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Preface

During the last 40 years, concrete technology has made considerable promress

due to some spectacular improvement in the properties of modern cements, but rather
to the utilization of very efcient admixtures. For example, in the 1970s in the United
States and Canada, concrete structures were typically built with concretes having
a maximum compressive strength of 30 MPa and a slump of 100 mm. Today,
80-100 MPa concretes having a slump of 200 mm are used to build the lower portions
of the columns of high-rise buildingéitcin and Wilson, 201p These concretes are
pumped from therst oor to the very topAldred, 2010, Kwon et al., 20133,More-

over, 40 MPa self-compacting concretes are being used for the prestresseth

these high-rise building<(ark, 2013. Currently, 200 MPa ultra-high strength con-
cretes are being used. Such achievements are the result of a massive research effor
that has created a true science of concrete and a true science of admixtures.

It is the prime objective of this book to present the current state of the art of the
science and technology of concrete admixtures. It is now possible to explain not
only the fundamental mechanisms of the actions of the most important admixtures,
but also to design spe@ new admixtures to improve particular properties of both
fresh and hardened concretes. The time is long past when different industrial byprod-
ucts were selected by trial and error as concrete admixtures. Today, most concrete
admixtures are synthetic chemicals designed to act sadlgi on some particular
property of the fresh or hardened concrete.

At the end of the Second World War, the price of Portland cement was quite low
because oil was not expensive. Thus, it was cheaper to increase concrete compressive
strength by adding more cement to the mix rather than using concrete admixtures. This
explains, at least partially, why the admixture industry was forced to use cheap indus-
trial byproducts to produce and sell their admixtures.

Today, oil is no longer cheap and the price of Portland cement has increased dra-
matically. Thus, it is now possible for the admixture industry to base their admixture
formulations on more sophisticated molecules synthesised sakbgifor the concrete
industry. As a result, in some sophisticated concrete formulations, it now happens that
the cost of the admixtures is greater than the cost of the ceraesituation unbeliev-
able just a few years ago.

The development of a new science of admixtures has also resulted in a question-
ing of current acceptance standards for cement. For example, a given superplasticizer
may perform differently from a rheological point of view with different Portland
cements, although these cements comply with the same acceptance standards.
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Expressions such ascement/superplasticizer compatibilityor “robustness of
cement/superplasticizer combinatibase often used to qualify these strange behav-
iors. It is now evident that the current acceptance standards for cement, which were
developed for concretes of low strength having high waénent ratios (w/c), are
totally inadequate to optimize the characteristics of a cement that is to be used for
the production of high-performance concrete having low w/c or Wateter ratios.
It is a matter of sense to revise these acceptance standards because, in too many
cases, they represent a serious obstacle to the progress of concrete technology.

Moreover, we are now more and more concerned by the environmental impact of
civil engineering structures, which favors the use of low w/c concretes that require
the use of superplasticizers. It is easy to show that a judicious use of concrete admix-
tures can result in a sigrdant reduction of the carbon footprint of concrete structures.
In some cases, this reduction may be greater than that resulting from the substitution of
a certain percentage of Portland cement clinker by some supplementary cementitious
material or ller.

To illustrate this point very simply, let us suppose that to support a given load L we
decide to build two unreinforced concrete coluriase with a 25 MPa concrete and
the other with a 75 MPa concrete, as showhigure 1

As seen irFigure 1 the cross-sectional area of the 25 MPa column is three times as
large as that of the 75 MPa column. Therefore, to support the same load L, it will be
necessary to place three times more concrete and to use approximately three times
more sand, three times as much coarse aggregate, and three times much water.

L
L
3A 3a
A a
25 MPa 75 MPa

Figure 1 Comparison of the cross-section area and volume of two unreinforced concrete
columns supporting the same load L built, respectively, with 25 and 75 MPa concretes.
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Moreover, the dead weight of the 25 MPa column will be three times greater than the
75 MPa one.

To produce the 25 MPa concrete, let us suppose that it is necessary to use 300 kg of
cement when using no admixture, and that to produce the 75 MPa concrete, it is nec-
essary to use 450 kg of cement plus some liters of superplasticizer to reduce the wic.
Therefore, using only 1.5 times as much cement, we are able to obtain three times more
strength. Thus, by constructing a 25 MPa column, we are using twice as much cement
and three times as much water and aggregatesaity build a column of lower quality
and durability that has a higher carbon footprifitlene and Hartmann (2008je-
sented more detailed calculations in the case of the columns of a high-rise building
built in Sao Paulo, Brazil. This is totally aberrant and unacceptable from both an eco-
nomical and a sustainable development point of view. It is time to stop such a waste of
money and material.

