkali oxides
(Na0 and K;0) and SOs also affect the strength of the cement paste. In fact, the exact amount
of calcium sulphate that yields the highest strength depends on the composition of the clinker,

cement fineness and the form of added sulphate.

2.5.3 Chemical interactions within mono-phase cement systems
The early hydration of cement is governed mostly by the reactions of the most reactive clinker

phase, such as aluminate compounds CzA, with the added gypsum phase. It is thus important to
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understand the fundamentals of their interactions within the cement systems. This section
introduces first of all the absolute hydration of the gypsum phases; thereatter, it discloses the role
of gypsum in cement systems; finally, it addresses the CzA-gypsum phase interactions during the
early hydration of cement.

Hydration of gypsum phases

Gypsum is actually a sulphate dihydrate that can be found in many countries across the world
with widespread use. It can be used either in its natural or burnt form. The latter produces
hemihydrate and is used mostly in buildings, ceramic and medical industries, while the former is
used in agriculture and in Portland cement. However, gypsum in its burned form is the most readily
available product on the market because the majority of gypsum production is burnt. Almost 30%
of the global gypsum production is utilized in the cement industry, while only 11% is used in
agriculture (Yu & Brouwers, 2011; Camarini & De Milito, 2011).

Gypsum-based binders owe their reactivity to the dehydration of the dihydrate part of gypsum
CaS0..2H,0. The dehydration of gypsum depends on many factors, including the temperature,
the vapour pressure and the heat inside the furnace, as well as the fineness and density of the

raw materials (sulphate dehydrate) (Camarini & De Milito, 2011).

Gypsum dehydrates and yields different products depending on the temperature that it has been
exposed to, as given in Equations (2.3) through (2.5). Hence, p-hemihydrate
(CasS0.4.0.5H,0) is formed when gypsum is heated at temperatures between 100-180 °C.
Anhydrite Il (CaS04.eH20, with € ranging between 0.06 and 0.11) is obtained when gypsum is
heated at temperatures below 300 °C. Anhydrite Il (CaS0O.) is obtained when gypsum is heated
at temperatures over 300 °C (Camarini & De Milito, 2011; Pan et al., 2013).

CaS0,.2H,0—*¢ ,CasS0,.0.5H,0 +1.5H,0 2.3)
CaS0,.2H,0—=%¢ ,Cas0,.e8H,0 + (2 - &)H,0 2.4)
CaSO,.2H,0—2% ,Cas0, +1.5H,0 (2.5)
Hemihydrate and anhydrite Ill, when they react with water at room temperature, produce

dehydrate. Yu and Brouwers (2011) confirmed that the properties of gypsum are mainly

influenced by the hydration kinetics of the hemihydrate phase. This reaction is followed by the
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formation of a network of gypsum crystals that are reported by Camarini and De Milito (2011) as
the main factors of gypsum based materials properties.

Yu and Brouwers (2011) have investigated the hydration of hemihydrate and subdivided this
reaction into two distinct steps: firstly, the material dissolved quickly just after mixing it with water
and the reaction was described, as per Equation (2.6); secondly, the generated dehydrate

precipitates from the solution, as shown in Equation (2.7).
CaS0,.0.5H,0 —Ca*? +50, +0.5H,0 (2.6)
Ca”+50,” - CaS0,.2H,0 2.7)

These researchers, studying the microstructure of the hemihydrate phase based on the defined
chemical reactions that occur during its hydration, concluded that the total volume of the hydrate
product was formed primarily by a significant fraction of gypsum, a small portion of remaining
hemihydrate and a fraction of void spaces that presumably contain air or water. Using the
ultrasonic wave method, Yu and Brouwers (2011) observed two important regions that
characterized the hydration kinetics of this gypsum phase, as illustrated in Figure 2.10. First and
foremost, they recorded low constant values of velocity at the beginning of hydration, evidencing
the early formation of a stable microstructure within the system. During this period, the nucleation
and progressive growth of gypsum crystals take place until they saturate the suspension.
Afterwards, the ultrasonic velocity rapidly increase due to the changes that occur in the voids
fraction and physical properties of the hydrating system. This indicated the generation and
precipitation of gypsum crystals. Finally, the rate of the ultrasonic velocity gradually decreased
until it reached a plateau, essentially due to the reduction of free ions within the suspension after

the precipitation of sufficient amounts of gypsum crystals.

-33-



Literature review and theory

2500
2000 | ¢
-
E‘ISEIEI
=
= _
S1000 |
>
500 |
EI 1 i i i i 1 i i i i 1
20 30 40
Time [min]

Figure 2.10: Hydration kinetics of B-hemihydrate investigated by the means of an ultrasonic

velocity method (Yu & Brouwers, 2011)

The duration of these zones depended largely on the quantity of the liquid phase. From this, they
therefore suggested that the hydration of gypsum-based materials is water dependent,
highlighting the sensitivity of the B-hemihydrate microstructure to the initial amount of water used
during hydration. The singularity in the hydration kinetics of the gypsum phases has already been
pointed out by Maksoud and Ashour (1981) who researched the hydration of gypsum based
systems, focusing on the theoretical prediction of heat released during the reactions. They
demonstrated through standard heat formation methods that the heat released by the type of
gypsum increased depending on the available molecule of crystal water in that gypsum phase.
Consequently, hemihydrate had less heat released (5 Kcal/g) as compared to anhydrite, with 29

Kcallg.

Some studies have also shown that kinetics are influenced once exposed to foreign ions. Lewry
and Williamson (1994) and other scholars such as Singh and Middendorf (2007), Bobby and
Singamneni (2014) and Zhou et al. (2016) studied the hydration of hemihydrate in the presence
of various anions. They observed that the hydration of hemihydrate was accelerated when
dihydrate was added to the hydrating hemihydrate systems. This was mostly due to the
enhancement of nucleation sites that depend on the surface area and the amount of gypsum
added in the system. However, it was found that hemihydrate in the presence of alkali sulphate
(Na;S0.4, K2S0.) reacted faster as compared to other anions and cations by increasing the rate

of hemihydrate dissolution.
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The role of gypsum phase in cement systems

It was stated already in section 2.3.4 that gypsum is added to the ground clinker as set regulator
of ordinary Portland cement. This addition is of great importance because it allows the cement
paste to remain plastic for a certain duration, so the workability of the fresh cement paste is
therefore extended. With no gypsum phase in the ground clinker, the hydrating system
experiences flash set phenomena and within a few minutes becomes stiff and difficult to handle.
This is the reason why there is no commercial Portland cement without gypsum.

Undoubtedly, without the gypsum phase, the CsA phase yields calcium aluminate hydrates (CAH)
by realising profuse exothermic heat with respect to Equation (2.8), rendering the matrix stiff with
no chance of being remixed. The yielded CAH in this condition does not contribute to the matrix
strength and impedes the early hydration of other cement phases such as calcium silicate
(Bhanumathidas & Kalidas, 2004).

3CaS0,.AlL O, +nH,0 — CAH + significant exothermic heat (2.8)

It is therefore imperative to find ways to control the CzA reaction. This was made possible by the
use of sulphate salts. Since aluminates and sulphates tend to attract each other naturally,
aluminate readily reacts with sulphate once in the solution, thus preventing the reaction of CsA
and water. Eventually, gypsum was identified as the most effective source of sulphate to supply

to CsA hydration, as described in Equation (2.9):

3CaS0,.Al,0, +3CaS0,.2H,0 +nH,0 — 3Ca0.Al,0,.3CaS0,.32H,0 +
2.9
moderate exothermic heat @9

Natural gypsum has been used since as a set regulator in cement matrixes. However, the
potential ability of gypsum-based materials to act as set accelerators has been neglected by many
investigators. This lack in knowledge has misled many, supposing that the more gypsum is added
to the ground clinker OPC, the more additional retardation in setting occurs. This is absolutely not
true, due to the fact that if the formation of ettringite surpasses a certain limit, the hardening
process of the matrix is accelerated and consequently hastens strength at early ages resulting in
false set (Bhanumathidas & Kalidas, 2004).

Barnes and Bensted (2002) have studied a number of setting abnormalities that might occur
depending on the availability and quality of calcium sulphate within the cement paste. Setting has

been considered as the first physical consequence of the chemical interactions that happen within
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the paste. It is therefore defined as the transformation of a workable plastic cement paste into a
rigid material (Hildago et al., 2008). Generally, the setting of cement paste depends on the relative
rate at which the ions are released from the cement phases into the liquid phase and their
reactions to form initial hydrate products responsible for the rigidification of the cement paste. In
most instances, abnormal setting phenomena can be traced to the chemical reaction of the
aluminate and gypsum phases. A false set causes a rapid increase in paste rigidity without
excessive heat evolution and can be dispelled by mixing to regain the lost plasticity. This is
frequently due to a rapid crystallization of gypsum from the liquid medium, as a consequence of

excessive dissolutions of the hemihydrate phase present in cement paste.

Flash set, however, causes a severe and irreversible stiffening of the paste followed by a strong
heat evolution induced by the excessive reaction of the CsA cement phase with the liquid phase
in the earliest stage of hydration. The AFm phase is consequently formed as a result of the high
dissolution rate of aluminate phases relative to the rate at which sulphate and calcium ions are
being transported to the reacting aluminate surfaces. During cement storage, pack set can also
occur. This is defined as warehouse or silo set and is characterized by a decrease in flowability
of the unhydrated cement powder. Pack set is directly related to the dehydration of natural
gypsum during cement grinding and to silo ambient temperatures. Although this set happens
during storage rather than after mixing cement with water, pack set can alter the whole course of

cement hydration reactions (Barnes & Bensted, 2002).

In view of this behaviour, the amount of SO3zin OPC is limited and varies from one country to the
other. For instance, the European code recommends an amount of SO3 in some cements to be
between 3.5 to 4%. The Indian specifications limit the content of sulphate to a maximum of 2.5%
for cements which have a C3A content of less than 5% and a maximum of 3% for cements with
CsA content more than 5%. However, for blended cements, especially with fly ash and slag, the
resultant calcium aluminate is more than what is generally available in OPC. Therefore, these
threshold levels of gypsum are increased in order to overcome the weakness of strengths at early
ages (Bhanumathidas & Kalidas, 2004).

Itis clear that gypsum is not only used in cement as a set regulator but also influences the strength
rate development of cement paste by either accelerating or decelerating the hydration of the alite
phase. It is therefore required that an optimum content of gypsum be selected as the amount of
gypsum that favours normal setting, maximizes strength rate development and maintains the
volume stability of the cement paste. Barnes and Bensted (2002) have reported a few factors that

influence the optimum gypsum content within the ground cement, including specimen age, type
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of gypsum phase (as illustrated in Figure 2.11), temperature of curing, the amount and reactivity

of C3A phase and the w/c ratio.
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Figure 2.11: Optimization of sulphate additions from different gypsum phase types (hemihydrate,
natural gypsum) (Barnes & Bensted, 2002)

Hydration of cement aluminate phase in the presence of gypsum phase

The chemical reaction of CsA and calcium sulphate in water is important to understand as it affects
the early hydration of cement pastes (Danner et al., 2016). When cement comes in contact with
water, C3A immediately reacts with gypsum and yields ettringite (AFt) as the first stable hydration
product. The production of ettringite will continue as long as there are enough sulphate ions in
the suspension. When all the available gypsum is consumed, ettringite becomes unstable and
starts reacting with the remaining CsA amount to produce monosulpho-aluminate hydrate (AFm)

phases.

Ettringites are formed around the C3;A cement grains, preventing them from further rapid
hydration. This is referred to as CsA retardation in the literature. The precipitation of ettringite
plays a major role in controlling the hydration rate of C3A and thus assures the plasticity of the
fresh cement paste (Scholtzova et al., 2015). Numerous studies have investigated the effect of
ettringite formation and the deceleration of cement paste hydration. Two important theories

around this subject have been suggested.

The first hypothesis states that during cement hydration, the yielded ettringite precipitates and
forms a layer around the cement particle, preventing water from reaching the unhydrated C;A
phase (Havlica et al., 1993). Consequently, the hydration slows down until this layer is broken.

The second hypothesis stipulates that the adsorption of calcium and sulphate ions on active
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dissolution sites of C3A would be the main cause of the slowdown of cement hydration (Quennoz
& Scrivener, 2012).

Much evidence has been provided to validate these hypotheses. Quennoz and Scrivener (2012)
reported the ambiguity of the first theory based on previous works and showed that in the early
hydration, the morphology of the formed ettringite is unlikely to provide a substantial barrier
around cement particles. In addition, Minard et al. (2007), studying the mechanisms of retardation
of C3A hydration in the presence of gypsum, have also questioned the possibility of the formation
of a layer around the cement particles as the origin of the slowdown of the hydration process.

Two setups consisting of controlled and uncontrolled CsA hydrations were investigated. It was
observed that during early hydration where CsA was not controlled, hydroaluminate or hydroxyl
AFm phases precipitated from the suspension without stopping the CsA hydration. When CzA
hydration was controlled using hemihydrate as calcium sulphate source, it was observed that the
dissolution rate of C3A was so high even after all sulphate ions were consumed. Therefore, it was
concluded that neither ettringite nor AFm precipitations could be at the origin of the slowing down
of CsA hydrations. Alternatively, they attributed this phenomenon to the specific adsorption of
Ca*? and/or SO42 ions on the surface grains of C3A which block the dissolution sites of C3A. This
prodived enough evidence to explain the high CsA dissolution rate which was observed after the

sulphate depletion within the system.

The mechanisms of C3A hydration in the presence of gypsum has been studied extensively by
Minard et al. (2007) who, in considering various parameters including the ionic concentration
evolutions of aluminium, sulphate and calcium, the granularity of CsA grain and the amount of
CsA consumed during the CsA-gypsum hydration, found that the hydration of CsA in the presence

of gypsum could be divided into two periods, as illustrated in Figure 2.12.
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Figure 2.12: Heat flow rate and conductivity of the CsA hydration process in the presence of

gypsum (Minard et al., 2007)

The first period (period 1) corresponded to the consumption of calcium sulphate followed by the
formation of ettringite. Three different stages characterized this period: Stage (a) coincided with
the first five minutes of the hydration presenting a short and very intense exothermic peak. In this
stage, C3A grains hydrate and their surfaces are covered by two types of hydrates with different
morphology such as ettringite (needle-like) and sheets of hydroxyl-aluminate phases (AFm).
Stage (b) correlated to the period during which the concentration of sulphate increased though
consumed for the formation of ettringite. Consequently, a quasi-stationary state was observed as
all the sulphate ions consumed for ettringite formation were replaced by the dissolution of an
equivalent amount of gypsum. Therefore, at this stage, there is always a remaining amount of
solid gypsum that is in equilibrium with the solution. Stage (c) was characterized by a significant
decrease in the sulphate concentration until it completely disappeared. At the end of this stage,

the ettringite is the dominant hydrated phase in the suspension.

The second period (period 2), starting after the exhaustion of the sulphate ions, corresponded to
a new thermal activity. This period is initiated by a very fast exothermic reaction that causes the
occurrence of a second peak on the heat flow rate curve. During this period, the sulphate ions

are exhausted while those of calcium increase.

There was not much known about the second period of C3A - gypsum hydration systems until the
Quennoz and Scrivener (2012) investigations. They confirmed that the first period of this process

is controlled by the dissolution of C3A, whose duration depends on the initial amount of gypsum
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available in the paste. They also stated that the adsorption of sulphate ions and the specific
surface area of C3A grains in cement paste were the main factors governing the dissolution of
CsA. They ascribed the second sharp exothermic peak to a high speed reaction of the remaining
CsA and ettringite yielding monosulfoaluminate (AFm). The acceleration rate of this reaction (on
left side of the peak) was shown to be influenced by the remaining surface area of the reacting
CsA patrticles and the nucleation and growth of AFm phases on it. The deceleration part of the
reaction (the right side of the peak) was due to the incursion of AFm crystals on the surface of the
CsA particles. This reduced its active space and consequently the reaction rate was limited and

decreased.

The reaction of CzA in the presence of other calcium sulphate bearing materials has been
scrutinized by Tzouvalas et al. (2004) who studied the effect of anhydrite on the hydrating cement
system. They found that this gypsum phase could be used efficiently as a set retarder without
changing the physical and mechanical properties of the matrix. Lagosz and Malolepszy (2003),
examining the effect of hemihydrate on the CsA hydration, observed that hemihydrate accelerated
the hydration of CsA and calcium monosulphate aluminate in the form of hexagonal plates
precipitated from the suspension. However, the speed of the reaction was affected by slowing

down when calcium hydroxide was added into the suspension.

Similarly, Radwan and Heikal (2005) inspected the influence of phosphogypsum (by-product of
phosphatic fertilizer and chemical industries) on the hydration of the CsA -hemihydrate systems,
reporting that phosphogypsum enhances the rate of hydration and consequently improves the
cement paste workability. They further observed that by increasing the amount of
phosphogypsum at the expense of hemihydrate, the rate of tricalcium aluminate hydration was
decreased in the early stage. Furthermore, they noticed that the presence of certain impurities in
the mix such as fluoride (F) and P.Os activated the formation of ettringite. Since hemihydrate has
a high solubility (Garcia-Maté et al., 2015), Radwan and Heikal (2005) expected that the hydration
of C3A and phosphogypsum would proceed at a much lower rate than that of CsA and
hemihydrate. They found, however, that due to the presence of these aforementioned impurities
in the phosphogypsum, both calcium sulphate materials had similar hydration behaviour in the

presence of CsA.

Papageorgiou et al. (2005) advised that phosphogypsum may not be used in the production of
high aluminate cements as a source of calcium sulphate, due to the eventual retardation effect
that these impurities can exhibit. Singh (2000) suggested that this effect could be offset by
blending phosphogypsum used with a certain amount of natural gypsum. Likewise, Danner et al.

(2016) reported that the reactivity and the crystal structure of CsA is modified when exposed to
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certain impurities such as alkali (Na*, K*), showing that Na-doped CzA changes the crystal
structure completely from cubic to an orthorhombic or monoclinic structure depending on the

concentration of Na*.

2.5.4 Effect of gypsum phases on the hydration of poly phase cement systems

The dual effect of the gypsum phase on CsA hydration has been highlighted previously in section
2.5.3. The same behaviour has been reported by Tzouvalas et al. (2004) within poly-phase
cement systems. Exceeding certain limits in the addition of calcium sulphate bearing materials
within cement matrixes can lead to abnormal sets and the substantial expansion of the cement
paste. Many cement standards frequently set the required amount of gypsum phase based on
the CsA, alkali contents and the fineness of the ground cement (Papageorgiou et al., 2005). This
practice allows for obtaining normal settings since available sulphates combine exclusively with

the hydrating portion of C3A to give sufficient ettringite (Roller, 1934).

Taylor (2003) discussed the fact that the adsorption of sulphate ions on the CsA sites not only
depends on their concentration but also on their physical and chemical nature. More SO, ions
are supplied within the suspension when gypsum is inter-ground rather than blended with cement
clinker. This is due to the achievement of an improved homogenous PSD of calcium sulphates
within the clinker by grinding. Zhang et al. (1996) also observed that the strength growth behaviour
of cement pastes depends on the type of calcium sulphate available within the cement system
because each form of calcium sulphate has a particular solubility different from one another. For
instance, it is agreed that natural gypsum dissolves faster and is more stable than anhydrite and
that only at higher calcium sulphate-water ratios, anhydrite will dissolve faster than the natural
gypsum, as shown in Figure 2.13. Higher solubility rates result in higher concentrations of SO,*

which may accelerate the C3A hydration, raising the Ca?* concentrations.
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Figure 2.13: Dissolution rate of different type of calcium sulphates (Zhang et al., 1996)

The effect of gypsum phases on the mechanical properties of the hydrating cement systems was
investigated by Garrault et al. (2006) who reported that in the presence of portlandite (CH), the
suspension is enriched with Ca*? ions a few hours after the addition of water with respect to

Equation (2.10).
Ca(OH), < Ca™ +20H" (2.10)

In this case, the concentration of OH- decreases, as there are more Ca?* ions within the system.
Consequently, ettringite formation occurs at a distance far from the surface of the solid phase,
accelerating the hydration of calcium silicate. However, in the absence of portlandite, the

concentration of OH" does not change with the increase in Ca?* concentration.

Similarly, Mota et al. (2015), investigating the influence of gypsums within hydrating cement
systems in the presence of some sodium salts, found that the addition of gypsum slightly
lengthened the induction period and increased both the rate of hydration and amplitude of the
main peak in the acceleration period. However, the presence of alkali lowered the concentration
of Ca* ions in the suspension and increased the under-saturation of alite phase and its
dissolution, while the presence of aluminium within the sulphate cement based systems showed

a negligible effect.

Tzouvalas et al. (2004) determined that at an optimum percentage of SO3 in cements, those with

anhydrite set faster as compared to those with gypsum. They also discovered that decreasing the
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amount of natural gypsum in the anhydrite-natural gypsum mixtures resulted in less available
soluble SOs for the ettringite formation and consequently lowered the setting time. In the same
way, high compressive strengths were obtained with cements with anhydrite as a calcium
sulphate source because cement with anhydrite hydrated faster and accelerated the precipitation
of more C-S-H responsible for cement system strength development.

Research conducted by Mardani-Aghabaglou et al. (2016) ascertained that hemihydrate hydrated
faster than anhydrite in such a way that the amount of ettringite formed after one day of hydration
was lower in mortar containing anhydrite, thereby exhibiting a lower strength development. After
a thorough comparison between different types of calcium sulphate bearing materials, they
reported that there were some gypsums that could retard the setting time without affecting the

strength of the cement depending on the degree of dehydration of some calcium sulphates.

The influences of gypsum phases on the fresh properties of cement paste were intensively studied
by Mardani-Aghabaglou et al. (2016). They discovered that the funnel flow times of cements with
hemihydrate were higher than those of cements with natural gypsums. Apparently, mini-slump
values of gypsum dihydrate mixtures were higher than those of hemihydrate mixtures. Besides,
their results from XRD measurements revealed that there were more ettringite and
monosulfoaluninate formed in the early hydration for cement with hemihydrate than those with
natural gypsum. This, according to Mardani-Aghabaglou et al. (2016), was due to some intrinsic
properties of gypsum phases, including the high solubility of hemihydrate estimated at
approximately 6.2-8.2 g/l (three times more than that of natural gypsum) and the rapid
precipitation of ettringite and sulfoaluminate hydrate phases with respect to a significant

production of SOz in cements with hemihydrate.

2.6 Rheokinetics of cement paste

Most physical and mechanical properties of cement paste are a result of an explicit response of
the physicochemical mechanisms that occur during the hydration process. These phenomena are
complex and their understanding requires the intervention of more than one discipline. The effect
of cement microstructure on cement paste properties has been highlighted previously in section
2.5.2. The formation of this structure is a consequence of internal interactions between hydrating

cement particles (Gauffinet-Garrault, 2011).

In general, it is difficult to directly study the structure of most suspension materials. Subsequently,
indirect techniques are used to obtain information related to the strength and stability of particles

network within the formed structure (Eriksson et al., 2009). Rheology has been applied
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extensively as an indirect method to study particle interactions and network structures of colloidal
suspensions in many investigations (Chong et al., 1971; Han, 2007).

The growth rate of rheological parameters can be assessed to give an indication of the time
dependence of cement paste microstructure (Mostafa & Yahia, 2017). The macroscopic
behaviour of concrete also depends on the degree of microstructural build-up of cement paste
(Baldino et al., 2014; Mostafa & Yahia, 2017). Rheology has recently become an essential tool in
the investigation of cement-based materials because it is able to relate macroscopic properties to

material structures and it is able to bring solutions to different issues related to their productions.

Moreover, rheology has been promising in the implementation of 3D-printing in the concrete
industry in providing understanding of the kinetics of the internal network strength of cement
paste. For instance, cement paste with faster microstructure build-up rate results in high internal
shear strength of the first cast layer. This makes it difficult for second layer stresses to induce
flow in the first one, thus causing issues related to cold joints in concrete structures. On the other
hand, cement with a high build-up microstructure is preferred for casting tall wall elements for the

reduction of lateral pressure exerted on formwork (Mostafa & Yahia, 2016).

2.6.1 Fundamentals of rheology

The interest in understanding the flow and deformation of different materials once subjected to a
range of stresses started in 17" century with Robert Hooke and Isaac Newton. Focused on solids,
in 1678 with his true theory of elasticity, Robert Hooke suggested that “the power of any spring is
in the same proportion with the tension thereof”. He observed that if you double the tension within
the spring, its extension doubles accordingly. Separately, Isaac Newton gave attention to liquids
and after conducting his experiment (illustrated in Figure 2.14), observed that other things being
equal, the resistance to flow offered by adjacent layers of the liquid is proportional to the velocity

with which these layers are separated from one another (Barnes et al., 1989).
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Figure 2.14: Parallel plate model constitutes with two planes of identical areas A, away from each
other of h distance filled with a sheared liquid. A force F is applied to the upper plate
and moves at velocity v. (Barnes et al., 1989)

In the seating committee of the American Society of Rheology, founded in 1929, rheology was for
the first time defined in terms that could encompass a range of materials from Hookean solids or
ideal solids to Newtonian liquids or ideal liquids. Rheology, as a word, was suggested by
Professor Bingham and was accepted in this seating as defined as the study of the deformation

and flow of matter (Barnes et al., 1989; Mezger, 2006).

Hooke’s and Newton'’s laws

Ideal solids, or elastic materials, are defined as materials that are able to store energy due to an
imposed deformation and fully recover their initial state once the imposed stress is released. This
underscores the fact that these materials experience an instantaneous deformation when
subjected to a shear stress, as shown in Figure 2.15. They keep their deformed state as long as
the stress is applied. On the other hand, ideal liquids are defined as materials that are not able
to store energy due to the deformation undergone. This means that, to the contrary, these
materials will keep flowing as long as they are under stress. The energy gained is dissipated as
heat during the flow process. Rheological characterization of these materials under some
circumstances of flow is quite easy and can be described by simple relationships, as described
in Equation (2.12) (Tattersall & Banfill, 1983).
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Figure 2.15: Deformation of materials according to Hooke’s law

For a Newtonian liquid (see Figure 2.14), the material experiences a velocity gradient

(dV/dh) along its thickness upon the application of a shear stress (T) . The latter is

proportional to the described velocity gradient with respect to the resistance to flow (77)

exhibited by the liquid’s layers.

F
A
dv
T=1n—" (2.12)
dh

The velocity gradient is referred to as the shear rate and is noted by 7/ =dv/dh , While the

constant of proportionality (77) is the viscosity of the material and quantitatively describes the

resistance to flow.

On the other extreme, a Hooke’s solid (see Figure 2.15) experiences a strain (7) along its edge

length (h) according to Equation (2.13).
S
Y= tano (2.13)

This strain is also proportional to the applied stress and depends on the stiffness of the material

known as modulus (G) . The shear modulus is therefore defined as per Equation (2.14).
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G=_ 2.14
y (2.14)

These laws were used for more than three hundred years to characterize the flow behaviour of
different materials, up until the 19™ century when scientists began noticing inconsistencies when
applied to some materials.

In practice, in fact, it is very difficult to find materials that behave according to these defined linear
laws. Most industrial materials behave differently, exhibiting much more complex behaviour. As
they are partly liquid, or viscous, and partly solid, or elastic, they are able to store some of the
deformation energy and lose some when under stress. These are referred to as viscoelastic
materials and do not fully recover their initial state upon stress being released (Whorlow, 1992;
Barnes et al., 1989; Ferguson & Kemblowski, 1991).

Although viscoelastic materials describe a non-linear behaviour, they also exhibit a restrictive
linear framework in which a range of rheological behaviour can be accommodated. The range of
stress over which viscoelastic materials behave linearly is invariably limited. This underlines that
the rigidity modulus and viscosity can change either instantaneously or over a long period of time

when a high stress is applied to the material.

Flow properties — rheological constitutive equations

A range of non-linear behaviours can be established when relating applied stresses to the induced
deformations within a material (shear rate or strain rate). Difficulties can therefore arise when
attempting to label a given material. Rheological behaviours are classified using mathematical
descriptions (Chhabra & Richardson, 1999) that define material flow behaviour based on intrinsic
parameters or rheological parameters. Flow curve is used for this purpose; Figure 2.16 illustrates

possible flow behaviours characterizing a variety of materials.
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Figure 2.16: lllustration of flow properties: (1) Newtonian flow; (2a) general non-Newtonian with
shear thickening; (2b) general non-Newtonian with shear thinning; (3a) viscosity non-
Newtonian with shear thinning; (3b) viscosity non-Newtonian Bingham plastic; and

(3c) viscosity non-Newtonian Bingham plastic non-ideal (Hanehara & Yamada, 2008)

The flow curve in Figure 2.16 shows the indisputability that the slopes and intercepts of curves

with the y-axis are the fingerprints of the materials’ rheological behaviour. There are materials
that, before flowing, their shearing stress should absolutely exceed a limit shearing stress (7 ),

referred to as yield stress. In the same way, increasing the shear rate, the slope of the curve
(defining the viscosity of the material), either remains unchanged or increases or decreases.
Materials that maintain a linear relationship between the shearing stress and shearing rate (i.e.
constant viscosity) after the yield stress has been reached are called Bingham fluids, as in
Equation (2.15), whereas, materials in which a nonlinear relationship is confirmed after the yield
stress are referred to as non-Bingham fluids. Physically, cementitious materials correspond to
non-Bingham fluids, characterized by the Herschel Buckley model, as shown in Equation (2.16).
But most often, rheological analysis is applied by assuming them to be Bingham fluids (Wallevik
& Wallevik, 2011).

T=7,+uy (2.15)

T=17,+ ky" (2.16)

With 7, the yield stress parameter; ( the plastic viscosity; k the consistency of the fluid; and N

the power law index.
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Viscoelastic properties of materials

As mentioned previously, the deformation of viscoelastic materials is not proportional to the
applied force due to the energy dissipation within the system. The dynamic approach is therefore
relevant in determining the extent of this energy dissipation, making it possible to distinguish and
classify materials based on their elastic and viscous properties. In this context, the shear modulus
inducing the mechanical energy within the system has two distinct components defining the stored
energy in deformation and the dissipated energy in other forms. The shear modulus (G ™) or the
modulus of rigidity can be expressed in a complex format, as given in Equation (2.17) and is
referred to as complex modulus.

G =L=-G +iG’ (2.17)

Y

G is the storage modulus representing the energy stored or the elastic behaviour of the material;
and G'is the loss modulus designating the viscous behaviour, or the energy dissipation of the

material.

In practice, these determinations are done by subjecting the material to a stress (strain) varying

sinusoidally with time at a certain frequency, as per Equation (2.18).
7 (1) =y, sin(at) (2.18)

Where @ is the angular frequency; 7, is the strain amplitude; and t is the time.

A phase lag (o)is noticed between this applied stress and the corresponding strain (Eirich,
1958), as described in Figure 2.17.
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Figure 2.17: The relationship between applied stress and resulting strain within a viscoelastic
material (Eirich, 1958)

From Equation (2.17), it can be seen that the storage modulus is in phase with the strain while

the loss modulus is % out of phase such as:

G =2coss (2.19)
7o
7o

The phase lag (&) between strain and stress changes within [O,%] and can also be used to

describe the material behaviour, according to Equation (2.21). Ideal elastic materials have a

phase angle equal to zero, while ideal viscous materials have 6 equal to%.

tan(o) = (é— (2.21)

Generally speaking, the elastic moduli of a viscoelastic material are time dependent. However,
there exists a region under which these moduli are independent of time, the amplitude of the
applied stress (strain) and the frequency at which the stress (strain) is being applied to the
material. This region is referred as to linear viscoelastic domain (LVED) and the loading and
unloading trajectories within this zone are identical. The determination of this region for a given

material requires that both critical strain and frequency be found (Ching et al., 2016). The critical
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strain marks the end of the linear stress-strain relation and indicates the limit strain of the LVD
beyond which loading and unloading the material describes different trajectories with a residual
stress within the system. The critical frequency of the applied strain is related to the relaxation of
the material structure. In fact, the microstructure of the material needs sufficient time to relax and
release residual energy from oscillating stress (strain), as this allows the particles to elastically
recover to their equilibrium status. In this context, the applied frequency has to be low enough to
avoid any residual energy within the system (Sun et al., 2006).

2.6.2 Physical interactions within cement hydrating systems

Cement paste is viewed as a suspension with poly-dispersed particles ranging from 1 uym to
100 um in a continuous fluid phase. It is assumed therefore that colloidal interactions such as
Brownian forces, hydrodynamic forces and various other contact forces may be present in the
cement suspension. The magnitude of these interactions and their predominance within the paste
depends on the size, the volume fraction of the cement particles and the applied stress or strain
rate (Flatt, 2004). For instance, in the colloidal range, where the characteristic diameter is in the
order of a few nanometres, dispersion electrostatic, Brownian and viscous drag interactions will
dominate. Figure 2.18 shows the importance of these interactions within a specific suspension
with typical particle size. In Figure 2.18, all the forces are normalized in terms of the gravity force.
It is remarkable that when dealing with cement paste, for example, colloidal, viscous and gravity
forces are all quite important. This implies that the prevention of segregation in the cement paste

will require the paste to exhibit a high plastic viscosity or a sufficient yield stress.
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Figure 2.18: Relative importance of the interaction forces in cementitious materials at different

concrete scale (particle size in the suspension) (Flatt, 2004)

Flatt (2004) confirmed that rheological properties of cement paste can be used to characterize its

macroscopic response under a defined stress.

Cement paste critical strains

According to the work of Roussel et al. (2012), macroscopic flow is achieved once the stress
applied overcomes the yield stress which is the stress that the network of interacting particles
within the material can withstand. The workability of cement paste is directly related to this stress.
The vyield stress of cement paste is dictated by the structure and the strength of the internal
network of interacting cement particles. Once at rest, it has been proven that the yield stress of
the cement paste continuously increases during the dormant phase of hydration (Roussel et al.,
2012). This internal network can only be modified once its structure has been subjected to a
critical strain y,. (Maloney & Lemaitre, 2006). This strain is therefore related to the yield stress, as

given in Equation (2.22).

7, =Gy, (2.22)
With the shear elastic modulus G defined within the LVD.

The values of this critical strain have been a subject of many controversies in the literature. Some
researchers suggested values of several percentages while others estimate it to be up to few
hundred percent. A fresh cement paste experiences two critical strain values simultaneously: the

smallest and the largest strains are both related to different phenomena that occur during cement
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hydration. The smallest critical strain is associated with the breakage of the early hydrates which
form preferentially at the contact points between flocculated cement grains, while the largest
critical strain is related to the breakage of the colloidal network of interacting cement particles.
The smallest critical strain can be observed at a small strain below 2-10%. This means that the
decrease in the storage modulus of cement paste with strain cannot be interpreted directly as a
true value of yield stress since some links between cement particles might break for strains higher
than this one.

Lei and Struble (1997) already proved that measurements made below this critical strain allow
the storage modulus of cement paste to increase over time in different phases. In general, this
increase has been associated with the continual formation of hydrate products, especially to the
nucleation and growth of C-S-H during the dormant phase (Nachbaur et al., 2001). The first phase
is very short and has been referred to as the coagulation phase, while the second phase is quite
lengthy and is called rigidification (Jiang, Mutin & Andre Nonat, 1995; Nonat et al., 1997).

It was concluded that the macroscopic critical strain of &/d within the cement suspension of
grains with a typical size d (10 um) and inter particle bond ¢ in the nm range is only a few

hundredths of a percent. Although the degree of hydration is zero (the ratio between the hydrate
product and the initial amount of the cement), the consequence of the C-S-H will always be strong
at a macroscopic level since the nucleation zone of C-S-H occurs between particle grains. The
first critical strain is therefore a signature of the breaking of C-S-H links between cement patrticles.
Below this critical strain, referred to as the rigid critical value, the storage modulus values are very
high. The largest critical strain however, involves the interactions of cement particles without being
in direct contact. This ascribes a large movement of two adjacent particles within the suspension.
Note that there exists several non-contact interactions within the cementitious suspensions such
as Van der Waals forces, electrostatic forces (resulting from the presence of adsorbed ions on
the surface of cement particles) and steric hindrance (in the case where polymers are introduced
in the suspension) (Zukoski, 1995). The magnitude of these interaction forces depends on the

distance between particles.

Attractive forces are generally more dominant than the repulsive forces within the suspension.
Thus, extra repulsive forces from dispersant agents such as polymers must be induced within the
suspension to prevent the agglomeration of particles. Due to the high-volume fraction of cement
pastes, there is a percolated network of particles dominated by the colloidal attractive interactions
that allows the suspension to withstand a finite amount of stress without flowing. The breaking of
this network would occur only if the critical strain of a few percent is exceeded. This is related to

the second critical strain within the suspension.
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Rigidification of cement paste microstructure

According to Bellotto (2013), from the initial contact of cement with water, attractive inter-particle
forces prevail within the colloidal system of the paste. These forces are responsible for its initial
developed elasticity. Among all the available surface forces within the cement suspension (i.e.
Brownian, electrostatic, hydrodynamic) due to the characteristic cement particle size (larger than
1 um), the observed attractive forces are mostly attributed to the precipitation of C-S-H gel through
its high surface charge density. However, the later build-up of cement paste microstructure is not
only a result of the precipitation of hydrate products.

After a physical analysis of the colloidal interactions within the cement suspension by considering
all preferential factors responsible for particle flocculation such as Brownian motion (thermal
agitation inducing the energy potential between patrticles), viscous dissipation (drag forces on the
particles from the liquid phase), Roussel et al. (2012) suggested different stages of cement paste
toward the setting. Firstly, the colloidal network percolation takes place in the first seconds straight
after cement paste mixing. This is defined as flocculation or agglomeration of particles. Thereafter,
a transient phase known as the rigid percolation phase follows, depending on the C-S-H
nucleation. Secondly, the C-S-H nucleation strengthens the local colloidal interaction between
particles and a more rigid interaction with higher energy potential is formed. This phase is referred
to as the rigidification phase. Further increase in cement paste rigidity or macroscopic elastic
modulus will depend on either the number or size of C-S-H bridges between particles. Much
evidence shows that the rigidification phase is characterized by a linear increase of elastic

modulus over time.

The storage modulus of cement paste increases, according to Bellotto (2013), within the dormant
phase if the paste is not sheared. Otherwise, the storage modulus decreases to the initial level.
Its value will depend on the magnitude of the applied shear stress and the time elapsed during
the shearing process. Bellotto believed that if this process is stopped, the storage modulus should
increase again with the same growth rate as previously. This phenomenon should be observed,
however, if the forces responsible for the modulus growth are purely colloidal since the formed

network is reversible, as discussed by Jiang et al. (1995).

The strength development of cement paste, referred to as thixotropy, is often reversible with a
short time interval of observation. The irreversible scenario of this behaviour is an indication of
the effect of hydration phenomenon on the cement suspension. This phenomenon contributes to
the long-term evolution of cement paste properties. Jiang et al. (1995) stated that previous
researchers have also confirmed the existence of colloidal forces of the magnitude of Van der

Waals type and chemical bonds in the form of bridges between particles at pseudo contact points.
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The first forces are mainly responsible for the coagulation phenomenon characterized by a
structure that is mechanically reversible, whereas the second ones are bound to the rigidification
of the coagulated cement particles by means of bridging contacts due to the hydrate products,
resulting in an irreversible structure.

Coagulation or flocculation occurs at the very beginning after mixing once the interstitial solution
becomes an electrolytic solution. This happens even before the hydrates begin forming. On the
other hand, the rigidification of the microstructure is defined by a sharp increase in cohesion
corresponding to the acceleration of the hydrate products. This is due to the formation of hydrates
near the contact zones and could only occur with a small hydration percentage. With respect to
this condition, the rigidified paste becomes more and more mechanically irreversible and the
increase of cement paste strength at this stage is proportional to the quantity of precipitated
hydrate.

Similarly, Kirby and Lewis (2002) also believed that the increase of the stress-bearing contacts
among the fractal clusters can be related to the precipitation of C-S-H on the surface of cement
particles. This strengthens the links within the network and decreases the agglomerates sizes.
The microstructure development of cement paste is therefore indicated by the increase in storage
modulus as a consequence of the hydrating cement particles being trapped in an ever-increasing
local potential energy minimum by the interactions with neighbour particles occurring through the
precipitating C-S-H. In addition, Nonat et al. (1997) have demonstrated the importance of calcium
ions Ca*?for the rigidification of cement systems as a consequence of C-S-H nucleation and
growth. It was observed that the storage modulus G’ of cement paste increases over time after
some retardations. The magnitudes of G’ in this delay zone were comparable to those of
suspensions with attractive inter-particle forces and hydrates dissolution-precipitations have been
significantly decreased by the use of admixture, according to Bellotto (2013). However, this
increase in G’ showed some dependences on the solid volume fraction within the system. He
concluded that this rigidification was due to the presence of agglomerates whose elastic

properties are a function of their size.

Non-contact interactions within cement microstructure

Without doubt, the rheological properties of cementitious materials depend not only on the stress
history and chemical phenomena but also on various physical parameters such as the volume
fraction (¢) of powder in the suspension (Zhou et al., 1999; Flatt, 2004; Toutou & Roussel, 2007).
Depending on the amount of ¢, the cement paste might exhibit Newtonian or non-Newtonian
behaviour. Roussel et al. (2010) conducted a meticulous analysis to demonstrate the significance
of these interactions providing a deeper understanding of the non-contact interactions between

the particles of cement paste. They confirmed that, as cement particles are very small, the latter
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are subjected to random thermal motion, referred to as Brownian motion, which allows the
particles to diffuse through the liquid phase. The relative magnitude of this interaction was defined
by Coussot and Ancey (1999) as per Equation (2.23):

¢O
N —_
r (2.23)

Where ¢o is the energy that characterized the strength of the interaction or energy potential; KT

is the energy associated with the thermal agitation; with k the Boltzmann Constant; and T the
absolute temperature.

Next, the energy potential can be determined as per Equation (2.24):

Aa
~ - (2.24)
P 12H

Where Ao is the Hamaker constant (1.6x102° J for C3S particles); a”is the radius of curvature of

the contact points between particles (500 nm); and His the surface to surface separation
distance at contact point (2-10 nm) (Flatt, 2004).