In the case of concrete elements working éxure, such asoors and beams, the
reduction of the carbon footprint is not as spectacular when using low w/c concrete,
except if they are built using pre- or posttensioned conct@sel(, 2014.

In the future, concretes will contain more admixtures, so it is very important to learn
how to use them appropriately in the mostoént way possible to produce sustainable
concretes perfectlytted to their spectc uses. This will increase concrete competitive-
ness and the construction of concrete structures having a lower carbon footprint.

P.-C. Aitcin
Professeur Emeritus, Département de génie civil,
Université de Sherbrooke, QC, Canada

R.J. Flatt
Institute for Building Materials, ETH#tich,
Zurich, Switzerland
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Introduction

This book on concrete admixtures is neither th& one nor the last one. Concrete
admixtures are becoming key components of modern concrete. Like some predecessors
(Rixom and Mailvaganam, 1978; Kosmatka et al., 2002; Ramachandrar), %@95

could have decided to present the various admixtures presently on the market one after
the other and actualize only the new scientind technological knowledge acquired
during recent years. Likeodson (199Q)we could have presented the admixtures in

the following categories: the ones that disperse cement particles, the ones that modify
the kinetics of hydration, the ones that react with one product of hydration, and the ones
that have only a physical action on the properties of concrete. All of those books are
interesting and useful, but we preferred to adopt a slightly different approach.

First, in Part 1, we start by presenting some basic knowledge on Portland cement
and concrete, which will help the reader to understand the important role of admixtures
in modifying the properties of the fresh and hardened concrete.

Then, in Part 2, we present some chemical and physical background to understand
better what admixtures are chemically and through which mechanisms they modify the
properties of the fresh and hardened concrete.

Thereafter, in Part 3, after presenting some general considerations of the principles
governing the formulation of commercial admixtures, we present the technology of
four categories of concrete admixtures:

» Admixtures that modify at the same time the properties of the fresh and hardened concrete
» Admixtures that modify the properties of the fresh concrete

» Admixtures that modify the properties of hardened concrete

» Admixtures that are used to water cure concrete

In Part 4, self-consolidating and ultra-high strength concrete, two special concretes
where the use of admixtures is crucial, are presented.

In Part 5, we present our views of the future of the admixtures.

Finally, this book ends with three appendices not related sgalyi to admixtures
but useful for developing an efient use of admixtures.

Before entering into the theoretical and practical aspects of the use of admixtures,
some introductory chapters are presented. One provides the vocabulary andithe de
tions used in this book in order to avoid any misunderstandings. One is a historical
background of the development of concrete admixtures in order to better understand
and focus on the progress realized in recent years in mastering the properties of the
fresh and hardened concrete. We provide also a glossary to explain all the abbreviations
used in this book.
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In Part 1, Chapter 1 explains the physical meaning of the watierent and water
binder ratios before explaining what exactly Portland cement is and how it hydrates.
We opted for such an approach because we are convinced that the concept of the
watercement and watebinder ratios is the base of concrete technology. In fact,
this ratio directly impacts the ultimate porosity and density of concrete, which as for
other materials directly impacts mechanical and durability properties. Therefore,
superplasticizers (which make it possible to produce concrete with lower water content
without compromising workability) have opened the doors to radical improvements in
concrete performance.

In Chapter 2, a hydration reaction is considered from two different points of view:

rst, from a physical point of view by insisting on the volumetric consequences of
hydration reactions that are so important for understanding shrinkage; and second,
from a chemical point of view in order to present the evolution of anhydrous cement
particles into different chemical species with or without binding properties. A good
knowledge of cement hydration is also essential to understand the behavior of Portland
cement when it is blended with different supplementary cementitious materials and
also to improve concrete durability towards aggressive environments.

Chapter 3 presents the basic principles governing the fabrication of Portland
cement, focusing on its utilization to produce state-of-the-art concretes. The strengths
and weaknesses of present cements are exposed to point out the technological chal-
lenges that the concrete industry has to face to minimize the carbon footprint of civil
engineering constructions in order to remain competitive on a long-term basis.