Considering all these values, it can be found that the N ¢ for aflocculated system is greater than

1, suggesting that the Brownian effect does not play a major role and that van der Waals attractive
inter-particle forces prevail in this case. This confirms that in the cement suspension, thermal
agitation is not sufficient to separate two adjacent particles that are subjected to van der Waals

attractive forces.

This appears to be contradictory to the accumulated evidence on cementitious materials that
demonstrates the temperature dependence of cement (Petit et al., 2006). Indeed, temperature is
one of the factors that activate some physico-chemical processes during hydration, of which
thermal agitation would play a minor role. Nevertheless, thermal agitations allow cement particles
to diffuse in the liquid phase, thus reducing the distance between particles, and allowing the van
der Waals forces to dominate the repulsive forces and favour the agglomeration of particles. In
other words, cement particles randomly move within the continuum media due to their Brownian
energy as long as they do not approach each other closely. This random motion helps in carrying
particles to their eventual position where their surrounding attraction clouds can encounter each
other. This causes cement particles to flocculate and the percolation time can be shortened
(Mostafa & Yahia, 2017; Mewis & Wagner, 2012), explaining why in the heavily dilute suspension

(the inter-particle distance is very high) the cement does not experience any yield stress. This is

-56-



Literature review and theory

related to the volume fraction of solids in the mixture that should be over a certain value, critical
packing fraction ¢, for the suspension to form an interaction network able to support a stress.

Previous experiments suggest that ¢. should be around 0.5 for uniform spherical particles (Onoda
& Liniger, 1990). There exists also a dense packing fraction ¢,, which was reported by Struble
and Lei (1995) as between 0.6 and 0.7 for identical spheres; a value of 0.64 was reported by Do
et al. (2007) for dense random packing.

Cement suspensions and rheological parameters
The critical and dense packing fractions (¢C,¢max) two important characteristics of a cement

suspension, have a substantial impact on the rheological behaviour of cement paste (Struble &
Lei, 1995; Justnes & Vikan, 2005).

Different attempts have been made to correlate the rheological parameters to these packing
parameters. Probably the most successful model that can predict the viscosity of a dispersed
suspension based on its solid concentration is the Krieger and Dougherty model, given in
Equation (2.25).

_[77 ]¢max
/A ¢ (2.25)

7R Drrax
1,

Where, Tis the apparent viscosity of the suspension; ‘Cis the apparent viscosity of the liquid

phase; and [77] the intrinsic viscosity that measures the effect of individual particles on the
viscosity. For rigid spherical particles, it is assumed to be equal to 2.5 and a value close to 6 is
allocated to cement based materials (Struble & Lei, 1995; Justnes & Vikan, 2005).

With the improvement in predictive capability of the viscosity of highly concentrated suspensions,

Chong et al. (1971) proposed Equation (2.26) to estimate the viscosity of suspension materials:

2

0'75(%%)
o<1 1—(%maxj (2.26)
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From Equation (2.25) and Equation (2.26) it is possible to decrease the viscosity of the
suspension at a giveng by increasing the ¢max . For poly-dispersed suspensions such as cement

paste, this infers that adding small particles to the larger ones would enable an increase in the
solid content as small particles are assumed to fill the voids between the larger particles, thereby

decreasing the liquid phase content and resulting in higher value of¢max. Do et al. (2007)
concluded that there might be a specific amount of large and small particles in the poly-dispersed

suspension for an optimum value of ¢max at which target rheological properties can be achieved.

Recently, Bentz et al. (2012) demonstrated through thorough experimental work that the yield
stress of cementitious material depends strongly on the number of cement particles contained in
a specific volume of the cement suspension ‘particle density’. They observed a power law

relationship between the cement particle density ¢ and the yield stress of the cement paste as

given in Equation (2.27) and illustrated in Figure 2.19.

Ty = a(p — QDC)B (2.27)
Where B is the critical percolation for yield stress defined as the slope of the particle density-yield
stress relationship on log-log scale. Its value was found to be 4.5+ 0.4; «a is the constant of
proportionality; and ¢, the percolation threshold that was found to be zero (by fitting the
experimental data with the Egn. above), suggesting that only few cement particles are required
to form a percolating network structure because of their strong tendency to agglomerate. The
particle density was obtained on the PSD curve by considering the characteristic cement particle

size, the specific surface area and the density of the paste.
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Figure 2.19: Effect of particle density of a typical cementitious material on the yield stress values
(Bentz et al., 2012)

Similarly, much research has been conducted with results indicating that the yield stress of
suspension materials is proportional to the inter-particle forces. Flatt (2004) reported a yield stress
model, in Equation (2.28), that involves the presence of these interaction forces based on the

solid volume fraction, the packing density, and the size and distribution of particles.

T, =m s
’ Prrex (Prrax — P)

(2.28)

Where m,is a factor defined as a function of the volume mean patrticle size and its calculation can
be found elsewhere in Flatt (2004). Equation (2.28) suggests that there should be a volume
fraction percolation threshold ¢, below which the suspension will not experience a yield stress
and will thus behave as a Newtonian fluid. This percolation limit was taken into account by
Kashani et al. (2014), as per Equation (2.29):

e —m @)
T s G — )

(2.29)

In conjunction with predicting the rheological properties of cement paste based on the physical

characteristics of the suspension, Kashani et al. (2014) developed a yield stress model from both

the PSD of the cementitious materials and the w/b ratio. First they transformed the Rosin-
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Rammler function into a logarithmic function and then calculated the yield stress value, as
proposed in Equation (2.30).

r, = (n—0.68)[1470 —3141(w/b)],n > 0.68 (2.30)

However, the validation is critical, since its constants were determined based on the value of I

obtained from experiments on cements with specific characteristics.

In many experimental works, the value of ¢ is known beforehand. Unfortunately, the
determination of ¢max is not always easy, especially for a poly-dispersed suspension. Many
techniques have been used to estimate this value that depends on factors such as the
arrangement, shape and size distribution of particles. The maximum packing ¢max can either be

determined directly or indirectly. The solid bed density, extrapolation from rheological data and
theoretical calculations, can all be applied for this purpose. The first approach requires a
graduated centrifuge tube to be used and after a centrifugation at approximately 4000 rpm for 5

min, Eq. (2.31) provides the maximum packing (Ng & Justnes, 2015):

VOIcement
¢max - vol (2.31)

(cement+water)

The volume of water and cement are calculated from the mass remaining in the residue after

centrifugation.

The second approach consists of fitting the plastic or apparent viscosity data to the Krieger-
Dougherty model by setting [n] to 2.5 or 6, depending on the material, and ¢,,,,, is obtained as a
fitting parameter. Lately, Liu (2000) has proposed a simple model, Equation (2.32), that can be

used to accurately determine ¢,,,, of concentrated colloidal suspensions.

1-nY? =ag+b (2.32)

The model parameters a and b are experimentally determined based on viscosity data of the
suspension at different volume fractions of solids. On the graph relating 1 —1n,~%/? to ¢, the

constants a and b are respectively the slope and the intercept of the obtained line. Finally, the
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maximum packing density is found by assuming that n,- will tend to infinite when ¢ = ¢4, such
as per Equation (2.33):

¢max - (2.33)

The third approach involves empirical formulas, for example, which express the maximum packing
of solids to the small and the large diameter of the particles (d min ,dmax ) as provided in Equation

(2.34).
0.19

d .
Pox =1—0.45 dﬂ (2.34)

max

2.7 Overview of cement hydration measurements

Different techniques have been used in many investigations of cementitious materials to either
follow the hydration kinetics or to assess its consequences on the microstructure development of
the paste. These techniques include thermodynamics, spectroscopy, microscopy and more

recently, rheometry.

2.7.1 Thermodynamic

During the hydration process where cement comes in contact with water, various chemical and
physical changes take place and an appreciable amount of heat is released. This amount of
generated heat is used to characterize cement paste hydration kinetics. For instance, the
isothermal and adiabatic calorimetry technique can be used for this purpose, a technique which
allows for a continuous acquisition of data over specific periods in time. However, the isothermal
calorimetry technique is preferable to the adiabatic technique, as the interpretation of the latter is

complex and possesses many experimental difficulties (Prosen et al., 1985).

Cement paste once exposed to a temperature sweep at a considerable rate loses weight with
respect to the decomposition of constituent hydrate phases. These transformations occur at
specific temperatures. Differential Scanning Calorimetry (DSC) or Differential Thermal Analysis
(DTA) and Thermogravimetric Analysis (TGA) are primarily used as thermal techniques to

determine and quantify these cement hydrate phases after a given curing time.

2.7.2 Spectroscopy
In this analysis category, X-ray diffraction is the most frequently used instrument for the cement

hydrate phases’ determination and quantification. However, this technique needs additional
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methods for a full assessment of the phases since it cannot detect amorphous phase such as C-
S-H (Snellings et al., 2014). Nowadays, infrared and other spectroscopic instruments have been
used successfully for the study of phase composition of hydrate cement systems. With most of
these tools, it is possible to not only detect cement crystalline phases but also determine
amorphous phases (Hughes et al., 1995; Fernandez Carrasco et al., 2012).

There are additional spectroscopy tools used for cement pore solution investigations. Since the
hydration of cement is a dissolution-precipitation process, the quantification of elements prevailing
within the pore solution can produce relevant information about the solid phases’ assemblages
and the degree of their saturation. Atomic absorption spectroscopy (AAS) and inductively coupled
plasma spectroscopy (ICP) are used for this purpose (Caruso et al., 2017).

2.7.3 Microscopy

The scanning electron microscopy using backscattered electron (BSE) imaging, together with
energy dispersive spectroscopy (EDS), have demonstrated over the years to have great potential
for the study of cement based materials (Scrivener, 2004). This technique offers many
advantages, including the possibility of having a wide range of magnifications so that features can
be seen in detail and in context. The arrangement of solids in the paste and other defects within
the material can be detected at low magnification, whereas the morphology of C-S-H, AFt and
pores can be observed at high magnification. The Scanning Electron Microscopy (SEM) and
Transmitted Electron Microscopy (TEM) are widely used for this purpose. The use and the physics

behind these techniques can be found elsewhere (Scrivener, 2004).

2.7.4 Rheometry

Rheometry comprises a set of techniques that can acquire rheological data of the material under
investigation. These techniques, successfully implemented in the cement industry, can be done
either in dynamic or shear mode depending on the rheological properties in which the investigator
is interested. However, the dynamic mode rheology, especially the oscillatory mode, is generally
chosen to investigate the microstructure evolution of cement paste during hydration, while the
shear mode technique is selected to characterize the flow properties of the cement paste
(Nachbaur et al., 2001).

2.8 Conclusion

The main purpose of this research was to investigate the effect of gypsum phases’ proportions in

the poly-phase cement system on microstructure level and rheological behaviour. Natural gypsum
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is added to cement clinker during the grinding process. The importance of this addition was
highlighted and discussed. This practice offers some benefits in terms of controlling the setting
times of cement pastes. This not only implies phase transformations on microscopic levels, but
also physical interactions that directly affect the rheological properties of the cement suspension.

For this reason, the manufacturing process of Portland cement, especially the grinding process
and its eventual effect (due to degeneration of gypsum dihydrate to hemihydrate) on the flow
behaviour of cement paste, were discussed. The phase transformations due to the presence of
natural gypsum and hemihydrate during cement paste hydration were also reviewed using
different approaches. Since cement rigidification does not depend exclusively on chemical
interactions that take place during hydration reactions, it was thus of great importance that
consequent physical interactions within the cement paste during hydration be correctly
considered. This was done after a brief introduction to the fundamentals of rheology and thereafter
linked to the viscoelastic and flow properties of cement pastes. The available possible
measurements used to study the effect of hydration on either cement paste microstructure, pore

solution or rheological behaviours were concisely presented.

Although much work pertaining to the cement hydration kinetics has been accomplished, these
investigations have primarily been conducted in regard to pure phases (mono-phase cement) of
synthesized clinker in diluted suspensions (Schdéler et al., 2017). This present experimental work
examines the hydration kinetics of cement paste, considering industrial available real material at
realistic water-to-cement ratio, where the effect of dissolution and precipitation mechanisms as
observed in the laboratory can be linked directly to field experience. Studying the effect of calcium
sulphate bearing materials on only a mono-phase cement system (i.e. CsA phase) cannot be
extrapolated in the poly-phase cement system. This is because some cement phases can be
affected by the incursion of sulphate ions on their hydrate products, modifying the overall rate of
hydration (Quennoz & Scrivener, 2013b).

In addition, the effect of SO; on some mechanical properties of cement paste not only depends
on the C3A phase, but also on the available alkali equivalent within the cement clinker (Jelenic et
al., 1977). Besides, it was suggested that the results obtained from the reactions of laboratory
CsA, C4AF or any other cement phase with water alone, in the presence of calcium sulphate or
calcium hydroxide, should be interpreted with more caution, due to the fact that the composition
of aluminate phases in industrial clinker differs considerably from that in synthetic preparations
(Newman & Choo, 2003). As a consequence, limited work has been undertaken to assess the
impact and the effect of the mix proportion of calcium sulphate bearing materials (in the calcium

sulphate phase) on the hydration kinetics, microstructure and variations in rheological properties
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of freshly mixed cement pastes. The interaction of gypsum and clinker phases during the early
cement hydration is not well-understood.
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3.1 Introduction

The effect of mix proportion of hemihydrate and natural gypsum within the cement gypsum phase
was investigated on the hydration kinetics and microstructural changes that occur within the
cement suspension. Since most of physical properties of cement paste are direct consequences
of the physicochemical phenomena involved during cement hydration, the rheological behaviours
of corresponding hydrating cement pastes were tentatively correlated to their microstructure

developments and further, to the observed mechanical properties.

Within the scope of this research, the effect of hemihydrate and natural gypsum concentrations
in the cement gypsum phase was simultaneously estimated on both cement paste hydration
kinetics and rheokinetics. To this end, the investigations considered different approaches to more
clearly understand these interactions. This current chapter presents the experimental methods
and procedures, describing in detail the instrumentation used for data collection and techniques

adopted to analyse the cement hydration and microstructural kinetics.

The rheometry technique was selected to assess the viscoelastic and flow properties of cement
pastes, while the isothermal conduction calorimetry was used to evaluate the hydration kinetics.
A thermal analysis was carried out to determine the hydrate products, while the scanning electron
microscopy (SEM) in backscattered mode, together with the energy dispersive spectroscopy,
assesses the microstructure of cement paste with different proportions of these calcium sulphate
bearing materials within the cement gypsum phase. Mechanical properties of cement paste, such
as compressive strength and setting times, were also measured to assess the potential effect of

the microscopic behaviour of pastes on their macroscopic scale.

3.2 Rheokinetics measurements of cement paste

In general, for colloidal materials, it is possible for a three dimensional structure to form within the
suspension at rest due to the presence of van der Waals attractive forces (Mostafa & Yahia,
2016). This aggregation can easily break into flocs when the material is subjected to a certain
flow regime. For a time dependent material, such as cement paste, an additional phenomenon
occurs during hydration that is accepted as irreversible, and together with the defined flocculation
phenomenon, affect the fresh properties of cement-based materials. It is thus acceptable that at
rest, the cement microstructure development is caused by physical interactions between patrticles

and chemical rigidification stemming from hydration products.
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The investigation of material properties requires that the rheological measurements be done
independently of any specific kinematic conditions. This can be done by performing asymptotic
kinematic tests which consist of adopting measuring conditions that provide asymptotic values of
the material parameters determined only by the material characteristics without being affected by
the amplitude of the applied load such as small amplitude oscillation (SAO). The dynamic
rheometry (i.e. SAO) has been successfully used to investigate the viscoelastic properties and
the time dependence of cement-based microstructures. This approach is preferred because it is
a non-destructive technique. In this practice, the recovery of the internal structure is monitored by
applying a small amplitude oscillatory shear (SAOS) within the linear viscoelastic domain (LVED).
Within this region, the induced shear strain is lower than the critical strain value defined as the
limit of the LVED. It is agreed that the material structure remains undisturbed during the
measurements and the evolution of storage modulus with time can describe the structuration of
cement based materials (Roussel et al., 2012). Consequently, this method seems convenient,
providing insight on the contribution of physical and chemical phenomena regarding the formation

of the internal network during cement hydration.

3.3 Cement hydration kinetics measurements

Different techniques, such as the total chemical shrinkage and the non-evaporable water content,
are available for the measurement of cement hydration kinetics. Although correlation exists
between these methods in evaluating the degree of cement hydration, the isothermal calorimetry
approach seems to be the most established technique to measure the overall cement hydration
progress (Parrott et al., 1990; Escalante-Garcia, 2003).

Isothermal calorimetry, an easy and non-invasive method suitable for cement hydration kinetics
investigations,allows for continuously following the hydration reactions since the overall heat
balance of cement hydration is sufficiently exothermic (Quennoz, 2011). It would have been
appreciated to estimate the contribution of each cement phase to the overall hydration kinetics by
executing a deconvolution of collected heat evolution profiles. But this treatment is not always

easy due to various simultaneous chemical reactions within the system.

34 Cement hydrate phases estimation

There are a number of techniques available for the quantitative analysis of early hydrate products.
Thermogravimetric analysis with differential scanning calorimetry or differential thermal analysis,
x-ray diffraction and selective dissolution have all been used for this purpose (Odler & Abdul-
Maula, 1984; Vedalakshmi et al., 2003). However, the presence of several amorphous phases

within the cement system makes the quantitative determination of the phase assemblage in
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hydrated cement systems a challenging task. So it is advisable to use more than one technique
for the cement phase characterization. For instance, when using thermogravimetric analysis for
hydrate phase identification, due to proximity of the temperatures of thermal decompositions of
hydrate phases, only some phases can be accurately quantified. Likewise, x-ray diffraction with
Rietveld refinement can only quantify crystalline phases and fails to distinguish between multiple
amorphous components without specific calibration prior to the measurements (Durdzinski et al.,
2017).

3.5 Research design

An experimental approach was conducted throughout this research. Samples of cement clinker
with different proportions of natural gypsum and hemihydrate were prepared in sufficient quantity
for eventual testing procedures, as described in sections 3.2-3.4. This practice seemed to be
more effective than preparing individual samples each time a test was required. By so doing, it
was possible to establish fair comparisons between samples of either the same or different
cement mix proportions since they were considered representative of batches with consistent

characteristics. Therefore, validation of results between testing protocols was acceptable.

3.6 Research methodology

The following section gives details on the scope of the experimental work, an overview on the
rheological methodology used for the microstructure investigation, and preliminary tests for ionic
activities within suspensions as induced by the presence of calcium bearing materials. The

collection of data and analysis are also presented.

3.6.1 Experimental project matrix
The experimental work was subdivided into two phases. The first phase consisted of assessing
the individual effect of each calcium sulphate bearing material on the hydration kinetics of cement
paste. For this purpose, natural gypsum or hemihydrate was used as set regulator at different
concentrations and the rate of heat flow was measured. In addition, the hydrate products formed
after 24 hours of hydration time, the compressive strength (of corresponding mortars) after 1
curing day and the setting times were also evaluated. From these results, an optimum
concentration of the calcium sulphate phase within the cement was established and then used for
the next phase. The latter consisted primarily of evaluating the effect of natural gypsum
degenerations into hemihydrate (during a cement milling process) on the hydration and
rheological kinetics of cement paste. The main experimental tasks executed during this research

are illustrated in Figure 3.1.
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Figure 3.1: Experimental project matrix for each concentration of individual calcium bearing

material (phase ) and their mix proportions (phase Il)

3.6.2 Physical and chemical interactions for cement microstructure

development

The development of cement paste microstructure as a result of particle agglomerations has been

at the centre of many controversies. The storage modulus development is a fingerprint of the

microstructure evolution since it indicates the aging process of a given system due to the increase

in its relaxation time (Mutin & Nonat, 1995; Roussel et al., 2012). Some researchers have

attributed the early increase in storage modulus to colloidal interactions that happen during
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cement hydration while others, to the interactions of C-S-H at pseudo contact points between
particles (Nachbaur et al., 2001).

These debates are due to some discrepancies within the current literature that define the length
of hydration after which a cement particle surface is covered by C-S-H. According to Sujata and
Jennings (1992), cement particles are covered by a layer of C-S-H immediately after mixing, a
finding also confirmed by Roussel et al. (2012) who demonstrated the ability of cementitious
materials to develop a coagulated particle network a few seconds after mixing. This property was
attributed primarily to the nucleation of C-S-H responsible for strengthening colloidal interactions
of cement particles thereby creating a rigid system. On the other hand, Lootens et al. (2004)
reported that it requires more than an hour for cement particles to be completely covered by a C-
S-H layer. They agreed that physical interactions within the cement suspension should be
responsible for the early particle cohesions, as also reported by Nachbaur et al. (2001) and
Mostafa and Yahia (2016).

Considering this, it was important to bring clarity to these disagreements when SAO is used to
study cement systems’ microstructure. Preliminary tests were thus conducted to verify the
eventual ability of SAO technigues to detect any physical or chemical contribution of some
inclusions on the cement system microstructure development. This was of great interest due to
the fact that investigated cement systems had less than 8% calcium sulphate phase. At such
small concentrations, it could have been difficult to depict the effect of these inclusions on the
rheokinetics of cement pastes, if the technique used could only detect one of these hydration

phenomena.