In Chapter 4, the most important characteristics of the supplementary cementitious
materials and llers that are blended with ground clinker are exposed. Their use will
increase substantially in the future in order to decrease the carbon footprint of concrete.
When blending someller with clinker, it is very important also to realize that it is not
suf cient to substitute a certain volume of clinker by an equivalent volumieoto
decrease the carbon footprint of a concrete structure; it is also necessary at the same
time to decrease the concretevaterbinder ratio in order to improve the long-term
durability of concretes made withlerized cements.

In Chapter 5, the important role played by water on the rheology of fresh concrete
and the long-term durability of hardened concrete is emphasized. For a long time,
water was the only ingredient whose dosage could be changed to modify concrete
rheology, but presently several admixtures can be used to modify the rheology of
the fresh concrete. As consequence of the mastering of the use of these new admix-
tures, it has been possible to pump concrete up to 600 m and very soon to 1000 m
with a single pump. The behavior of water molecules in a porous system is presented
also in order to explain how molecular forces can overcome gravity forces and explain
the origin and development of the different forms of shrinkage that engineers have to
take into consideration in their design.

In Chapter 6, the advantages of entraining air in concrete are presented. For too
many engineers, entrained air is only introduced into concrete to make it freeze-
thaw resistant in the presence or not of deicing salts. They do not realize, however,
that entraining air bubbles in concrete may substantially improve its rheology and
long-term durability. In Chapter 1, it was seen that concrete durability is essentially
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linked to the waterxcement (w/c) ratio rather than to the compressive strength of the
concrete. An air-entrained concrete that has a lower compressive strength than a
similar non-air-entrained concrete having the same workability, but a lower wic,
will be more durable. Finally, entrained air is commonly used in self-consolidating
concretes to improve their rheology.

Chapter 7 presents the basic principles that are governing concrete rheology, which
is of such great importance during the placing of concrete. Concrete competiveness is
linked to the facility with which it can be handled, pumped, and placed because the
cost of its placing has a direct impact on timal cost of concrete structures. Improving
and controlling concrete pumpability is a key factor for the success of the concrete
industry. Our focus lies on yield stress and superplasticizers. However, we also explain
how other properties, such as plastic viscosity and thixotropy, may be edlobly
chemical admixtures.

Part 1 ends with Chapter 8, which is devoted to the mechanisms of cement hydra-
tion because, as we will see, chemical admixtures may interfere strongly positively, but
also sometimes negatively, with the normal course of hydration.

Part 2 includes an important focus on superplasticizers because they are the most
widely used type of chemical admixtures. However, as much as possible, a more
generic approach to working mechanisms was adopted in order to lay a broader
base for interpreting the action of admixtures on the basis of physics and chemistry.

In Chapter 9, we present an overview on the chemistry of organic admixtures. We
have done so as these offer moegibility in design and added value to chemists. The
admixtures covered are Superplasticizers, Viscosity Muosli Shrinkage Reducing
Admixtures, Air Entrainers and Retarders. The overview presented should set a basis
to better understand the working mechanisms of these admixtures developed in the
subsequent chapters.

Chapter 10 deals with the adsorption of admixtures at interfaces: both solid-liquid
and liquid-vapor. This represents a major step in the working mechanisms of many
admixtures. Superplasticizers must be adsorbed in order to exert their dispersing
power, but retarders also involve adsorption to modify the dissolution of anhydrous
phases or nucleation and/or growth of hydrates. Air entrainers and shrinkage reducing
admixtures for their part must adsorb at liquid-vapor interfaces to be active. Therefore,
we attempted to develop a comprehensive treatment of adsorption, covering both
theoretical and experimental aspects.

Following this, in Chapter 11, the working mechanisms of superplasticizers are
addressed. For this, we build upon material presented in the previous chapters. Addi-
tionally, we outline the nature of interparticle forces in cementitious systems, which
are responsible for agglomeration. On this basis, we explain how chemical admixtures
can reduce these attractive interparticle forces, reducing the degree of agglomeration,
reducing yield stress, and improving workability. A speaection is devoted to poly-
acrylates, for which the consequences of molecular structure catidns are pre-
sented in a systematic way.

Because superplasticizers also tend to delay cement hydration, it appeared appropri-
ate to discuss the reasons for this in Chapter 12. In our opinion, the retardation caused by
this type of admixture will be of growing concern for cements having increasing levels
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of clinker replacement. Indeed, to compensate for their lower early strength, one often
resorts to water reduction, which requires an increased superplasticizer dosage. Unfortu-
nately, this increases retardation and offsets (at least in part) the expected bene
Because this subject still requires substantial research, we present a critical review of
the main works on the subject. Additionally, we also cover the retardation of admixtures
speci cally used for this purpose, in particular sugars. There we attempt to summarize
recent ndings and point to possible interpretations in terms of working mechanisms.

Chapter 13 is then devoted to the working mechanisms of shrinkage-reducing
admixtures of the different types of molecules used to control the development of
autogenous shrinkage developed in concrete having a low</d(@) as well as in
the development of drying shrinkage of concretes having a highv#/&Q).

Chapter 14 is devoted to explaining the basic principles involved in the corrosion of
reinforcing steel bars and the different strategies that can be implemented to solve this
problem.

Chapter 15 begins Part 3 of the book, where we address the question of formulating
commercial products. Indeed, the majority of commercial admixtures are not com-
posed of pure compounds. Therefore, a commercial admixture must balance many
requirements. However, this reality is not clearly visible to most end users and very
often is misperceived dglark art§ in the academic community. This is why we
present a brief overview on some aspects of formulation and a couple typical additions
that may be found in commercial admixtures.

Thereafter, Part 3 continues by presenting the technology of admixtures that modify
at the same time the properties of the fresh and hardened concrete. This category
comprises the water reducers and superplasticizers, which are presented in Chapter
16. For us, water reducers are simply dispersants of cement particles that are less
ef cient than superplasticizers.

Chapter 17 is devoted to air-entraining agents that modify, at the same time, the
rheology of fresh concrete as well as its strength and durability against freezing and
thawing cycles in the presence or not of deicing salts.

In Chapters 181, we present admixtures that modify the properties of the fresh con-
crete. Chapter 18 concerns retarders and Chapter 19 is about accelerators. These two
types of admixtures modify the kinetics of the hydration reaction. In one case, the hydra-
tion reaction is retarded; in the other, it is accelerated. Chapter 20 presents the use of
viscosity-modifying admixtures, which are gaining a large acceptance in the concrete
industry when producing self-consolidating concrete and pumping concrete or for
underwater concreting. Finally, Chapter 21 concerns antifreeze admixtures. This type
of admixture is currently used in Finland, Poland, Russia, and China but unfortunately
not in North America. A successful experimental use in Canada is presented.

Next, the admixtures that modify the properties of hardened concrete are presented.

Chapter 22 deals with expansive agents that are used to counteract autogenous
shrinkage. The expansion of the apparent volume of the concrete they produce can be
adjusted to be almost equal to the reduction of its apparent volume resulting from the
development of autogenous shrinkage. In Chapter 23, shrinkagearsiie presented.

By reducing the energy of the liquid-vapor interface (decreasing the surface tension in
the menisci and the angle of contact of these menisci), they decrease the effects of the
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different types of shrinkage that are developed in concrete. Finally, in Chapter 24,
corrosion inhibitors are presented. In this chapter, the different mechanisms of corrosion
are reviewed and different strategies to counteract this phenomenon are treated.
These admixtures do not compensate for bad concrete practices, but ttieimaf
in controlling the corrosion of reinforcing increases with the quality of the concrete.
Chapter 25 is devoted to admixtures used to water-cure concrete; the appropriate

use of curing membranes and evaporation retarders is explained. Too often, the top
surface of high-performance concrete slabs or bridge decks is covered by a curing
membrane as soon as they anéshed so that this curing membrane prevents the later
penetration of external water within the concrete to cure it properly. Low w/c concretes
that do not contain enough water to fully hydrate all the cement particles they contain
rapidly develop signicant autogenous shrinkage. This shrinkage can result in an early
severe cracking of the concrete surface when not properly water cured. One way to

ght this uncontrolled development of autogenous shrinkage is to water-cure the con-
crete surface with an external source of water. Evaporation retarders that form a mono-
molecular Im on the surface of the fresh concrete temporarily prevent the water
contained in the concrete from evaporatiray at least strongly delay its evaporation.
When the concrete is hard enough to support direct water curing with hosebntlsis
washed away and the external water can penetrate into concrete.

In Part 4, two particular types of concrete are presented:

» self-consolidating concrete in Chapter 26
 ultra-high-strength concrete in Chapter 27

These particular concretes represent high-tech concretes. They are obtained through
the use of well-dosed admixtures. Their use is growing rapidly because it increases
concrete competitiveness in the construction industry.

In Part 5, the concluding chapter (Chapter 28) presents R.JsRatvs of the
future of admixtures. Finally, the book ends with three appendices, which are not spe-
ci cally linked to admixture technology but are very useful for learning how to use
admixtures more etiently:

» Appendix 1 provides useful formulae,
* Appendix 2 provides factorial design plans, and
» Appendix 3 discusses statistical control.