For this reason, inert materials such as silica fume were considered at different water/powder
(w/p) ratios for physical interaction and activated by calcium hydroxide at different concentrations
as sufficient sources of calcium ions within the system for chemical interactions. The coagulation
was monitored by changing the inter-particle distances (w/p) and by adding calcium hydroxide in

different dosages. The calcium hydroxide or portlandite used contained 98% of Ca (OH) ».

In the next section, results are presented and discussed without describing the experimental

protocol in detail, as presented in 3.6.4-3.6.7.

In general, the growth of storage modulus described three distinct intervals as observed by
Bellotto (2013): 1) a retardation period, characterized by small magnitudes of storage modulus;
followed by a rapid increase of modulus, whose magnitudes were in order of 10°-10’ Pa; and

thereafter, a plateau is observed. The referred plateau can either be an artefact due to the

-69-



Research methodology

limitations of the instrumentations used or some physical (chemical) equilibrium reached within
the suspension. Thus, storage moduli within this interval were not considered. It was observed
that the retardation period, reflecting the coagulation or flocculation period of cement particles,
was affected by the inclusion of CH within the suspension. This period seemed to take longer
when there was no CH within the paste, and shorter in the presence of CH, indicating that the
presence of calcium ions preferential for the precipitation of some cementitious hydrates has an
effect on the agglomeration of particles, as demonstrated by Nonat et al. (1997). These
researchers found that the coagulation of cement particles depends strongly on the calcium
concentration within the suspension. Particle coagulations occurred when the calcium
concentration reached 1 mmol/L and became less effective when the calcium concentration was

greater than 100 mmol/L.

Likewise, the second period also appeared to be affected by the presence of CH within the
suspension as the rate of this period was faster for pastes with CH as compared to those without.
This could be attributed to the fact that the chemical reactions induced by the presence of CH
within the suspension helped strengthen the weak bonds (from physical interactions) between

particles.

It is thus clear that the microstructure development of time dependent materials such as
cementitious materials can be investigated using the SAO. Additionally, it is efficient in detecting
the chemical and physical contributions of some phases, regardless of their concentrations as
compared to the overall system. It is also understood that the storage modulus growth is an
indication of physical and chemical interactions that occur simultaneously during cement

hydration.

3.6.3 lonic activity within cement suspensions
Chemical interactions within cement suspensions are a consequence of ion transfers from
available cement phases. This phenomenon was assessed beforehand to make sure that
differences in terms of ionic activities as induced by the calcium sulphate phase could be noticed.
The electrical conductivity technique was thus deployed as a preliminary and quick approach for
this purpose. The time dependence of electrical conductivity during hydration has been used to
study the early hydration reactions of different cementitious materials (Chung, 2002; Heikal et al.,
2006). This technique is complex and can be affected, for exemple, by w/c ratio, gypsum content,

clinker fineness and admixtures (EI-Enein Abo et al., 1995; Tamas et al., 1987).

The electrical conductivity of most cementitious materials is primarily due to the transport of ions

through the pore solution medium. Within the first 10 minutes after the contact of water and
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cement, calcium (Ca*?) and hydroxyl (OH") ions are released into the suspension. The variation
in electrical conductivity of a cement paste over time can therefore give information about the
internal changes occurring within its pore solution. The precipitation of ettringite, CH and C-S-H
phases are the first hydrate products that reduce the mobility of these ions through cement liquid
medium (Maximilien et al., 1997). These hydrates gradually fill up the capillary pores as the
hydration proceeds, forming a rigid internal network with increasing strength. At this time, the
electrical conductivity of cement paste decreases (Topgu et al., 2012).

Figure 3.2 presents the electrical conductivity of cement with each calcium sulphate bearing

material at different concentrations.
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Figure 3.2: Typical electrical conductivity of cement with natural gypsum and hemihydrate at

different concentrations

The early increase of the cement conductivity during hydration has been attributed by Nalet and
Nonat (2016) to the dissolution of the anhydrous cement phases which release Ca*?, OH", SO4?

and alkali ions and their mobility through water within the pores (EI-Enein Abo et al., 1995). Once
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the concentration of these ions becomes high, ionic associations begin within the suspension and
become rich in Ca*? since the silicate phase provides half of its calcium content for C-S-H
formation. The decrease in conductivity, on the other hand, has been associated with the
precipitation of portlandite after a long period of supersaturation due to its slow nucleation
(Maximilien et al., 1997).

Cement pastes with hemihydrates at 4% concentration presented high values of conductivities as
compared to the other cement pastes at any other concentration of both calcium sulphate types.
This was likely due to high pH values experienced with this cement paste that favoured the
hydrolysis of some cement phases enriching the suspension with ions susceptible for the

formation of early hydrate products such as portlandite and ettringite.

After the pH had stabilized, around 100 minutes, the suspension experienced a decrease in
sulphate ions (probably consumed for ettringite formation) and a constant concentration in
calcium ions. This indicates that hydrate products precipitate by consuming the prevailing ions in
the suspension resulting in a decrease in the number of ions released (Heikal et al., 2006). At this
stage, the large pores, or capillary pores, are filled with the yielded hydrate products, decreasing

their volume fraction within the suspension (Rahimi-Aghdam et al., 2017).

In general, cement pastes with natural gypsum presented lower values of electrical conductivity
as compared to those with hemihydrate at equivalent concentrations of 4%. Having all cements
with similar and equal phase contents, different only in calcium sulphate phase, it can be assumed
that there were fewer SO42 or Ca*? ions released within the suspension with cements with natural
gypsum as compared to those with hemihydrate, indicating that more sulphate ions were

consumed within cement pastes with hemihydrate than those with natural gypsum.

It is evident from the observed experiments that the precipitation of early hydrate products are a
conseguence of the ionic activities induced by the type and the amount of gypsum phase during

cement hydration.

3.6.4 Collection and analysis of data
This section presents relevant data pertaining to the rheological behaviour, and thermal and
spectroscopy analysis of investigated cement paste. Their interpretations and analysis are also

discussed within the scope of this research.
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Flow properties: The yield stress and plastic viscosity of cement paste

Fresh properties of cement pastes, especially those related to the flow of materials, are significant
in the manufacturing process, transport and placement of cementitious materials. The gypsum
phase reacts with the most reactive cement phase, aluminate affecting the rheology of the whole
cement matrix. It is therefore vital to assess the effect of the type and content of calcium sulphate
bearing materials within the cement systems on the yield stress and the viscosity of cement paste.
Dynamic yield stress and plastic viscosity values were obtained from the flow curve by
extrapolating the measured data of the down curve to zero shear rate with the Bingham model.
The measuring cycle time was 300 s as in work by Banfill and Saunders (1981), with a viscosity
ramp of 100/150 s2 for both up and down curves. The variation of stress within the specified time

for up and down curve is illustrated in Figure 3.3.

A relationship between each rheological parameter (yield stress and plastic viscosity) and the
corresponding mix with specified concentrations of natural gypsum or hemihydrate was then
established. This allowed an evaluation of the effect of natural gypsum degeneration into
hemihydrate on the flow properties of cement paste. It was critical to execute a such analysis to

bring clarity on factors that affect the plastic viscosity of cement paste.

100 [1/s]

v
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Figure 3.3: Shear rate variation within the measuring time for cement paste yield stress and plastic

viscosity assessments

Viscoelastic properties: storage modulus and phase angle of cement paste

These measurements provide insight into the microstructure development of cement paste, as
mentioned earlier. For this reason, the evolution of the storage modulus G' was monitored over
a period of about 1 hour under a non-destructive regime defined within a linear viscoelastic
domain (LVED) determined by applying a small amplitude oscillatory shear at a constant

frequency of 1 Hz and an amplitude strain value of 0.06%. From the following measurements,
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phase angles of corresponding cement pastes were also considered within the defined measuring

time to assess the structuration of their internal networks.

The microstructure development of the cement system was assessed by estimating the internal

strength rate developmentG This rheokinetic parameter consists of calculating the ratio

rate *
between the rigidification time, T (time at which the storage modulus reaches the maximum,

Gr'naX according to the working zone of the rheometer) and G,'nax :

It was possible to evaluate the effect of hemihydrate within the gypsum phase of cements on the
internal strength development of cement paste by correlating each strength rate value to the
corresponding mix with specified hemihydrate concentration. Moreover, this provided an idea of
the effect of hemihydrate on the workability loss of a given cement during concrete placement or

casting.

Isothermal calorimetry: Heat flow rate of cement paste

The rate of cement heat evolution with time has been used to describe the chemical reactions
that take place during cement hydration. Salvador et al. (2016) have defined a few parameters
that characterize the isothermal calorimetry heat profile for cementitious materials. Although their
primary goal was to analyse the effect of some accelerators in cement paste, these defined
parameters can be somewhat appropriately interpreted for any cementitious mix which has been

investigated using the calorimetric technique.

In this respect, the heat flow generated during the cement hydration was monitored using an
isothermal TAM Air calorimeter at 20 °C and the reactivity induced within the mix was defined as
illustrated in Figure 3.4. The reaction rate of the system was estimated by considering the slope
of the ascending peak corresponding to the activity of the silicate and calcium sulphate phase on
the heat flow curve. The energy released during cement hydration was evaluated by specifically
integrating the area under the main peak of the curve. The length of the induction period

comprised between the end of the pre-induction stage and the onset of the acceleration stage.

Furthermore, the degree of hydration was estimated by considering the theoretical total heat of
hydration of cement under investigation and the amount of heat generated at a considered
hydration time, as in research by Lawrence et al. (2003), Mota et al. (2015), and Salvador et al.
(2016). The theoretical total heat (J) of hydration was obtained by summing the individual heat of
hydration of different cement phases with their corresponding concentrations such as 510 J/g for
CsS; 260 J/g for C2S; 1100 J/g for CsA and 410 J/g for C4AF.
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The calcium sulphate consumption rate was estimated by comparing the initial available amount
of calcium sulphate within the system and the time of the occurrence of the main peak. This was
because in most cases the depletion of calcium sulphate happened at the same time as the
silicate peak, as experienced by Kumar et al. (2012) and Thongsanitgarn et al. (2014) in some of

their cements without admixtures.

The effect of calcium sulphate type and content on the hydration kinetics of cement was evaluated
by establishing relationships between these hydration kinetic parameters and the concentration
of each, or mix proportions, of the calcium sulphate phase.
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Figure 3.4: Generic heat flow rate of cement with 3% of natural gypsum: (A) pre-induction zone;

(B) dormant phase; (C) acceleration zone; and (D) deceleration zone

Thermogravimetric and Differential Scanning Calorimetry: TG-DSC heat profiles

The TG-DSC profiles of stopped cement samples were used to quantify the hydrate phases and
estimate the degree of hydration at specific hydration times. These profiles were collected over a
dynamic heating ramp varied between 24 °C and 1000 °C, within which temperature range the
thermal decomposition of hydrate phases occurs within three distinct intervals — the dehydration,
the dehydroxylation and the decarbonation — as better resolved by the differential scanning
calorimetry curve. Although the limiting temperatures of these regions are different from one
published study to the other, those suggested by Bhatty (1986) appeared consistent and were
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validated recently by Monteagudo et al. (2014). These regions are illustrated on a generic
thermogravimetric and differential thermal (TG-DTA) heating curve, as in Figure 3.5.

The dehydration occurs between 105 °C and 430 °C and belongs to the decomposition of C-S-H
and ettringite. The dehydroxylation or the decomposition of calcium hydroxide (CH) occurs
between 430 °C and 530 °C, while the decarbonation is within 530 °C and 1000 °C. In particular,
within the dehydration region, the ettringite thermal decomposition was considered to be tween
110 °C and 140 °C even though susceptible to ambient pressure and humidity, as reported by
Meller et al. (2009) and Wang et al. (2016).

The quantification of the hydrate phase was estimated by considering the weight loss within the
specified temperature region and expressed in percentage of the sample weight, as per Equation
(3.1):

H20

AW x N
P(%) = H20 o (3.1)

Mhp _Mhp

Where P(%)is the quantity of the hydrate phase; Aw the mass loss within the specified interval
(%), M :pzo is the molecular weight of the hydrate phase (g); and |\/| hp is the molecular weight

of the decomposed hydrate phase after losing its crystal water (Q).
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Figure 3.5: Typical thermogravimetric and differential thermal profile of cement (Monteagudo et

al., 2014)

The amount of calcium hydroxide formed during hydration, CH (%), can be estimated as

suggested by El-Jazairi and lliston (1980) in Equation (3.2):

CH (%) = 4.11A\y\/, +1.68A\\, (3.2)

Where AWdX and AWdcare, respectively, the weight losses of the sample for the dehydroxylation

and decarbonation peaks.

The degree of hydration was assessed by considering the chemically bound water incorporated

in C-S-H gel, as per Equation (3.3) suggested by Bhatty (1986).

(3.3)

W; is the chemically bound water expressed in percentage and obtained as per Equation (3.4)
We = AWy, T AW, + 0414y, (3.4)

AWdh the weight loss of the sample for the dehydration peak.
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The values of 0.24 and 0.41 are, respectively, the maximum chemical bound water required to
fully hydrate a cement particle and the conversion factor to assess the chemically bound water
derived from the carbonated portlandite, equivalent to the ratio between the molecular weight of
H20 and CO..

The amount of ettringite and portlandite precipitated with respect to the natural gypsum
substitution could then be estimated, and the effect of the hemihydrate concentration within the
cement on the formation of these early hydrate products was assessed.

Scanning Electron Microscopy and Energy Dispersive Spectroscopy

SEM, though still an experimental technique, provides relevant understanding of various hydrated
compounds, their relative amounts and the morphology changes undergone by cement
microstructures during hydration. This information is of utmost importance as most macroscopic

properties of the material can be interpreted rationally and optimized.

In this research, the cement paste microstructure was analysed using secondary and
backscattered electron imaging approaches. Hydrate phases were then characterized on a map
with superimposed layers of different dominant cement elements, including calcium, aluminium,
silicon, iron and magnesium. Identification of these hydrates was by an energy dispersive X-ray
analyser over different areas of the sample (Hu et al., 2017). The acquired X-ray spectra as
illustrated on the generic ED-spectra in Figure 3.6 helped obtain the atomic concentrations of
each element at specific slot, and after a statistical analysis, the atomic ratio Al/Ca vs Si/Ca was

plotted, as represented in Figure 3.7.

40

cps/eV

II]III]III]III|III|III|I|I[III|III|III|II
0 2 4 6 8 10 12 14 16 18 keV

Figure 3.6: Typical energy dispersive X-ray spectra on a spot area of cement paste sample with

only hemihydrate as set regulator after 1 hour of hydration time
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Figure 3.7: Typical atomic ratio of Si/Ca vs Al/Ca for cement paste with only hemihydrate as set

regulator hydrated for 1 h

X-ray diffraction

The powder X-ray diffraction method was used to qualitatively identify hydrate and anhydrous
cement phases as an integral approach to previous techniques such as TG-DSC and SEM. This
technique is preferred over the in-situ XRD technique because water loss and carbonation issues
during measurements are avoided. X-ray patterns of good resolution could also be obtained, since
it is possible to achieve smooth surfaces during sample treatment. In addition, there is no
absorption of the signal by water film that is normally formed between the wet sample and the
protective material used around it to avoid evaporation and contact with the air. These can cause

artefacts at realistic w/c ratios causing misguided interpretations of the results.

X-ray patterns of cement with different proportions of natural gypsum and hemihydrate were
collected at different times of hydration to qualitatively evaluate the evolution of phases within the

cement microstructure and the subsequent effect of the natural gypsum substitution.

Setting times and compressive strength of mortars

The primary reason calcium sulphate bearing materials are introduced in cement clinker is for
controlling the setting time of cementitious materials. This is achieved by regulating the hydration
of aluminate phase with the presence of calcium sulphate within the system (Strydom & Potgieter,
1999).
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Initial and final setting times of different cement mixes with different types and content of calcium
sulphate bearing materials were measured. Since physical properties of cementitious materials
depend on changes occurring on microstructural levels (Thomas & Jennings, 2006), these results

were compared to those observed on cement paste microstructures.

Compressive strengths were also measured of mortar with different types and content of calcium
bearing materials cured for 24 hours. These strengths were only collected for the first phase in
order to optimise for the required SOz concentration within the cement system. This helped to
execute the experimental work pertaining to the second phase of this research, as specified in

section 3.6.1.

3.6.5 Research instruments
Different apparatuses were employed to achieve the aim and objectives of this research during
the experimental work. These instruments were calibrated according to specified standards

before testing and serviced in accordance to manufacturer recommendations.

Rheometer

Steady shear and small oscillatory shear experiments were carried out on a shear strain rate
controlled MCR 51 rheometer supplied by Anton Paar. This rheometer is fitted with a circulating
water bath keeping the sample isothermally at 23 °C during all rheological measurements. The

geometry used was suitable for dispersion materials such as cement pastes.

In dynamic rheometry, both the sample and shaft transducer exhibit some compliance. This is the
displacement experienced by the shaft transducer and the sample, resulting from the torque
applied to the transducer. During measurements, as the transducer is being deformed along with
the sample, some of the applied strain deforms the sample and some the transducer, leading to
errors in sample moduli which gradually increases as the sample stiffness increases. The latter
defines the sample compliance that can be adjusted by either accommodating the sample
dimensions or the geometry used to that of the shaft transducer. This practice is critical because
it designates the operation range of the instrument, defining the maximum and minimum possible
complex modulus that can be measured by each transducer using a specific geometry
(Rheometric Scientific Inc, 2003).

The operating working zone of the rheometer using a roughened parallel plate of PP50/S type, a

gap of 0.6 mm and for a time sweep recorded at 10 rad/s was determined by Equation (3.5).
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* K.
( K}J 59
Where, K, is the stress constant for the specific geometry; , is the strain constant for the specific

geometry; and C is the stiffness (the reciprocal of the instrument compliance) of the instrument.
The maximum storage modulus G’ that can safely be measured using this specific geometry was
5x10° Pa. Measurements above this limit value were discarded during analysis of results.

Calorimeter

The heat flow generated during the cement hydration was monitored using an isothermal TAM
Air Calorimeter at 20 °C. This equipment consists of eight parallel twin measurement cells with
one allocated to the actual sample and the other to the reference vessel. In this work, water with
the same mass as the sample (6 g) was used as reference to improve the signal-to-noise ratio
and to correct measurements and temperature artefacts. The testing procedure consisted of
lowering a glass ampoule containing 4.8 g of cement into the measuring position inside the
calorimeter. The mixing water (w/c =0.4) 1.2 g was injected into the ampoule after a steady state
was reached. To avoid losing relevant information pertaining to the first contact of water and

cement, the mixing was performed using an internal stirring mechanism.

TG-DSC instrument

A Netzsch STA model TG-DSC instrument was used for thermal gravimetric analysis. This is a
simultaneous thermal analyser, equipped with a data acquisition system using Nersch software,
to allow the instrument to simultaneously carry out the thermal gravimetric analysis and the
differential scanning calorimetry of the sample. The base line was established by using the
crucible pan in aluminium. The nitrogen (N2) flux was used as the flowing gas at 50 ml/min. The
heating started at 23 °C at a rate of 5 K/min to allow the equipment to stabilize beforehand and to
eliminate all possible defects from the setting up of the instrument. The reference sample was air

and the experimental heating temperature ranged from 105-1000 °C.

SEM and XRD equipment

Images of stopped hydrated cement were obtained using a Zeiss Auriga field emission gun
scanning electron microscope (FEG-SEM) operated at 15 kV for imaging and 20 kV for EDS
analyses. All EDS analyses were completed using an Oxford Instruments X-Max solid-state

silicon drift detector.
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Additionally, powder diffraction data were collected on a D8 ADVANCED diffractometer from
BRUKER AXS (Germany) using Cu-Ka radiation (AKa=1.5406 A) operated in the reflection
geometry in a locked coupled mode at room temperature with a LynxEye position sensitive
detector. Data were collected from 5° to 90° in26 with a step size of 0.034° at 0.5 s/step. The X-
ray tube was operated at 40 kV and 40 mA. The X-ray diffraction patterns were analysed semi-
quantitatively by Rietveld analysis using the software X'Pert High Score Plus. C-S-H could not be
detected due to its low degree of crystallinity.

Other equipment

Setting times were evaluated on an automatic computer-controlled Vicat needle ToniSet Expert.
The instrument has up to 12 measuring stations for cement paste for setting characteristic
determinations. This machine, mounted with an external thermostat to maintain the curing
temperature at a constant value, has a high precision measurement of the penetration depth by
incremental measuring system with a resolution of 0.05 mm. It also allows experiments to be
executed under different set standards. Data were thus collected according to EN196/ASTM C

191 under 23 + 1 °C curing temperature.

Compressive strengths were assessed on a ToniZEM compressive test machine. This equipment
is a standard-compliant compressive strength test for cement and various other binding materials.
It can execute experiments on mortar samples with variant geometric forms (prisms and cubes)
and with different specification options. The instrument is mounted with a microprocessor and a

servo-hydraulic control with an accuracy of quality class 1/EN ISO 7500-1/DIN 51220.

Particle size distribution of cement systems were measured using a Malvern Mastersizer 2000
(Malvern Instruments, UK) with the capacity to detect particles within the range of 0.02-2000 pm.

Samples were under constant agitation at 2000 rpm in isopropanol as solvent.