P.-C. Aitcin and R.J. Flatt
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Terminology and de nitions

Introduction

To take full advantage of a technical book, it is very important for the reader to know
the exact signicance of the technical terms used, which is why we include this appen-
dix on terminology and denitions. The authors ask the reader to accept their choices.
This does not imply that the proposed terminology andhifiens in this book are bet-

ter than any others; it is simply a matter of consistency and clarity. It has been decided
to use the American Concrete Institute (ACI) terminology, although with some diver-
gence from time to time. The corresponding European terminology andides are
mentioned when they are quite different from those of the ACI.

Cement, cementitious materials, binders, llers

ACI Standard 116 R contains 41 entries starting with the Woednent to de ne
some of the cements used in the concrete and asphalt industriesyeladditional
entries containing the expressitifortland cemeht(with an upper case P). There
are no entries faupplementary cementitious materjalsly for cementitioughaving
cementing properties) materials.

In accordance with the recommendation of AClI Committee 116, we use the expres-
sion“blended cemerit to refer a cement containing various types of (hydraulic) pow-
ders mixed with ground clinker. We like this expressiolended cemehbecause itis
simple: it clearly indicates that the cement is a mixturenefmaterials. Of course, this
“dilution” of Portland cement clinker with different supplementary cementitious ma-
terials or llers is closely related to the necessity of decreasing the environmental
impact of cement in terms of its G@missions.

However, we add a personal touch to this ACI terminology by also using in parallel
the word‘binder” when speaking of cements containing somely divided materials
that also react with water and the lime liberated by Portland cement hydration. We
favor the use of this rather imprecise single word because its imprecision bettés re
the diversity of the blends that are now being used all over the world and the even
greater diversity that will be used in the future to make concrete more sustainable
by minimizing the amount of Portland cement clinker contained in the cement.
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We use the wordclinker” rather tharf Portland cement clinkéibecause, for us,
the word“clinker’ automatically implies Portland cement. A clinker is the partially
fused material produced in a cement kiln, which is ground to make Portland cement.

In this book, the word ller” was used in a more restrictive way than that proposed
by ACI. The word ller refers to a nely divided material that is either much less reac-
tive than supplementary cementitious materials or not reactive at all. IlEne
currently used in Portland cement primarily are pulverized limestone or silica. They
are blended with Portland cement to improve its sustainability.

The expressiohCO5 content of a binder’ represents the amount of gat was
emitted during the extraction of the raw materials and their processing during the
manufacture of the binder. For example, to produce 1 ton of clinker in a modern
cement plant, it is necessary to emit about 0.8 ton of G&f coming from the calci-
nation of the limestone and most of the rest from the fuel necessary to reach partial
fusion of the raw meal during the production of the clinker.

Binary, ternary, and quaternary cements (or binders)

These expressions will be used to designate certain blended cements. They indicate
how many cementitous materials dlers are included in the blend without indicating

their nature or amount. For example, ternary cement can be composed of Portland
cement, slag, and silica fume; Portland cemeptash, and silica fume; or Portland
cement, slag, andy ash, and so on. In more common usage, Portland cement refers
as a combination of clinker and gypsum.

Cementitous material content

When a blended cement is composed of several cementitious materials, the content of
each of these materials in the blend is always calculated as a percentage of the total
mass of the blended cement. Therefore, a quaternary cement might be composed of
72% Portland cement, 15% slag, 10%ash, and 3% silica fume.

Speci c surface area

The expressiospeci ¢ surface areaefers to the total external surface of all of the par-
ticles contained in a unit mass of a material. As the spextirface area is always ob-
tained through some indirect measurement, it is essential to specify by which method it
has been determined, such as Blaine or BET (nitrogen adsorption). It is usually
expressed in fitkg with no more than two signtant digits. For example, the Blaine
speci ¢ surface area of a typical Portland cement is 42@grand the nitrogen (BET)

speci ¢ surface area of a typical silica fume is 18,06%km Note that the Blaine and
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BET techniques will give quite different values for the same material, and that there is
no standard technique for converting from one value to the other.

Alite and belite

Alite and belite are used to refer to the impure forms of tricalcium silica&) @d
dicalcium silicate (€S), as suggested by Thornborn in 188ddue, 195).

Hemihydrate

We use the abbreviated expression hemihydrate to designate calcium sulfate hemihy-
drate (CaS@$ ,H,0).