3.6.6 Material used
An ordinary Portland cement clinker was sampled during the production process of CEM | in
accordance with ASTM C150 under stable kiln operations at a local cement plant. This was
crushed and ground without any form of calcium sulphate bearing material and was considered
relatively pure cement clinker. Two types of calcium sulphate materials — natural gypsum (NG)
and hemihydrate (HH) — were considered as a source of sulphate within the clinker. The French
sand standard CEN, EN 196-1 was applied for assessing the compressive strength of cement
mortars. This European sand was selected since its particle size distribution is wider allowing
better particle packing, improving the connectivity of the capillary pores and leading to better

availability of water necessary for ettringite formation, as suggested by Horkoss et al. (2016).
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The chemical compositions of the cement clinker and calcium sulphate materials, as determined
by XRF spectroscopy, are presented in Table 3.1.

Table 3.1: Chemical and phase composition of clinker and calcium sulphate

Compounds | clinker | NG HH
SiO, 23.2 0.81 1.01
AlO3 5.96 0.03 |0.10
Fe20s 3.61 0.00 | 0.00
Mn203 0.38 0.08 | 0.08
TiO, 0.27 0.01 |0.02
CaO 62.38 | 42.08 | 40.63
MgO 1.68 0.46 | 0.56
P20s 0.09 0.05 | 0.05
Cl 0.02 - -
SOs 0.81 4471 | 52.43
K20 0.45 0.03 | 0.03
Na.O 0.07 - -

It is clear that the clinker had a negligible amount of SOs; which was inevitable due to the
characteristics of the kiln used for clinkering. The high amount of CaO and SO3; and the low

concentration of foreign oxides noticed in the calcium sulphate bearing materials evidenced their

purity.

3.6.7 Sample preparations and measurements
Sample preparation is an important task in any experimental work, influencing the reproducibility
of measurements. It is therefore required that cement samples be brought on the same reference
conditions prior to testing. This can be achieved by consistency throughout measurement

protocols, including material storing, sample curing, mixing and running of the equipment.

Cement powder

Cement powder was obtained by adding directly to the clinker different concentrations of either
natural gypsum/hemihydrate or different mix proportions of these two materials. The prepared
raw material was homogenized in a ball mill bottle for a few hours, as done by Li et al. (2014).
Each calcium sulphate type was individually added to the clinker at concentrations ranging from
2% to 7%. In many countries, an addition of calcium sulphate bearing material of not more than
5% is advised (AENOR.UNE-EN 197-1, 2011). Therefore, amounts beyond 5% were only

considered for scientific interest.
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The mix proportions of natural gypsum and hemihydrate were determined based on a set
concentration previously determined in the first phase based on the mechanical and chemical
performance of cement mixes. These proportions were identified in terms of NG/HH
nomenclatures defining an NG (natural gypsum) fraction and HH (hemihydrate) fraction within the
set concentration of calcium sulphate cement phase.

The addition of these calcium sulphate bearing materials to the clinker affects the SOz content of
the overall cement system. The total SO; content of the raw material was estimated using a Leco
sulphur analyser. For this purpose, 0.01 to 0.1 g of the cement sample was heated to
approximately 1350 °C in an induction furnace while allowing a stream of oxygen to pass through.
Sulphur dioxide released from the sample was then measured by an IR detection system and the
total sulphur result was provided. Table 3.2 provides theoretical and actual concentrations of SO3
within the cement systems with respect to the initial quantity of added calcium sulphate type,

whereas the corresponding SO3; content within the mix proportion NG/HH is given in Table 3.3.

Table 3.2: Concentration of SOz as provided by the initially added amount of natural gypsum

and hemihydrate in the clinker

Concentration [%] 2 3 4 5 6 7

Actual SOs [%] 1.65 2.18 2.64 3.06 3.48 3.95
Theoretical SO3 [%0] 1.77 2.27 2.76 3.26 3.76 4.26
Actual SO3 [%)] 0.1 1.64 1.72 2.11 2.70 3.51
Theoretical SO3 [%0] 1.64 2.07 2.50 2.93 3.36 3.79

It was assumed that the slight differences of SO3; concentrations, as determined theoretically and

experimentally using the leco method, were due to human error during sampling.

Table 3.3: Total SO3; concentration within the clinker with 4% calcium sulphate provided by the

mixture of natural gypsum (NG) and hemihydrate (HH) in different proportions

NG/HH concentration 0/100 | 40/60 | 50/50 | 60/40 | 70/30 | 100/0
SOs3 [%)] 2.89 2.56 2.97 2.46 2.69 2.38
Number of mole of Su|phate 0.69 0.63 0.62 0.61 0.59 0.55

It can be noticed that at this calcium sulphate concentration (4%), the total SO3; generated by the
mix proportions of the two types of calcium sulphate bearing materials within the cement systems
was within the recommended limits (2.5-3%) for commercial Portland cements (Peray, 1979;
AENOR.UNE-EN 197-1, 2011). The particle size distributions of the cement mixes measured are
presented in Table 3.4
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Table 3.4: Particle size distribution of the clinker and cement clinker with different proportion of
NG and HH at 4% calcium sulphate within the system

Sample ID/ characteristic size d 1o dso d o D[3,2] | D[4,3] | SSA[cm?/g]
Clinker 5.956 | 16.363 | 36.111 10.416 18.949 3840
100/0 4.858 15.81 35.182 9.471 18.234 4220
70/30 5.345 | 16.165 | 36.449 10.034 18.848 3990
60/40 5.801 | 16.304 36.44 10.319 19.038 3880
50/50 5.316 | 16.123 | 36.208 10.026 18.715 3990
40/60 5.186 | 16.361 | 37.193 10.011 19.159 4000
0/100 4.333 | 30.798 | 82.524 10.983 37.973 3640

Clearly, the addition of 4% calcium sulphate bearing materials to the clinker does not much affect
the specific surface area of the cement systems. Also, the characteristic sizes such as dio, dso
and dgo of all the cement mixes remain similar to the original clinker size except that with only

hemihydrate.

Mixing cement paste and mortar

A constant w/c ratio of 0.4 was used throughout the experimental work. Cement paste was
batched with a laboratory Hobart mixer using distilled water cooled to a constant temperature of
23 £ 1 °C. Water was first introduced to the mixer and the cement gradually added over a period
of 2 min. After two consecutive resting times of approximately 2 min each, the mixing resumed
for a further total mixing time of about 10 min. A portion of the fresh cement was collected for
rheological measurements and stored in a water bath at 23 + 1 °C for 15 minutes prior to the test.
This curing time is enough for the precipitation of at least one third of the total ettringite amount
(Dalas et al., 2015). The other portions were cast in small plastic containers and kept in the curing

room at 23 + 1 °C with relative humidity of more than 90%.

Similarly, cement mortars were also mixed following the same sequences, except that sand
particles were added during the procedure. For this reason, 450 g of cement (clinker with specified
amount of calcium sulphate bearing material) and 1310 g of sand were considered for the mixing.
Thereafter, the mortar was vibrated on a ToniVIB vibrating table according to ASTM C109 to
eliminate all possible air within the system. Mortar prisms of 40 x 40 x160 mm were cast and
maintained in the same conditions as for cement pastes. After a curing time of 10 hours, samples

were demoulded and stored for a further 14 hours before crushing.

The hydration reaction of cement paste was stopped at different curing times by immersing the
sample in isopropanol for three days. The free water within the pores was removed with a vacuum

pump for several hours and then vacuum dried at 40 °C for 72 hours. Finally, the specimen was
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dry ground for TG-DSC, SEM analysis and sulphate determination and ground with hexane for X-
ray diffraction analysis with a laboratory ring mill.

3.7 Conclusion

The two major phases of this research have been presented in detail. The experimental
techniques and analysis for each specific measurement were discussed. Requirements for
acceptable rheological measurements were explained and their applications to cementitious

materials were also introduced.

Preliminary tests were conducted to determine the eventual effect of ionic activities on the
microstructure development and the verification of possible differences in cement mix
performances. This was considered important due to the fact that the amount of calcium sulphate
phase initially added to the clinker was insignificant as compared to that of the bulk cement

system.

An experimental and comparative research design was considered during the two phases of this
project. The first completed the experimental work related to the assessment of the individual
effect of each calcium sulphate bearing material (natural gypsum and hemihydrate) on the
hydration kinetics, and on the mechanical properties of cement systems. This provided the
optimum concentration of calcium sulphate to be added to the clinker. The effect of the mix
proportion of natural gypsum and hemihydrate were chosen with respect to a previously

determined concentration, constituting the second phase.

Dynamic yield stress and plastic viscosity values of cement systems were obtained on flow curves
using the Bingham model, while the rigidification of the cement microstructure was estimated
based on the measurements of storage moduli in the oscillatory mode. The heat flow rates of
cement pastes were collected on a TAM Air calorimeter and parameters for their characterizations
were determined. TG-DSC heat profiles with experimental temperatures starting from 105-1000
°C were acquired on thermogravimetric analysis equipment for the quantification of early hydrate
products such as ettringite and portlandite. The degree of hydration was also estimated from
these profiles based on the quantity of chemically bound water and free calcium hydroxyl present
in the system. Cement microstructure images were captured using a SEM-SBE approach and
hydrate phases were identified using an EDS analyser based on atomic ratios of determined
cement elements. XRD patterns were considered as integral techniques to the TG-DSC and SEM

methods.
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The preparation and mixing protocols of samples, and their experimental measurements adhered
to specified standards using approved academic and industrial instruments. Challenges
encountered during the execution of the experimental work, data analysis and limitations of
equipment used were also discussed.
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Chapter 4 Effect of natural gypsum and hemihydrate on
cement paste hydration kinetics

4.1 Introduction

It was previously shown in section 2.5 that the rapid hydration of cement aluminate phase is
mainly controlled by the calcium sulphate. This is generally added at the final grinding in the form
of natural gypsum that can be transformed into hemihydrate due to temperatures increases within
the ball mill. In fact, ready soluble sulphate ions SO4?, from the added calcium sulphate phase,
are released into the aqueous solution and react with the CsA phase to form ettringite. This
hydrate product passivates the reactivity of the aluminate phase in the presence of water, allowing

the paste to remain fresh for some time.

The solubility rates of these calcium sulphate types are distinctly different, hemihydrate being
more rapidly soluble than gypsum. Consequently, the hydration kinetics of cement paste with
hemihydrate is expected to also be different from that with natural gypsum. The designation of
the type of calcium sulphate to be used as set regulator is therefore as important as the

adjustment of the calcium sulphate content within cement systems.

This section presents and discusses the results related to the use of natural gypsum/ hemihydrate
as set regulators at different concentrations. The hydration kinetics and subsequent hydrate
products were investigated with respect to these concentrations. The effect of these calcium
bearing material types and concentrations on the mechanical properties of cement systems were

also considered.

4.2 Hydration kinetics of cement systems
The hydration kinetics of these calcium bearing materials are described in the corresponding heat

flow curves in Figure 4.1 Figure 4.2. The overall heat flow profiles can be found in Appendix A.
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Figure 4.1: Influence of natural gypsum concentration on the hydration kinetics of cement paste
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Figure 4.2: Influence of hemihydrate concentration on the hydration kinetics of cement paste

These calorimetry heat profiles describe the different stages of hydration at all calcium sulphate
concentrations. The initial peaks that are well resolved on the overall profiles in Appendix A
correspond to the pure dissolution of different cement compounds. Thereafter comes a period of
low thermal flow defining a slow rate of hydration, referred to as the dormant phase. This, in most
cases, lasted for a few minutes after the contact of water and the cement. This period was followed

by a sharp increase in heat flow and reached a peak after around 12 hours of hydration.

From Figure 4.1 to Figure 4.2, it was observed that the hydration kinetics of both natural gypsum
and hemihydrate tended to increase the dormant period length with the increase in their
respective concentrations up to 4%, and thereafter it decreased. Also, the reaction rate during the
acceleration period seemed to decrease with higher concentrations of these calcium bearing

materials. Conversely, the reaction rate during the deceleration period increased with higher
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concentrations of these calcium sulphates. This phenomenon could be due to the decrease in
available space for eventual reactions caused by the precipitation of important amounts of early
hydrate products as reported by Quennoz (2011). The cumulated heat released during the
hydration of cement mixes is presented in Figure 4.3.
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Figure 4.3: Cumulative heat flow of cement with natural gypsum (a) and hemihydrate (b) at

different concentrations

It can be seen from Figure 4.3 that the total heat of hydration reactions changes with the increase
in calcium sulphate concentration within the systems. For both natural gypsum and hemihydrate,
at a concentration of 2%, the cumulative heat released is lower at all times of hydration and

increased with increasing concentration.

From Figure 4.4 and Appendix B, it can be noticed that at equal concentrations, the reaction rate
of cement clinker with hemihydrate seemed to be faster than that with natural gypsum.
Correspondingly, the total heat released during the hydration was also higher in cement with HH

than NG, as shown.
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Figure 4.4: Comparison of reaction rates and cumulative heat flow of cement with hemihydrate

(HH) and natural gypsum (NG) at 3%, 4% and 5% concentrations

The occurrence time of the exhothermic peak, corresponding to the depletion of calcium sulphate
within the system, appeared earlier in systems with hemihydrate than those with natural gyspum
except at 4% where the occurrence times were identical. However, after the calcium sulphate

depletion, it was observed that the deceleration rate was higher in systems with natural gypsum.
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Comparing the dormant phase length as illustrated in Figure 4.5, it can be seen that these were
longer in cement systems with natural gypsum and shorter in those with hemihydrate, especially
at higher concentrations.
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Figure 4.5: Comparison of dormant phase duration of cement systems with natural gysum and

hemihydrate at different concentrations

It is undisputable that these reaction kinetics reveal information on the reactivity induced within
the cement system and depend on the type and concentration of calcium sulphate bearing

material used.

4.3 Reactivity induced within cement systems

The hydration process involves different reactions between cement phases. When natural
gypsum was used as a source of calcium sulphate, these reactions were understood to happen
at a lower speed, especially before the depletion of calcium sulphate. This was attested by the
long durations of the dormant phase, the slow acceleration rate and the essential energy released

during the early hydration of the cement mixes.

Considering everything equal in the cement clinker (e.g. at the same w/c ratio), the clinker phases
react in the same manner. The difference in the kinetics of these cement systems can
hypotheticaly therefore be attributed to the presence of calcium sulphate within the system. Due
to the high solubility of hemihydrate, it can be accepted that sulphate ions would be supplied

faster in the liquid phase of cement systems with hemihydrate than those with natural gypsum.
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Consequently, a rapid formation of early hydrate products stemming from aluminate-sulphate
interactions takes place and leads to a faster depletion of these ions within the system.

Considering the time of occurrence of the main peak and the initially added amount of calcium

sulphate concentrations within the system, the consumption rate of CaSO,? ions can be
estimated as explained in section 3.6.4 and represented in Figure 4.6.
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Figure 4.6: Consumption rate of calcium sulphate per gram of cement with hemihydrate (HH) and

natural gypsum (NG) at different concentrations

It can be seen from Figure 4.6 that at all concentrations of cement sytems with hemihydrate
experienced higher rates of calcium sulphate consumption as compared to those with natural
gypsum. In addition, the consumption rate increased with the increase in the initial amount of
calcium sulphate. At a concentration of 2%, these two calcium sulphate bearing materials had
almost the same consumption rates of CaSO,? ions. However, Figure 4.1 and Figure 4.2 show
that their respective kinetics were very different. At this concentration (2%), cement with natural
gypsum exhibited a main peak with a lower amplitude and a broader width, implying a lack of
necessary ions to perform essential reactions within the system. In all cases, an average value of
calcium sulphate consumption rates were evaluated around 0.42 pmole/min and 0.54 pmole/min,
respectively, for natural gypsum and hemihydrate. This suggested that significant amounts of

ettringite would be expected to form in pastes with hemihydrate more so than those with natural

gypsum.

Furthermore, the degree of hydration as presented in Figure 4.7 shows that the degree of
hydration of cement systems depended on the type and concentration of calcium sulphate within

the suspension. Before or at the time of the exhaustion of sulphate ions present in the liquid
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phase, cement with hemihydrate had a higher degree of hydration than that with natural gypsum
at all concentrations except at 4% where they were equal. After the depletion of calcium sulphate,
at 24 hours of hydration, it was noticed that all cement systems experienced similar degrees of
hydration, regardless of the type and concentration of calcium sulphate bearing materials used.
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Figure 4.7: Degree of hydration of cement system with different calcium bearing material at
variant concentrations (a) at the exhaustion of CaSO4?; (b) after CaSO4? depletion at
24 hours

There is no doubt that these induced reactivities would influence the precipitation of early hydrate
products as indicated by their respective degree of hydration, especially before the depletion of

calcium sulphate, as seen in Figure 4.7 (a).

4.4 Early hydrate products: ettringite (Aft) and portlandite (CH)

The quantification of the early hydrate products was done by executing the thermogravimetric
analysis, as presented in Figure 4.8. The weight losses of the cement mixes were depicted with
respect to temperature ranges of cement phase decompositions as previously described in
section 3.6.4 and presented in Table 4.1 and Table 4.2. It can be seen from Figure 4.8 that the
weight loss corresponding to the decomposition of ettringite was not appreciable at 2% when
natural gypsum was used as set regulator, likely due to the insufficient amount of calcium sulphate
ions as discussed in section 4.3 and shown in Figure 4.6. Also, when comparing the weight losses
within these defined temperature ranges, as presented in Table 4.1 and Table 4.2, it was noticed
that cement with hemihydrate exhibited higher mass losses as compared to that with natural

gypsum within the corresponding temperature range.
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Figure 4.8: Typical thermogravimetric analysis and differential scanning calorimetry profiles after
calcium sulphate depletion within cement systems with hemihydrate (HH) and natural gypsum
(NG) at 2%, 4% and 7% concentrations
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Table 4.1: Mass loss of cement with natural gypsum (NG) at different concentrations 2%-7%
within temperature ranges of cement phase decomposition

Temperature range [°C]
Cement ID 25-100 100-140 140-430 430-530 530-900
NG2 0.79 0.58 2.90 2.04 3.00
NG3 0.87 0.66 2.69 1.93 5.00
NG4 1.56 0.88 2.70 1.45 5.79
NG5 1.59 0.89 2.48 1.35 4.97
NG6 1.59 0.91 2.42 1.31 5.65
NG7 1.46 0.91 2.37 1.30 4.70

Table 4.2: Mass loss of cement with hemihydrate at different concentrations 2%-7% within

temperature ranges of cement phase decomposition

Temperature range [°C]
Cement ID 25-100 100-140 140-430 430-530 530-900
HH2 0.89 0.69 2.69 2.17 3.00
HH3 0.93 0.82 3.11 2.24 4.00
HH4 1.17 0.93 2.68 1.71 4.79
HH5 1.79 1.00 2.80 1.73 4.96
HH6 1.58 1.07 2.80 1.82 3.16
HH7 0.91 1.04 2.63 1.69 4.67

Figure 4.9 shows the amount of ettringite formed after 12 hours of hydration (corresponding to
the time before the exhaustion of calcium sulphate within the cement systems) of cement with
hemihydrate and natural gypsum at different concetrations, while Figure 4.10 presents their

corresponding amounts of formed portlandite after the same hydration time.
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Figure 4.9: Amount of ettringite formed after 12 hours of hydration for cement clinker with different

calcium sulphate types at different concentrations

It can be seen from Figure 4.9 that the quantity of ettringite formed for cement with hemihydrate
was higher than that with natural gypsum. This phenomenon has also been observed by Bensted
(1982) who reported a value of 8.3% more of ettringite within cement paste with hemihydrate than
that with natural gypsum. Also, for both calcium sulphate bearing materials, the amount of this
hydrate product increased as their concentrations increased within the cement system up to
around 4%. Above this concentration, the quantity of ettringite formed remained reasonably
constant within the system. In addition, the amount of portlandite precipated after 12 hours of
hydration as seen in Figure 4.10, proving that cement systems with hemihydrate yielded more
portlandite as compared to those with natural gypsum, especially at high calcium sulphate
concentrations. However, it was observed that the amount of calcium hydroxide within the cement

systems decreased with the increase in concentration of calcium sulphate bearing materials.
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Figure 4.10: Amount of portlandite formed after 12 hours of hydration for cement clinker with

different calcium sulphate types at different concentrations

This could be due to the availability of SO42 consumed within the suspension by interacting with
Ca*? for the ettringite formation, as previously presented in Figure 4.6. Therefore, it could be
assumed that at low concentrations of these calcium bearing materials, there was not enough
S04 prevailing within the system. This resulted in less ettringte formation, counteracted by more
precipitation of portlandite since there was enough available Ca*? within the suspension.
Conversely, at high calcium sulphate concentrations, more ettringite products precipitated
accordingly by consuming more CaS0O4? causing a low CH formation. Above the concentration
of 4% for both calcium sulphate bearing materials, the amount of CH remained constant, as also
observed for ettringite formation in Figure 4.9. These observations agree with those found by
Clark and Brown (1999) who revealed the dependency of ettringite formation on calcium

concentrations within cement suspensions.

Ettringite and portlandite are not the only hydrate products formed during the early hydration of
cement pastes. For instance, Odler and Abdul-Maula (1984) have quantified different cement
hydrate products within the acceleration phase of cement. Minard et al. (2007) have also shown
the inevitable presence of hydroxy-AFm within the cement paste regardless of the amount of
added gypsum. The identification of the presence of other calcium aluminate hydrate (CAH) can
be done by assuming that ettringite is the only sulfoaluminate hydrate. The immediate
precipitation of AFt would therefore be attributed to the consumption of all available sulphate ions
within the cement system. Consequently, a linear regression relationship can be established
between the cumulated heat released at the exhaustion of sulphate and the initial amount of

added calcium sulphate, the slope of which expresses the enthalpy of ettringite formation while
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the intercept reflects the total heat released for the initial formation of hydroxyl-AFm from
aluminate grains (Pourchet et al., 2009).

Figure 4.11 presents the linear relationship between the total quantity of heat released at the time
of sulphate depletion and the initial amount of added sulphate estimated in terms of mmol per

Q=213.7*3*n

Gypsum

+ 269 (4.1)

gram of cement with hemihydrate and natural gypsum.
It was noticed that this relationship depended on the type of calcium sulphate used, as shown in
Equation (4.1) and Equation (4.2).
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Figure 4.11: Cumulated heat flow at the time of sulphate exhaustion against the initial added
guantity of sulphate per gram of cement
Q=213.7*3*ng,,. + 269 @.1)

Gypsum

Q =181*3* r]Hemihydrae +2170 (4.2)
Where Q@ is the cumulated heat [J]; and n; the sulphate quantity [mmol] induced by the type of
calcium sulphate. The multiplier 3 is introduced to take into consideration the number of moles of

sulphate required for the formation of one mole of ettringite, as per Equation (4.3).
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Ca,Al0, +3CaS0,.2H,0 +30H,0 — Ca,Al,(SO,),(OH),,.26H,0 @.3)

The slope of Equations (4.1) and (4.2) were 641 KJ and 543 KJ, equivalent respectively to the
enthalpy of ettringite formation when natural gypsum and hemihydrate were used as set
regulators within the cement systems. These values were in the same order of magnitude as
those determined by Taylor (2003), Minard et al. (2007), and Pourchet et al. (2009) in accordance
with reported thermodynamic data.

It is evident that the enthalpy of ettringite formation of cements with hemihydrate was higher than
those with natural gypsum. From a thermodynamic point of view, this suggests that more ettringite
is expected to be formed in the presence of hemihydrate than in the presence of natural gypsum.
Ettringite particles emanating from the reaction of C3A and hemihydrate are also less stable than

those from the CszA-natural gypsum reactions.

The higher deceleration rate of the cement systems with natural gypsum, observed in Figure 4.4
and Appendix B, can then be understood as resulting from a comparable remaining available
space on CsA grains. This allows ettringite particles to react with the remaining CsA and yield
monosulfoaluminate AFm phase, as reported by Quennoz and Scrivener (2012). This reaction

generates more heat, as observed in the cement system kinetics.

The linear coefficients were almost equal and approximated to around 270 J for both types of
calcium sulphate bearing materials. This value is independent of the initially added sulphate within
the system and would be attributed to the heat released during the formation of calcium aluminate
hydrate (CAH). A similar value (272 J) corresponding to the formation of CAH in the absence of
gypsum has been observed and reported by Minard et al. (2007). According to these researchers,
the formation of this hydrate product is controlled primarily by the surface of the aluminate phase.
It is then conceivable that regardless of the type of calcium sulphate used, equal y-intercepts are
observed since their corresponding clinker systems had similar phases including the aluminate

phase.

Bullard et al. (2011) have also noticed the formation of CAH in the absence of calcium sulphate
and referred to this hydrate product as a poorly crystalized aluminium hydroxide, AFm phase,
described by C,AHs and CsAHs. Within cement systems with calcium sulphate bearing materials,
ettringite and hydroxyl-AFm phases are the first aluminate hydrates to precipitate. However,
Pourchet et al. (2009) have shown that their nucleation frequencies are quite different depending
on the type of calcium sulphate bearing material present within the cement system. Because AFt

formations require an important amount of CsA dissolution when natural gypsum is used as
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compared to hemihydrate, hydroxyl-AFm precipitates before the formation of AFt in the presence
of natural gypsum while the opposite happens in the presence of hemihydrate. This can be
visualized in the SEM-BSE Figure 4.12 of a cement clinker system with natural gypsum and
hemihydrate at a concentration of 4%.

Figure 4.12: SEM-BSE of cement system hydrated for 30 min of (A) hemihydrate; and (B) natural

gypsum at a concentration of 4%

Figure 4.12 shows that after 30 minutes of hydration, within cements with hemihydrate, small
ettringite needles are formed on the surface of cement particles (Figure 4.12 (A)); while within

those with natural gypsum, platelets of AFm dominate the cement microstructure (Figure 4.12

(B)).

4.5 Effect of calcium sulphate bearing materials on physical and mechanical
properties of cement paste

Previous research has shown the importance of cement paste microstructures on its physical and
mechanical properties (Thomas & Jennings, 2006). In this section, the effect of calcium sulphate
types and dosage on the initial, final setting times and early compressive strengths is assessed.
Figure 4.13 shows the variations in strength of mortars with hemihydrate and natural gypsum at
various concentrations. Each compressive strength value was an average of six collected

readings, as detailed in Appendix D.
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Figure 4.13: Compressive strength of cement mortar with natural gypsum and hemihydrate at

different concentrations hydrated during 1 day

A quadratic relationship between the compressive strength of mortars and the concentration of
both calcium sulphate bearing materials was observed. The maximum strength was obtained at
a concentration of 4% for both natural gypsum and hemihydrate. Above this concentration,
mortars experienced a decrease in strength that was more pronounced in the presence of natural
gypsum and progressive when hemihydrate was used. In all cases, mortar prepared with
hemihydrate had higher compressive strength than those with natural gypsum. The average
difference in strength between the two calcium sulphate bearing materials was approximately
15%.

The strength improvement at low calcium sulphate concentrations, as observed in Figure 4.13,
would probably be related to low SO3 prevailing within the cement systems, as shown in Table
3.3, and moderate ettringite formation. The latter phenomenon could be due to the fact that
cement systems with small total SO3 contents are expected to have low SO42 concentrations at
early hydrations. Conseqgently, less ettringite would precipitate, thereby availing more space for
CsS hydration. This resulted in mortar strength improvements. On the other hand, the decrease
in strength at higher calcium sulphate concentrations could be attributed to important ettringite
formations within the cement system due to higher total SO3; contents. According to Zhang et al.
(2018), the hydration process of CsS is usually limited in cement systems with a higher quantity
of ettringite which covers the unhydrated cement grains. Besides, cement microstructures
experience excessive expansion as a result of this large amount of generated ettringite. This

increases porosity within the system that significantly reduces its overall strength.
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As a matter of fact, the hydration kinetics of cement systems as presented in Figure 4.1 and
Figure 4.2 supports this hypothesis. During the acceleration period, the reaction rate of cement
systems seemed to decrease with the increase in calcium sulphate concentrations. In addition,
Figure 4.4 showed that the reaction rate of cement with natural gypsum was lower when
compared to that with hemihydrate. This has also been observed by Quennoz (2011) who noticed
that with a significant amount of sulphate ions within the suspension, the specific surface areas
of the anhydrous silicate and aluminate compounds decrease. Because of a large amount of
ettringite and C-S-H formed, the space available for the reaction of these cement phases also
decreases, thereby affecting the reaction rate of the overall system. The phenomenon observed
in Figure 4.10, showing a decrease in the amount of portlandite with the increase in calcium
sulphate concentrations at the time before the exhaustion of sulphate and lower strengths of
natural gypsum compared to hemihydrate, can then be explained. Figure 4.14 shows the initial

and the final setting times of cement pastes with different concentrations of calcium sulphate.
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Figure 4.14: Final and Initial setting times of cement paste with natural gypsum and hemihydrate

at different concentrations

In the presence of natural gypsum, the setting times of cement systems seemed to increase
linearly with the increase in concentration. A quadratic relationship between the setting times and
the concentration of calcium sulphate was observed when hemihydrate was used. Changing the
concentration of calcium sulphate from 2% to 7% induced an increase of 15% in final setting time
when natural gypsum was used, while a decrease of about 12% was estimated when hemihydrate
was used as set regulator. In the same way, a 19% increase in initial setting time was noticed
when natural gypsum was used, while a decrease of around 33% was observed in cement pastes

with hemihydrate.
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In all cases, the final setting times of systems with hemihydrate were shorter when compared to
those with natural gypsum. However, at concentrations below 4%, the initial setting time of cement
pastes seemed to be independent of the type and concentration of calcium bearing materials.

Cement setting is a consequence of C-S-H precipitation that strengthens the newly formed
microstructure and enables the cement paste to withstand some stresses (Hildago et al., 2008;
Bishnoi & Scrivener, 2009; Roussel et al., 2012). The kinetics and reactivity induced by the
presence of these calcium sulphate bearing materials elucidate their respective setting time

values.

First of all, the formation of C-S-H appeared to be favoured in systems with hemihydrate, as their
hydration rate was more improved than those with natural gypsum (see Figure 4.4). Also, the
dormant phase of systems with hemihydrate were shorter than those with natural gypsum (see
Figure 4.5). This suggests that the onset of the acceleration period would occur earlier, justifying
the shorter initial setting times obtained in systems with hemihydrate than those with natural
gypsum. These observations are in agreement with those of Nelson et al. (1990) and Pedrajas et
al. (2014) who noticed that cements with long induction or dormant phases experienced higher

initial setting time values that improved their pumpability.

Secondly, the short final setting times in systems with hemihydrate could be due to the amount
and rate of ettringite formation during hydration. Actually, the precipitation of these hydrate
products allows the formation of a network structure that is able to enclose a large amount of free
water necessary for the progression of hydration reactions (Zhang et al., 2018). Xu et al. (2012)
have also observed disparities in setting times of mortars with different calcium sulphate bearing
materials used as set regulators, attributing these differences to the solubility of the set regulators

and the formation of ettringite.

4.6 Conclusion

The influence of the type and concentration of natural gypsum and hemihydrate used as set
regulators in OPC was investigated. The kinetics and reactivity induced by these calcium sulphate
bearing materials were studied and correlated to the mechanical and physical properties of

corresponding cement systems.

The hydration kinetics of all prepared cement systems described all four hydration stages
pertaining to that of normal OPCs. In particular, cements with hemihydrate presented shorter
durations of dormant periods than those with natural gypsum. The reaction rates of cement

systems with hemihydrate were faster than those with natural gypsum and generally tended to
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decrease with the increase with concentration. This behaviour was attributed to the unavailability
of possible reaction spaces within the system due to the early precipitation of important hydrate
products.

The consumption rate of calcium sulphate was higher in cement systems with hemihydrate than
those with natural gypsum, with an averaged difference of 19%. Generally, this rate seemed to
increase with the increase in calcium sulphate concentration. Consequently, cement with
hemihydrate experienced higher degrees of hydration, especially at times corresponding to the
exhaustion of sulphate ions within the system. After the depletion of sulphate, all cements had
almost equal degrees of hydration.

In these events, hemihydrate systems had more ettringite and portlandite formed than that of
natural gypsum. However, the amount of ettringite increased with the increase in calcium sulphate
concentration to a certain extent (4%), and thereafter remained constant regardless of the dosage
within the system. Conversely, the amount of portlandite decreased with the increase in calcium
sulphate and also remained unchanged after 4%. These phenomena were attributed to the
availability of SO42 ions and their interactions with Ca*? ions which were conditioned by the

dosage of calcium sulphate within the system.

The evaluation of the enthalpy formation of these early hydrate products attested the formation
of AFm phases in the cement systems. However, while this hydrate phase prevailed in systems
with natural gypsum, it was not depicted in those with hemihydrate after 30 minutes of hydration
as observed with the scanning electon microscopy. Additionally, the estimated energy formation
of ettringite phases revealed that those generated from hemihydrate were less stable than those
from natural gypsum. This implied that the phenomenon observed during the deceleration period
was mostly related to the remaining hydration space on the CzA compound after the depletion of
sulphate within the system. It was also established that mechanical and physical performances

of cement systems were dictated by the kinetics observed at microstructural level.

Generally, cements with hemihydrate had higher compressive strengths when compared to those
with natural gypsum, with a maximum strength for both calcium sulphate bearing materials
achieved at 4% concentration. This early strength development was attributed to the CsS

hydration, whose hydration space depends on the amount of ettringite formed.

In the same way, the amount of ettringite increased with the increase in calcium sulphate
concentration to a certain extent (4%), and thereafter remained constant regardless of the dosage

within the system. Conversely, the amount of portlandite decreased with the increase in calcium
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sulphate and also remained unchanged after 4%. An increase of 15% in the final setting time for
natural gypsum systems in comparison to a 12% decrease in those with hemihydrate were
observed when the dosage of calcium sulfate was varied from 2% to 7%. A 19% increase and
33% decrease were noted, respectively, in the initial setting times of natural gypsum and
hemihydrate systems.

This behaviour was in connection with the kinetics of the cement systems in terms of their
hydration rates and dormant phase durations. The formation of a network by the generated
ettringite and the solubility of the set regulators used was also suspected to be responsible for

these cement physical properties.
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Chapter 5 Rheokinetics of cement paste with mix proportion
of natural gypsum and hemihydrate

5.1 Introduction

The previous chapter gave the scientific basis of optimum sulphate content within the cement
systems. Previous research set this optimum by primarily considering the sulphate content at
which the system achieves maximum compressive strength. It is understood that high sulphate
content might lead to excessive formation of Aft, which can cause both the expansion and
microstructure disruption of the cement paste. This decreases the overall strength development
of the system. On the other hand, a low sulphate content may promote the formation of AFm
phases. This consumes most of the Ca*? necessary for the precipitation of CH and C-S-H phases

that are responsible for cement system strength developments.

Considering this, a concentration of calcium sulphate set at 4% was therefore accepted as the
optimum for both natural gypsum and hemihydrate. Not only did the cement systems achieve
maximum strength at this dosage but also had similar hydration kinetics with equal degrees of

hydration prior to the exhaustion of sulphate within the system.

This chapter assesses the effect of mix proportions of natural gypsum and hemihydrate at 4%
calcium sulphate phase on the cement paste rheological properties. The hydration kinetics and
physical performances of cement mixes were also studied. A connection between the hydration

parameters (rheokinetics, hydration kinetics and physical performances) was attempted.

5.2 Effect of natural gypsum and hemihydrate on the viscoelastic properties
of cement paste

The non-destructive dynamic rheometry measurements taken in small amplitude oscillatory are
introduced to investigate the viscoelastic properties and the time dependence of fresh cement
paste. Figure 5.1 presents the evolution of storage moduli and corresponding phase angles of
cements with different proportions of natural gypsum and hemihydrate within the cement calcium

sulphate phase.

The evolution of the storage modulus when monitored within the linear viscoelastic domain is a
pure signature of cement microstructure development (Roussel et al., 2012). The storage
modulus development describes the structuration or the strength development of the newly
formed network (Gauffinet-Garrault, 2012). It can be observed in Figure 5.1 thatimmediately after

the pre-shearing, the mixtures initially experienced negligible storage modulus values with values

-107 -



Rheokinetics of cement paste with mix proportion of natural gypsum and hemihydrate

of angle phases around 50°. This evidenced the liquid-like state of the cement suspensions with
weak bonds prevailing within the microstructure at the beginning of hydration. Generally,
viscoelastic materials have phase angle values between 0°-90° with 0° describing the elastic
behaviour and 90° the viscous behaviour (Eirich, 1958). Afterward, the storage modulus increases
with the evolution of hydration time, indicating a gain in rigidity of the formed network likely due
to the yielded hydrate products. At the same time, the phase angle decreases until it reaches a
steady state.
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Figure 5.1: Evolution of storage modulus (a) and corresponding phase angle (b) during the early
hydration of cement with different proportions of natural gypsum and hemihydrate set

at 4% calcium sulphate cement content

This monotonic decrease of phase angle and increase of storage modulus reflects a gelation
process, or formation of an elastic network, indicating a transition from the liquid-like state to a
solid-like state. The decay rate of the phase angle, as illustrated on Figure 5.1 (b), shows that this
transition generally occurs faster in mixtures with higher amount of hemihydrate fractions. In
particular, cement with a 70/30 proportion of NG and HH seems to have the same decay rates as
that of the 100/0 proportion. Moreover, those with 40 and 50% hemihydrate fractions experienced
the lowest decay rates. This would indicate that small replacements of natural gypsum by
hemihydrate do not affect the speed of this transition and become very slow at almost equal
fractions. Subsequently, formation of an elastic percolated network is faster in cements with a
higher amount of HH within the calcium sulphate phase and slower in those with as much
hemihydrate as natural gypsum. According to Mostafa and Yahia (2017), the point in time where
the phase angle reaches the lowest and steady value can be considered as the colloidal
percolation time defined as the time needed for the formation of the percolated network. Figure
5.2 shows the effect of hemihydrate fractions within the cement gypsum phase on the percolation

time.
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Figure 5.2: Time required for the microstructural network percolation occurrence with respect to

the inclusion of hemihydrate in the gypsum phase

It was observed that the percolation time of cement with only hemihydrate was about 30% of that
with only natural gypsum. Increasing the amount of hemihydrate fraction up to 50% within the
gypsum phase did not show any influence on the onset of the network formation. During this
stage, flocculated cement particles generally undergo numerous physical interactions within the
suspension (Nachbaur et al., 2001; Mostafa & Yahia, 2016) as quantified by Flatt (2004) and
Roussel (2007). Since all cement mixes had similar SSA (see Table 3.4.), it can then be
speculated that these reactions were promoted by the reactivity of calcium sulphate used.
Consequently, the agglomeration of cement particles seemed to be hastened in the presence of

hemihydrate.

This agglomeration is a result of the early cohesion between cement particles as reported in
previous investigations (Sujata & Jennings, 1992; Roussel et al., 2012) and responsible for the
initial elasticity within the formed particle network. The increase in storage modulus has been
considered the footprint of this phenomenon, referred to as the rigidification of cement
microstructure (Nonat et al., 1997; Kirby & Lewis, 2002; Bellotto, 2013). The increase in storage

modulus, as illustrated in Figure 5.1, indicates the rigidification of the cement microstructures. In

particular, a linear relationship was established between the maximum storage value Gmax and

the concentration of hemihydrate within the cement gypsum phase. A gradual increase in G,'mx

was observed when increasing the concentration of hemihydrate fraction, as shown in Figure 5.3.
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Figure 5.3: Maximum storage modulus of hydrate cement (at 20 °C) with different fractions of

hemihydrate within the gypsum phase set at 4% cement content

It is more rational to compare these maximum storage moduli with respect to their corresponding
characteristic times since they are achieved over different time intervals. Subsequently, the
evolution of the stress-bearing capacity of the formed network can be estimated, rendering it
possible to calculate the strength rate development of the pastes, as described in section 3.6.4

and presented in Figure 5.4.
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Figure 5.4: Strength rate development of cement paste with different fractions of hemihydrate

within the gypsum phase set at 4% cement content

Figure 5.4 demonstrates that the strength rate development of cement increased when increasing
the amount of hemihydrate fraction within the gypsum phase at concentrations above 50%. This

underlined that the microstructural strength rate development could be affected from the point the
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degeneration of natural gypsum to hemihydrate has exceeded 50% of transformation.
Comparatively, these results corroborated with those of cement percolation time onsets which
showed appreciable values only from 50% hemihydrate fraction.

5.3 Effect of natural gypsum and hemihydrate on the flow properties of
cement paste

The yield stress and viscosity values of the cements were estimated from typical flow curves, as
shown in Figure 5.5 It was noticed that the characterization of all down curves of hysteresis loops
on flow curves could be fitted with the Bingham model. Cement systems with only hemihydrate
presented higher Bingham parameters than those with pure natural gypsum. These parameters
seemed to change with respect to the replacement of natural gypsum by hemihydrate in cement

systems with mix proportions of these two calcium sulphate bearing materials.
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Figure 5.5: Typical flow curves of cement pastes with different proportions of natural gypsum and

hemihydrate within gypsum cement phase

The effect of the presence of hemihydrate within the gypsum phase on the flow behaviour of
cement paste can be seen by establishing a relationship between these obtained rheological

parameters and the actual concentration of hemihydrate, as illustrated in Figure 5.6.
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Figure 5.6: Effect of hemihydrate fraction within gypsum cement phase on (a) the yield stress
and (b) plastic viscosity

It can be observed from Figure 5.6 that the presence of hemihydrate resulted in an increase in
both yield stress and plastic viscosity of the cement pastes. In particular, below 50% hemihydrate
fraction, yield stress values are similar to those of cement with only natural gypsum. Above this

concentration, cement paste yield stress values significantly increased.

5.4 Early hydration cement products: ettringite and portlandite

The effect of the mix proportions on the quantity of ettringite and portlandite were quantified based
on the results from thermogravimetric and differential scanning calorimetry (TG-DSC), as
presented in Figure 5.7. These characteristic TG-DSC curves clearly show appreciable mass loss
occurring between 100-140 °C for all cement pastes after one hour of hydration. This is mainly
attributed to the dehydration of ettringite. Modest mass losses also occur between 170-200 °C in
all cements except in those with 100% and 40% fraction of hemihydrate. This loss is mainly
attributed to the dehydration of AFm (calcium hydroaluminate or monosulfate) phase (Odler &
Abdul-Maula, 1984). Further mass losses are noticed between 350-530 °C corresponding to the
dehydroxylation of portlandite. The decarbonation of carbonated phases are depicted from a
temperature range of 600-900 °C. Table 5.1 shows these mass losses with respect to the defined

temperature ranges.

-112 -



Rheokinetics of cement paste with mix proportion of natural gypsum and hemihydrate

102 r 0
102 |, (a) 0
| 100
100 L oz F-0.2
= = 98
2% 4 F 2 L 04 T
i = i) =
E 06 E E 06 E
= L0565 = 05 2
] 94 [
£ % =
oo TR - -0.8 r-0.8
. —g—- ii TE;; 2 iwwoTea
90 |||||T|||||||||||||||||||||||'_-1 o0 _lllll-.ll'.lll?lllll|||I||||I||||-_1
0 200 400 800 200 1000 1200 0 200 400 800 800 1000 1200
Temperature [*C] Temperature [2C]
102 [0 102 - 0
:III (c) C (d)
' C 100
100 ¢ [ 02 02
F og | E F 38
= ! L 04 B = [ 2 &
8 [ 2 896 b2
= 96 C E = E.
= r L (] = L]
s F0s 2 794 L 06 2
z g4 \ C 2
: \ [ 92
i - - -0.8 - -0.8
92T TO_EDTGA C 90 B0_40 TGA
[ T0_30 DSC - &0_40 D5C [
ED T T T N T T T T TN T T T T T T TN N T Y _1 BIB- I T T N T T T N T T T T I T N T I T T O T _1
] 200 400 G00 200 1000 1200 0 200 400 800 200 1000 1200
Temperature [*C] Temperature [2C]
102 :.| (e) r o 102 (M) 0
Al [
10 r r-02 100 b -0z
E 83
F 8B [ . = —
£ - L4 B r-04 £
a L = 898 =
2 95 [ i E 2 E
= r L = 5]
= C I 92
. E-08 r-0.8
92 ¢ 5} 5D TGA 80 F — 4050TGA
E 5} EDDSC — 40 B0 D5C )
ED-'""'_'""""""""""" -1 23 TS T T T T T T T T T T T A T B Y O A -1
0 200 400 800 200 1000 1200 0 200 400 800 200 1000 1200

Temperature [*C]

Temperature [*C]

Figure 5.7:Thermogravimetric analysis and differential scanning calorimetry of one hour hydrated
cement pastes with different proportions of natural gypsum and hemihydrate within
the gypsum phase set at 4%: (a) cement with hemihydrate 0/100; (b) cement with
natural gypsum 100/0; (c) cement with 70/30 proportion; (d) cement with 60/40
proportion; (e) cement with 50/50 proportion; and (f) cement with 40/60
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Table 5.1: Mass loss of 1 hour hydrated cement with mix proportions of natural gypsum and
hemihydrate within the calcium phase set at 4%

Temperature range [°C]
Cement ID 25-100 100-140 140-430 430-530 530-900
100/0 1.06 0.89 1.47 0.38 4.72
70/30 0.75 0.76 1.47 0.50 5.46
60/40 0.94 0.89 1.70 0.49 6.27
50/50 0.66 0.67 1.40 0.36 5.16
40/60 0.83 0.73 1.93 0.50 6.20
0/100 0.69 0.66 1.26 0.46 4.93

From these mass losses, the quantity of ettringite and portlandite precipited after one hour of
hydration can be estimated, as described in section 3.6.4. Figure 5.8 shows the amount of these

early hydrate products.
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Figure 5.8: Amount of hydrate products precipitated after 1 hour of cement hydration with different
fractions of hemihydrate within the gypsum phase set at 4%: (a) ettringite and (b)

portlandite

After one hour of hydration, it can be observed that increasing the hemihydrate fraction within the
cement system resulted in an increase in the amount of formed hydrate products. The amount of
the formed ettringite varied between 4% and 5.5% and that of portlandite between 1.5% and 2%.
It was also noticed that more ettringite precipitated in the systems with only hemihydrate than
those with only natural gypsum. The latter had the same amount of ettringite formed when mixed

with hemihydrate at equal proportion.
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In such heterogeneous systems, it is difficult to explain the parameters controlling the rate of
ettringite precipitation for the mix proportions that resulted in distinct amounts of formed ettringite.
This has been a challenge for numerous researchers (Pourchet et al., 2009). The area of the
reaction interface and the departure from equilibrium of the limiting reactions such as CsA
dissolution and ettringite precipitation have been hypothesized as major parameters of ettringite
formation rate (Minard et al., 2007). According to this hypothesis, about 30% of the CszA
consumption is due to early AFm precipitation that significantly decreases the CsA surface area
within the system. Subsequently, the amount of ettringite formed also decreases. It can therefore
be assumed that the AFm phase was absent in cement mixes that generated higher amounts of
ettringite phases. This argument is in agreement with the investigations of Pourchet et al. (2009)
who described the absence of the AFm phase in C3A-CaS0O. systems with hemihydrate as the
source of calcium sulphate. In addition, the rate of calcium sulphate consumption within the
suspension can also be at the origin of these differences in hydrate product formations. Figure
5.9 presents the calcium sulphate consumption rates as previously estimated in section 4.3 with

reference to the heat flow curves given in Appendix A.
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Figure 5.9: Calcium sulphate consumption rate per gram of cement with different proportions of

natural gypsum and hemihydrate within the 4% calcium sulphate cement phase

It is evident that the consumption rate of calcium sulphate in cement systems increased with the
increase in hemihydrate fraction, except at 60%. Since the ettringite formation depends on the
hemihydrate fraction within the system, it can ultimately be understood that the amount of
ettringite formed depends on both calcium sulphate consumption rates and the availability of

reaction space on the aluminate phase.

-115-



Rheokinetics of cement paste with mix proportion of natural gypsum and hemihydrate

5.4.1 Ettringite and cement paste rheological properties

The increase in yield stress during the induction period of cement paste has also been reported
by Lei and Struble (1997) and was attributed to the accumulation of a gel between cement grains.
This gel is responsible for the increase in the force that holds together the network particles and
has been identified as crystalline ettringite. The yield stress of a cement system corresponds to
the strength or energy required to break down a network of interacting cement particles. It is thus
conceivable that the strength rate development (see Figure 5.4) of cement paste mixes follow a
similar trend as for their corresponding yield stress. The early strength development of a cement
system, identified by the increase in storage modulus, is initially due to the colloidal interactions
between particles. These weak bonds are strengthened by the precipitation of hydrate products
at pseudo contact points within the network (Nachbaur et al., 2001; Roussel et al., 2012).

Flatt and Bowen (2006) have shown that cement yield stress depends largely on the structure
and strength of this internal network that is generally influenced by the solid volume fraction,
particle size and the maximum packing. On the other hand, contrary to non-Brownian and non-
colloidal particles, cement paste viscosity depends on the surface-to-surface separating distance

between cement grains imposed by these attractive van der Waals forces (Hot et al., 2014).

Shi et al. (2016) have found that ettringite improves the rigidification by filling the spaces within
the cement structure. Gauffinet-Garrault (2011 determined that the formation of ettringite can
indirectly affect the interparticle forces by changing the mechanical efficiency of C-S-H. Also,
sulphate ions that are not consumed for the ettringite formation can be adsorbed on C-S-H layers,
modifying the growth of this cement phase (Garrault-Gauffinet & Nonat, 1999). Within this context,
modifications in the cement paste rheological behaviour are expected if the sulphate source
affects the amount and morphology of hydrate products, changing the solid volume packing

density of the system.

Assuming the densities of cement, ettringite and portlandite to be respectively 3.15 g/cm?®, 1.80
and 2.40, the variations in solid volume due to those of ettringite and portlandite can be estimated
to be 2% and 0.5%, respectively. At such variations, the solid volume fraction of ettringite could
expectedly affect the rheological behaviour of the suspension. There was, however, no correlation
determined between these solid volume fractions and the observed rheological parameters of the
corresponding cement paste. These observations are in agreement with those reported by Bonen
and Sarkar (1995) who also found no correlation between the amount of ettringite formed and the
rheological properties of cement paste. The essence of these flow properties could then be due

to the ettringite morphology.
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5.4.2 Ettringite and cement paste microstructure

The map images of one hour hydrated cement pastes with different proportions of hemihydrate
and natural gypsum are shown in Figure 5.10. Ettringite is the main hydrate product. In the
presence of hemihydrate, the cement microstructure appeared dense as compared to that with
natural gypsum.

100/0 (Natural psum)

Figure 5.10: SEM-BSE images of mixes with different proportions of natural gypsum and

hemihydrate within the gypsum cement phase hydrate sfter 1 hour of hydration

Looking at the XRD patterns in Figure 5.11, it can be seen that after one hour of hydration,
portlandite could not be depicted, likely a result of insignificant amounts or of the morphology of

portlandite that was still amorphous at this time of hydration.
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Figure 5.11: Typical x-ray difraction patterns of one hour hydrated cement with different proportion

of natural gypsum and hemihydrate within 4% cement calcium sulphate phase

The portlandite phase was detected only after the depletion of calcium sulphate (around 12 hours
of hydration) as shown in Appendix F. Additionally, the silicate phase was also noticed within
cements microstructure, confirming the presence of unhydrous cement particles as shown in
Figure 5.10.

The morphology of ettringite was considered and indirectly estimated by measuring the paste
compaction. Pastes with different proportions of natural gypsum and hemihydrate were prepared
with distilled water at wi/c: 0.5. After mixing, the paste was kept in a sealed container at room
temperature for 1 hour, allowing sufficient precipitation of ettringite. Thereafter, the paste was
mixed and 1.5 mL was collected, placed in a specified tube and transferred to the centrifuge. The
centrifuge was run at 5000 rpm for 10 minutes. The liquid on top was removed and weighed on
an electronic balance. This was preferred to measuring the height of cement due to the fact that
after centrifuging, the paste was not evenly spread around the circumference of the bottle. The
solid volume fraction of the consolidated suspension which corresponds to the packing density of
the suspension was then computed. Figure 5.12 presents the effect of the hemihydrate fraction

on the paste packing density expressed as a percentage.
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Figure 5.12: Effect of hemihydrate fraction within cement gypsum phase on cement paste packing

It can be seen that the packing density of the suspension was almost the same up to 50%
hemihydrate fraction and thereafter decreased with the increase in hemihydrate concentration,
suggesting that the paste was more compacted when natural gypsum was solely used or
dehydrated into hemihydrate up to 50%. Beyond this concentration, the packing density
decreased from 44.4% to 43.4%, indicating a less compacted paste.

These maximum packing measurements suggest that the increase of hemihydrate fraction alters
the packing of the suspension. Considering that the particle size distribution of cement particles
remains almost unchanged during 1 hour of hydration, the only factor that might affect the packing
density of the suspension would then be the shape of the particles. Interestingly, the ettringite
morphology as observed on the SEM-BSE images in Figure 5.13 explains the packing changes
(see Figure 5.12).
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Figure 5.13: SEM-BSE images of cement surface hydrated for 1 hour and prepared with (A)
natural gypsum and (B) hemihydrate

From Figure 5.13 it was observed that elongated rod-like ettringite hydrates prevailed at the
surface of cement grains when hemihydrate was used, while short rod like ettringite hydrates
were seen in the presence of natural gypsum. Similar phenomena pertaining to ettringite morpholy
changes resulting from aluminate and calcium sulphate interactions in different cement systems
have also been reported by Prince et al. (2003) and Pourchet et al. (2009).

Previously, other research has demonstrated that particles with regular shapes and flat surfaces
locally arrange themselves better than those with irregular shapes (Cumberland & Crawford,
1987; German, 1989; Aste & Weaire, 2000). When a long rod is inserted into a packing of particles
and if it is not small enough to occupy the space between particles, the overall packing density of
the system decreases accordingly. In such an event, the decrease in packing density with the
increase in hemihydrate fraction within the cement systems is then understood and attributed to
the elongated shape of ettringite formed. As a consequence, it can tentatively be assumed that
at concentrations below 50% hemihydrate, spherical or stubby rod shaped ettringite prevails

within the suspension, and above this concentration, long elongated ettringite dominates.

It is now evident that rheological properties of fresh cement paste seem to be controlled more by
the morphology than the available amount of ettringite triggered by the presence of high

concentration of hemihydrate within the suspension. These observations would explain the
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decrease of the packing density which results in the increase of both yield stress and viscosity as
the hemihydrate fraction increases.

5.5 Effect of mix proportion of natural gypsum and hemihydrate on the
initial and final setting times

Physical properties of most cementitious materials depend on the changes that occur in the
cement paste microstructure (Thomas & Jennings, 2006). As was previously shown, calcium
sulphate is primarily introduced within the clinker to regulate the hydration of the aluminate phase
for controlling cements settings (Strydom & Potgieter, 1999). This depends on the source of the
calcium sulphate (Roller, 1934; Zhang et al., 1996; Shi et al., 2016).

The setting times of cement clinker with different proportions of natural gypsum and hemihydrate
were thus measured and presented in Figure 5.14. It can be seen that both the initial and final
setting times decreased as the amount of hemihydrate fraction increased, except at 60%
hemihydrate concentration. Interestingly, the trend of these setting times corroborated with that
of the calcium sulphate consumption rate that generally influences the formation of ettringite. It
was therefore noticed that the faster the calcium sulphate consumption, the shorter the setting
times. This is in agreement with the investigations of Colombo et al. (2017) who found that the
enhancement of ettringite formation reduces the setting time by suppling additional nucleation
surfaces within the system. This would finally confirm the dependence of the macroscopic
behaviour on the degree of microstructure build-up of cement paste, as reported by Mostafa and
Yahia (2017).
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Figure 5.14: Initial and final setting times of cement with different hemihydrate fractions with the

gypsum phase set at 4% cement content

5.6 Conclusion

The impact of hemihydrate content stemming from the degeneration of natural gypsum on the
rheokinetics of cement paste was investigated. The storage modulus development and the decay
rate of the phase angle of different cement mixes with different proportions of these two calcium
bearing materials indicated that the speed of transition of the cement matrix from liquid-like to
solid-like state was not affected at small hemihydrate fractions and slowed at an equal fraction
(50/50) of natural gypsum and hemihydrate. Increasing the amount of hemihydrate fraction
hastened the rigidity of the newly formed cement network. A linear relationship was found
between the maximum storage modulus and the hemihydrate fractions, while the strength rate

development of the newly formed network seemed to be affected at higher hemihydrate fractions.

The dynamic yield stress of mixes were comparable to their corresponding strength rate
developments. Cements with up to 50% hemihydrate fraction had similar flow properties as those

with only natural gypsum.

More ettringite formation was observed in cements with only hemihydrate as compared to those
with only natural gypsum, and the amount was higher than that of portlandite in all one hour
hydrated cements. The precipitation of ettringite appeared to depend on the calcium sulphate
consumption and available nucleation sites on the aluminate phase. These nucleation sites can
be reduced by the early precipitation of the AFm phase that was imminent in all the mixes except

in those with only hemihydrate.
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It was shown that besides the amount of ettringite precipitated, ettringite morphology plays a
major role in controlling the packing properties and consequently the plastic viscosity of fresh
cement pastes. This could be attributed to the change in the sulphate availability depending on

the presence of hemihydrate fractions within the gypsum phase.

Rheological properties were more pronounced when the concentration of hemihydrate exceeded
50%. Large changes in yield stress values and variation in plastic viscosity values of
approximately 50% were recorded. In all cases, dynamic yield stress values of cement mixes
were comparable to their corresponding microstructure strength development rate. Furthermore,
physical properties of cement pastes, especially the initial and final setting times, depended on
the formation of ettringite (dictated by the sulphate consumption rate) within the system.
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Chapter 6 Conclusions and recommendations

The present experimental work examined the hydration kinetics of cement paste, considering real
industrially available materials at a realistic water-to-cement ratio, where the effect of dissolution
and precipitation mechanisms as observed in the laboratory can be linked directly to the field
experience. This chapter presents a summary of the work conducted with regard to the findings
of the investigations, followed by recommendations for future research.

6.1 Effect of natural gypsum and hemihydrate on the hydration kinetics

The hydration kinetics of cement pastes were assessed by measuring the heat flow rate curves
collected on a TAM Air calorimeter and characterized with respect to parameters suggested for
cement thermal analysis. It was observed that regardless of the amount and type of calcium
bearing material used, all cement mixes described the usual hydration process of a normal
ordinary Portland cement. The dormant periods of cements with hemihydrate were shorter than
those with natural gypsum. The reaction rates of cement systems with hemihydrate were faster
than those with natural gypsum while tending to increase with the increase in their concentrations.
likely due to the unavailability of reaction spaces within the system as a significant amount of
hydrate products precipitated at early stage of hydration. Furthermore, it was noticed that the
consumption rate of calcium sulphate was higher in cement systems with hemihydrate than those
with natural gypsum, leading to higher degrees of hydration in systems with hemihydrate. After
the depletion of sulphate within the suspension, all cements had almost an equal degree of

hydration.

6.2 Effect of natural gypsum and hemihydrate on the microstructure

Early cement hydrate products were evaluated on a TG-DSC. Corresponding heat profiles with
experimental temperatures starting from 105-1000 °C were acquired and, considering the thermal
decomposition of hydrate products, ettringite and portlandite phases, were estimated. Cement
microstructures were analysed using a SEM-BSE approach and hydrate phases were identified

using an EDS analyser based on atomic ratio.

More ettringite and portlandite were observed in cement systems with hemihydrate than those
with natural gypsum. The amount of ettringite increased with the increase in calcium sulphate
concentration up to 4%, while thereafter it remained constant regardless of the dosage.
Conversely, the amount of portlandite decreased with the increase of calcium sulphate and also
remained unchanged after 4%. These phenomena were attributed to the availability of SO42 ions

and their interactions with Ca*? ions which were conditioned by the concentration of calcium
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sulphate within the system. In addition, the SEM images and the evaluation of the enthalpy of
formation of these early hydrate products attested the formation of AFm phases mainly in cement
systems with natural gypsum. Ettringite phases generated from hemihydrate seemed to be less
stable than those from natural gypsum.

6.3 Effect of hemihydrate and natural gypsum on the mechanical and
physical properties of cement

Mechanical and physical properties of cement systems were dictated by the kinetics observed at
microstructural level. Generally, the compressive strength of cements with hemihydrate was
higher than those with natural gypsum. The maximum strength for both natural gypsum and
hemihydrate was achieved at 4% concentration. This early strength development was attributed
to the hydration of the silicate phase where the hydration space depends on the amount of

ettringite formed.

Similarly, the setting times of natural gypsum systems increased linearly with the concentration
of their dosages, whereas a quadratic relationship was observed for those with hemihydrate. The
setting times of hemihydrate systems were shorter than those with natural gypsum except the
initial setting times that were equal at concentrations below 4%. An increase of 15% in the final
setting time for natural gypsum systems in comparison to 12% decrease for those with
hemihydrate were noticed when the dosage of calcium sulphate varied from 2% to 7%. A 19%
increase and 33% decrease were noticed, respectively, in the initial setting times of natural
gypsum and hemihydrate system when varying the calcium sulphate within the same ranges. This
behaviour was related to the hydration rates and dormant phase durations of corresponding

cement systems.

6.4 Effect of mix proportion of natural gypsum and hemihydrate on the
rheokinetics of cement paste

During the grinding process, the natural gypsum used may dehydrate to hemihydrate depending
on the mill ambient temperature. The presence and amount of hemihydrate within the cement
system may involve different chemical and physical mechanisms during cement hydration due to
their respective mineral characteristics. These phenomena can affect the hydration of the
aluminate phase and consequently the rheological properties of the fresh cement paste. This
section investigated the impact of the partial dehydration of natural gypsum to hemihydrate on
the rheokinetics of cement paste. To this end, different proportions of natural gypsum and
hemihydrate were considered within the 4% calcium sulphate cement phase as previously

determined.
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Dynamic yield stress and plastic viscosity values of cement systems were obtained from flow
curves using the Bingham model, while the rigidification of the cement microstructure was
estimated based on the measurements of storage moduli in the oscillatory mode. The storage
modulus development and the decay rate of the phase angle of various cement mixes with
different proportions of natural gypsum and hemihydrate indicated that the transition speed of the
cement matrix from liquid-like to solid-like state was not affected at small hemihydrate fractions
and slowed at equal fractions. The rigidification rate of the newly formed cement structure
increased with the increase in the amount of hemihydrate fraction and was more pronounced at
higher hemihydrate fractions. In all cases, the dynamic yield stress values of cement mixes were
comparable to their corresponding microstructure strength rate developments. Rheological
properties were more pronounced when the concentration of hemihydrate exceeded 50%. Large
changes in yield stress values and variation in plastic viscosity values of approximately 50% were
recorded. Cements with up to 50% hemihydrate fraction had similar flow properties to those with

only natural gypsum.

6.5 Effect of ettringite morphology on the flow properties of cement paste

It was important to establish the cause of these observed rheological properties due to the
presence of hemihydrate within the cement system. Different techniques were used to investigate
the microstructure of the cement mixes. SEM-BSE images of cements with only hemihydrate and
natural gypsum were collected and maximum packing densities of suspensions were evaluated.
The number of early hydrate products increased with the increase in the hemihydrate fraction.
More ettringite precipitated in cement systems with only hemihydrate than those with only natural
gypsum. The latter had the same amount of ettringite formed when mixed with hemihydrate at
equal proportions. The amount of formed ettringite varied between 4% and 5.5% and that of
portlandite between 1.5% and 2%. At such variations, the solid volume fraction of ettringite could
expectedly affect the rheological behaviour of the suspension. However, there was no correlation
established between these solid volume fractions and the observed rheological parameters of the

corresponding cement paste.

With reference to the behaviour observed in the rheological parameters of cement mixes, the
packing density of cement suspensions remained almost the same up to 50% hemihydrate
concentration, and thereafter decreased with the increase in concentration. This underlined that
the paste was more compact when only natural gypsum was used or dehydrated into hemihydrate
up to 50%. This behaviour was related to the ettringite morphology changes observed in the
cement systems. Elongated rod-like ettringite hydrates at the surface of cement grains in the
presence of hemihydrate were responisible for the packing density decrease especially at higher

hemihydrate concentrations. This resulted in pastes with higher yield stress and plastic viscosity
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values. On the other hand, the higher maximum packing density achieved in the presence of
natural gypsum up to 50% degeneration was due to short rod like ettringite hydrates as revealed
by the SEM images. This resulted in pastes with lower yield stress and viscosity values. It was
thus concluded that rheological properties of fresh cement pastes are more controlled by the
ettringite morphology than the available amount of ettringite triggered by the presence of high
concentrations of hemihydrate.

6.6 Recommendations for further research

This study has investigated the effect of different calcium sulphate bearing materials in terms of
their concentrations and mix proportions on the hydration and rheological kinetics of cement
paste. The partial dehydration of natural gypsum was simulated by replacing its initial amount
with a well-defined portion of hemihydrate within the cement system. In practice, this degeneration
is a function of the mill grinding ambient temperatures. Knowing the effect of the degeneration of
natural gypsum into hemihydrate, it would be interesting to relate these partial dehydrations to
different mill grinding temperatures in order to optimize operational temperatures with reference

to a target rheological behaviour.

As it is difficult to control the availability or sulphate consumptions within cement suspensions for
concrete rheological purposes, it would be recommended that practical and effective ways for
changing the ettringite morphology be investigated by incorporating intercalating polymers.

It could be interesting to conduct a similar investigation by introducing commercially available
supperlasticizers within the cement matrixes which would allow the evaluation of the effect of
calcium sulphate consumption on the hydration kinetics and estimation of the effect of

superplasticizer on ettringite morphology changes.
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Appendix A. Heat flow rate profiles
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Figure A.1: Heat flow rate of cement paste with different concentrations of natural gypsum
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Figure A.2: Heat flow rate of cement paste with different concentrations of hemihydrate
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Appendix B Reaction rate and total heat of reaction

Appendix B. Reaction rate and total heat of reaction
4 250
T 4 T 200
= i =
E 3 ® 150
@ ! "..’Sé =
® 2 z
2 @ 100
= NGz E
-— .1 e,
@ . 5 80
I el —— ©
EI 1 i 1 i 1 i 1 1 EI i i i i i i i i
§ 10 15 20 25 30 35 40 10 20 30 40 50 60 70 &0
Time [h] Time [h]
4
250
(6}
_ 3 = 200 1
S 75 = s
E .II-'., I".__l"._?o g 150
— 9 o ! -._1"._6’ i
@ L | L -
= I " =
—_ .II .' w E .1':H:I -r_r
z = }
=1 il = !
= 1 I." ] ) g p
E ! Tt [ a0
T :
D 1 1 1 1 L L L ! D T T T T T T T 1
5 10 15 20 25 30 35 40 10 20 30 40 50 60 70 &0
Time [h] Time [h]
4 250
™ =™ 200
= 3
: , -
= g s 150
& 4 ; RN =
a J':\ . o
E l\}. .;' ) % 1':"':'
[=] £ —_
o= _1 ;l':' g
E e 5 50
T s = o

5 10 15 20 25 30 35 40
Time [h]

10 20 30 40 50 60 7O &0
Time [h]

Figure B.1: Comparison of reaction rate and cumulative heat flow of cement with hemihydrate
(HH) and natural gypsum (NG) at 2%, 6% and 7%
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Appendix C Thermogravimetric analysis and differential scanning calorimetric

Appendix C. Thermogravimetric analysis and differential scanning calorimetric
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Figure C.1: Typical thermogravimetric analysis and differential scanning calorimetry profiles after
calcium sulphate depletion within cement systems with hemihydrate (HH) and natural
gypsum (NG) at 3%, 5% and 6%
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Appendix C Thermogravimetric analysis and differential scanning calorimetric
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Figure C.2: Thermogravimetric analysis and differential scanning calorimetry profiles of 4 hours

hydrated cement with different proportion of hemihydrate and natural gypsum within

the calcium sulphate phase set at 4% concentration
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Appendix D Compressive strength readings of cement mortar

Appendix D. Compressive strength readings of cement mortar

Table 6.1: 1 day compressive strength of cement mortar with natural gypsum and hemihydrate
at different concentrations

Mass [g] Reading [MPa] Average

Dosage[%] | A B C 1 2 3 4 5 6 [MPa]
2 587.1 | 586.8 | 585.1 27.6 27.2 | 27.6 | 26.8 28.1 26.9 27.4
% 3| 588.6|588.8|587.9| 22.8| 22.4|223|23.1| 247 | 245 28.1
=3 4| 5912 |589.8|587.6| 29.3| 284 |29.6|29.2| 28.2| 29.4 29.0
"E 5| 593.9|601.3 | 600.1| 27.3| 26.9|27.6 |27.7| 282 | 281 27.6
% 6 589.9 588 | 585.8 27.7 27.4 | 28.2 | 27.3 27.3 28.3 27.7
7| 589.5|593.9|594.4| 24.8| 249|252 |243| 256 | 233 24.7
Dosage[%] Mass [g] Reading [MPa] Average
£ 2| 591.3|592.3|589.7 | 22.1| 22.1|21.2|221| 21.8| 216 21.8
g 3| 597.8 598 | 594.6 | 24.8 | 24.9|23.6|23.6| 246 | 23.6 24.2
%’ 4 | 5981.5 | 586.1 | 583.7 23| 23.6| 24|255| 247 | 25.1 25.0
§ 5| 582.4 | 584.8 | 588.5 25| 244254244 | 247 | 25.8 24.3
2 6| 583.1|585.5|586.8| 14.4| 1592 | 18.9 | 19.3 | 18.65 | 18.61 19.3
7 588 585 | 586.5 | 17.81 | 18.11 | 17.9 | 19.4 | 1875 | 19.4 18.6
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Appendix E Flow curves of cement pastes

Appendix E.
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Appendix F. X-ray diffraction patterns of hydrated cement paste
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Operations: Displacement -0.082 | Import
[™]00-004-0733 (I) - Portlandite, syn - Ca(OH)2 - Y: 13.95 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - Vlc User n.a. - S-Q n.a. - F28= 14(0.0520,39)
[®#]00-D42-0551 (*) - Calcium Silicate - Ca3S5i05 - Y: 63.09 % - d x by: 1. - WL: 1.5406 - 0 - Vlc PDF n.a. - lVlc User n.a. - S-Q n.a. - F30= &(0.0107,447)
[A]o0-033-0302 (*) - Lamnite, syn - Ca2Sio4 - ¥: 16.85 % - d x by: 1. - WL: 1.5406 - 0 - Vlc PDF n.a. - l/lc User n.a. - 5-Q n.a. - F30=52(0.0135,43)
El(][]—{ME-‘MSQ (™) - Calcium Aluminum Iron Oxide - Ca2Al1.38Fe0.6205/Ca2(Al0 69F20.31)205 - ¥: 29.14 % - d x by: 1.0021 - WL: 1.5406 - 0 - Iflc PDF n.a. - fic User n.a. - S-0 n.a. - F28= 67(0.0075,56)
00-046-1045 (") - Quartz, syn - SiI02 - Y2 12.78 % -d x by: 1. - WL: 1.5406 - 0 - Ilc PDF n.a. - Vlc User n.a. - 5-Q n.a. - F30=539%0.0018,21)
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Appendix F X-ray diffraction patterns of hydrated cement paste
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@File: bgnd_100-0_12Z.raw - Type: 2Th/Th locked - Start: 5.082 ° - End: 85.053 ° - Step: 0.034 ° - Step time: 96. s - Temp.: 25 *C (Room) - Time Started: § s - 2-Theta: 5.082 © - Theta: 2.500 ® - Chi: 0.00 ® - Phi: 0.00 * - X: 0.0 mm - Y
Operations: Displacement -0.156 | Import

[W]00-004-0733 (1) - Portlandite, syn - Ca(OH)2 - Y: 16.61 % - d x by: 1.0083 - WL: 1.5406 - 0 - Ilc PDF n.a. - llc User n.a. - 5-Q n.a. - F28= 14(0.0520,39)

[*]oo-042-0551 {*) - Calcium Silicate - Ca3sSios - Y2 65.50 % - d x by: 1.0021 - WL: 1.5406 - 0 - Vlc PDF n.a. - I/ic User n.a. - 5-Q n.a. - F30= 6(0.0107,447)

[aloo-033-0302 {*) - Lamite, syn - Ca2Siod4 - Y: 14.99 % - d x by- 1. - WL 1.5406 - 0 - Flc PDF n.a. - lflc User n.a. - 5-Q n.a. - F20= 52(0.0135,43)

Elnu-mz-mag {*) - Calcium Aluminum Iron Oxide - CaZAl1 _38Fel 62056/Ca2(Al0 B9Fe0.31)205 - Y- 28 10 % - d x by 1.0021 - WL- 1.5406 - 0 - flc PDF n.a_ - l/lc User n.a. - 5-0 n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quarnz, syn - Si02 -Y: 14.21 % - d x by: 1.0021 - WL: 1.5406 - 0 - IVlc PDF n.a. - Fic User n.a. - 5-Q n.a. - F30=539(0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste

Lin (Counts)
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mFile. bond_G0-40_12.raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 85.027 ° - Step: 0.034 * - Step time: 96. s - Temp.: 25 °C (Room) - Time Started: 14 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 ° - Phi: 0.00 ° - X 0.0 mm -
Operations: Import
[®]00-004-0733 (1) - Portlandite, syn - Ca(OH)2 - ¥: 16.18 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - Vic User n.a. - S-Q n.a. - F28= 14(0.0520,39)
ElDU—{)dZ-0551 (™) - Calcium Silicate - Ca3siOos -Y: 66.10 % - d x by: 1.0021 - WL: 1.5406 - 0 - ¥lc PDF n.a. - flc User n.a. - S-Q n.a. - F30= &(0.0107.447)
El00—033—0302 {*) - Lamnite, syn - Ca2Si04 - ¥: 15.13 % - d x by- 1. - WL: 1.5406 - 0 - IFlc PDF n.a. - Iflc User n.a. - 3-Q n.a. - F30=52(0.0135,43)
EIDG—{H2—1469 (™) - Calcium Aluminum Iron Oxide - CaZAll 38Fe0 6205/Ca2(Al0 69Fe0.31)205 - ¥: 2617 % - d x by: 1.0021 - WL: 1.5406 - 0 - Iflc PDF n.a. - lfic User n.a. - S-Q n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quartz, syn - Si02 -%- 1147 % -d x by: 1. -WL- 15406 - 0 - Iflc PDF n.a. - lVlc User n.a. - S-Q n.a. - F30=53%0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste
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@File: band_50-50_12.raw - Type: 2ThiTh locked - Start: 5.000 ° - End: 84992 © - Step: 0.034 ° - Step time: 96. s - Temp.: 25 °C (Room) - Time Started: 7 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 * - Phi: 0.00 = - >: 0.0 mm -%"
Operations: Import

[®]00-004-0733 (1) - Portlandite, syn - Ca(OH)2 - Y: 12,61 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - Vlc User n.a. - S-Q n.a. - F28= 14(0.0520,39)

Elﬂﬂ—ﬂtt2-[]551 {*) - Calcium Silicate - Ca3S5i05 - ¥: 66.55 % -d x by: 1.- WL: 15406 - 0 - Ilc PDF n.a. - lfic User n.a. - S-Q n.a. - F30= 6(0.0107,447)

[A]oo-033-0302 {*) - Lamite, syn - Ca2Siod - ¥: 15.23 % - d x by: 1. - WL: 1.5406 - 0 - lc PDF n.a. - Vlc User n.a. - $-Q n.a. - F30= 52(0.0135,43)

[¥]00-D42-1469 (*) - Calcium Aluminum lron Oxide - Ca2Al1.38Fe0 6205/Ca2(Al0.69Fe0.31)205 - Y: 26.35 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - lilc User n.a. - S-Q n.a. - F28= 67(0.0075.56)
00-046-1045 (*) - Quarz, syn - Si02-¥:11.55 % -d x by: 1. - WL: 1.5406 - 0 - Ific PDF n.a. - l/ic User n.a. - S-Q n.a. - F30=539%(0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste
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RFile: band_40-60_12.raw - Type: 2Th/Th locked - Start: 5.027 ° - End: 85.012 * - Step: 0.034 * - Step time: 95. s - Temp.: 25 *C (Room) - Time Started: 8 s - 2-Theta: 5.027 ° - Theta: 2.500 © - Chi: 0.00 * - Phi: 0.00 = - X 0.0 mm -7
Operations: Displacement -0.052 | Import

[®™]00-004-0733 (1) - Portlandite, syn - Ca(OH)2 - Y: 10.98 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/ic PDF n.a. - Wlc User n.a. - 5-Q n.a. - F28= 14(0.0520,39)

[*]o0-042-0551 {*} - Calcium Silicate - Ca3Sios - Y: 57.94 % - d x by: 1.0021 - WL: 1.5406 - 0 - ¥lc PDF n.a. - lVlc User n.a. - S-Q n.a. - F30= 6(0.0107,447)

[4]00-033-0302 {*} - Lamnite, syn - Ca2Si04 - Y2 13.26 % - d x by: 1. - WL 1.5406 - 0 - IVlc PDF n.a. - lflc User n.a. - 5-Q n.a. - F30= 52(0.0135.43)

E|DD—{142-1459 {*) - Calcium Aluminum lron Oxide - Ca2Al1_38Fel 62056/Ca2(Al0 69FeD 31)205 - Y. 22 .94 % - d x by- 1.0021 - WL- 1.5406 - 0 - Wlc PDF n.a. - lc User n.a. - 540 n.a. - F28= 67(0.0075,56)
00-0456-1045 (%) - Quarz, syn - Si02 -Y: 10.06 % -d x by: 1. -'WL: 1.5406 - 0 - I'lc PDF n.a. - I/lc User n.a. - S-Q n.a. - F30=53%0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste
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@File: T0-30_01 raw - Type: 2ThTh locked - Start: 5.000 ° - End: 84.992 * - Step: 0.034 ° - Step time: 96. s - Temp.: 25 °C (Room) - Time Started: 15 s - 2-Theta: 5.000 ° - Theta: 2.500 ° - Chi: 0.00 * - Phi: 0.00 ® - X: 0.0 mm - ¥ 0.0
Operations: Background 0.257,1.000 | Import

[#]00-042-0551 (*) - Calcium Silicate - Ca3Si05 - ¥: 81.69 % - d x by 1.0021 - WL: 1.5406 - 0 - Vlc PDF n.a. - l/lc User n.a. - S-Q n.a. - F30= 6(0.0107,447)

[A]00-032-0302 (*) - Lamite, syn - Ca2Si04 - Y- 17.83 % - d x by: 1. - WL: 1.5406 - 0 - Vlc PDF n.a. - Ific User n.a. - S-Q n.a. - F30= 52(0.0135,43)

[¥]00-042-1469 (*) - Calcium Aluminum Iron Oxide - Ca2Al1.38F el 6205/Ca2(Al0.69Fe0.21)205 - Y: 25.88 % - d x by: 1.0062 - WL: 1.5406 - 0 - lc PDF n.a. - liic User n.a. - S-Q n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quariz, syn - Si02 - Y: 9.35 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - Ve User n.a. - 5-Q n.a. - F30=539(0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste

Lin (Counts)
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@File' bognd_70-30_12_raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 84 992 = - Step: 0.034 ~ - Step time: 96. s - Temp.: 25 *C (Room) - Time Started: 8 s - 2-Theta: 5.000 * - Theta: 2.500 = - Chi: 0.00 * - Phi: 0.00 = - X: 0.0 mm - ¥
Cperations: Import

[®]00-004-0733 (1) - Portlandite, syn - Ca(OH)Z - ¥- 10.91 % - d x by- 1.0083 - WL: 1.5406 - 0 - Vic PDF n.a. - Vic User n.a. - S-Q n.a. - F28= 14(0.0520,39)

[*]00-042-0551 {*) - Calcium Silicate - Ca3Si086 - ¥: 78.88 % - d x by: 1.0021 - WL: 1.5406 - 0 - Vlc PDF n.a. - /lc User n.a. - 5-Q n.a. - F30= &6{0.0107,447)

[A]00-033-0302 (*) - Lamite. syn - Ca2Si04 - ¥ 18.05 % - d x by: 1. - WL: 1.5406 - 0 - flc PDF n.a. - Ific User n.a. - S-Q n.a. - F30= 52(0.0135.43)

ElOD—MZ-HiSQ {*) - Calcium Aluminum Iron Oxide - Ca2Al1_38Fe0 6205/Ca2(Al0 69Fe0.31)205 - ¥ 31.23 % - d x by: 1.0021 - WL:- 1.5406 - 0 - flc PDF n.a. - Ific User n.a. - S-Q n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quariz, syn - Si02 -Y: 13.69 % - d x by: 1. - WL: 1.5406 - 0 - Ilc PDF n.a. - Vic User n.a. - 5-Q n.a. - F30=53%0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste

Lin (Counts)
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@File: 40-60_01 raw - Type: 2Th/Th locked - Start: 5.000 ° - End: 84.992 ° - Step: 0.034 ° - Step time: 96. s - Temp.: 25 "C (Room) - Time Started: 13 s - 2-Theta: 5.000 © - Theta: 2.500 ° - Chi: 0.00 ® - Phi: 0.00 ° - X: 0.0 mm -Y: 0.0
Operations: Background 0.676,1.000 | Import

[#]00-042-0551 (*) - Calcium Silicate - Ca3Si05 - ¥: 78.83 % - d x by: 1.0021 - WL: 1.5406 - 0 - Vlc PDF n.a. - I/ic User n.a. - S-Q n.a. - F30= 6(0.0107,447)

[4]00-033-0302 (*) - Lamite, syn - Ca2Si04 - Y: 21.60 % - d x by: 1. - WL 1.5406 - O - Vlc PDF n.a. - Illc User n.a. - S-Q n.a. - F30= 52(0.0135 43)

[¥]00-042-1469 (*) - Calcium Aluminum Iron Oxide - Ca2Al1.38Fel 6205/Ca2(AI0.69Fe0.31)205 - Y¥: 22.78 % - d x by: 1.0062 - WL: 1.5406 - O - Iic PDF n.a. - Ilc User n.a. - $-Q n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quartz, syn - Si02 - Y: 9.07 % - d x by: 1.0021 - WL: 1.5406 - 0 - I/lc PDF n.a. - Iflc User n.a. - S-Q n.a. - F30=539(0.0018,31)
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Appendix F X-ray diffraction patterns of hydrated cement paste
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@File: bgnd_40-60_12.raw - Type: 2Th/Th locked - Start 5.027 * - End: 85.012 © - Step: 0.034 ° - Step time: 96. s - Temp.: 25 °C (Room) - Time Started: 8 s - 2-Theta: 5.027 ° - Theta: 2.500 © - Chi: 0.00 * - Phi: 0.00 - X: 0.0 mm - ¥
Operations: Displacement -0.052 | Import

[®]00-004-0733 (1) - Portlandite, syn - Ca(OH)2 - Y: 10.98 % - d x by: 1.0021 - WL: 1.5406 - 0 - l/lc PDF n.a. - Vlc User n.a. - S-Q n.a. - F28= 14(0.0520,39)

[*]00-042-0551 (%) - Calcium Silicate - Ca3SiO5 - Y: 57.94 % - d x by: 1.0021 - WL: 15406 - 0 - Vic PDF n.a. - lllc User n.a. - S-Q n.a. - F30= 6(0.0107,447)

[4]00-033-0302 (%) - Lamnite, syn - Ca2Si04 - ¥: 13.26 % - d x by- 1. - WL: 1.5406 - 0 - lic PDF n.a. - lllc User n.a. - S-Q n.a. - F30= 52(0.0135,43)

[¥]00-D42-1469 (*) - Calcium Aluminum Iron Oxide - Ca2Al1.38FeD 6205/Ca2(AI0.69Fe0.31)205 - ¥: 22.94 % - d x by: 1.0021 - WL: 1.5406 - 0 - Iflc PDF n.a. - llic User n.a. - S-Q n.a. - F28= 67(0.0075,56)
00-046-1045 (*) - Quartz, syn - Si02 - Y: 10,06 % - d x by: 1. - WL: 1.5406 - 0 - Vlc PDF n.a. - llc User n.a. - $-Q n.a. - F30=53%(0.0018,31)
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