Water—cement, water—cementitious materials,
water —binder ratios

We use the ACI notation for the wateement ratio, using a dash to separate the
word water from the wordcement In its abbreviated drm, this ratio will be
expressed as w/c (using the lower casand c), but now with a slash to separate
them. In this casew” and“c” represent the mass of water and cement, respectively.
The use of upper cad®¥ andC is used to express tlvelumetricwatercement ratio.
These notations are opposite to the European usage. Theceatent ratio is the

ratio of the mass of water, exclusive of that absorbed by the aggregates to the
mass of cement in a concrete, mortar,ur@r cement paste mixture. It is stated

as a decimal number and abbreviatetdvals.”

However, we do not use the expressinatw/c’ as used by ACI, wherg represents
the mass of the effective water used in the batch. We do not see the necessity of adding
the quali cation“net’ because there is not'gross w/c: wic is a unique number.

The de nitions of the watefcementitious material ratio and watginder ratio are
obtained by substituting in the preceding wiéion the wordscementitious material
andbinderfor the wordcement Consequently, we use the abbreviated farimand
occasionallyv/cmto represent the watdrinder and watecementitious material ratios.

Saturated surface-dry state for an aggregate (SSD state)

This is an important concept for the design of concrete mixtures as well as for internal
curing, which is treated in detail in Appendix Al. It refers to the condition of an aggre-
gate particle or any other porous solid when all of its permeable voiddedeavith

water, but which does not have water on its exposed surfaces. SSD is the abbreviated
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form that will be used. The SSD state represents the reference state of an aggregate
when calculating or expressing the composition of concrete mixtures.

Water content, absorption, moisture content
of an aggregate

We do not follow the ACI Committee 116 recommendations, instead using the
following de nitions:

The expressiof(total) water content’ is used instead dfmoisture contefitof an aggregate
to represent the ratio of the mass of water contained in a given aggregate to its dry mass.
The water content is expressed as a percentagenwithore than 2 signi cant digits.

The expressiotabsorption of an aggregatéis used instead ¢hbsorbed moistuteo refer
to the moisture that has entered a solid by absorption and that has physical properties not
substantially different from ordinary water at the same temperature and pressure.

The expressiofimoisture content of an aggregateis used instead dffree moisturé to
refer to the moisture not absorbed by the aggregate and that has essentially the properties
of pure water in bulk.

Speci c gravity

Here, we (more or less) follow the ACI terminology.

Speci c gravityis the ratio of the mass of a volume of a material at a stated temper-
ature to the mass of the same volume of distilled water at the same temperature. Itis a
relative number, written always with no more tt2adigits after the decimal point
Moreover, we use the expressi®SD specic gravity' for an SSD aggregate, not the
recommendetibulk specic gravity’ because the terfibulk’” does not bring to mind
the SSD state of the aggregate.

The termspecic gravity of a powdeilis used rather the expressitabsolute
speci c gravity’ because we are uncomfortable using the goation“absoluté
before a relative number.

Moreover, for us, the theoretical spexgravity of Portland cement is not 3.15 or
3.16; it is instead 3.14-a number that is very easy to remember.

Superplasticizer dosage

We express the superplasticizer dosage as the percentage of active solids contained in
its commercial solution relative to the mass of the binder used in a mixture. In some
cases, we will indicate the number of liters of the commercial solution used to reach
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this percentage. In Appendix Al, practical calculations to go from one form of the
superplasticizer dosage to the other are presented.

Eutectic

In a phase diagram, a eutectic composition has a constant temperature of fusion/solid-
i cation, like a pure phase, in spite of the fact that it is not a pure phase.

P.-C. Aitcin
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Glossary

do Solvent layer thickness (half the minimum separation distance between particle surfaces)

dp Adsorbed layer thickness of a polymer (regardless of its type)

d, Distance between particle surface charge location

g Surface coverage (fraction of surface occupied by polymers)

s Standard deviation

¢ Ki parameter for polycarboxylate ether side chains

an Length of monomer in polycarboxylate ether backbone

ap Length of monomer in polycarboxylate ether side chain

A Hamaker constant

ACI American Concrete Institute

AEA Air-entraining admixture

AFm General term for a family of caclium - aluminum layer double hydroxides, the most
common of which is monosulfoaluminate hydrate, but that also includes hydrocalumite,
carboaluminats and Frietelsalt

AFM Atomic force microscopy

ASR Alkali silica reaction

ASTM American Standard and Testing Material

BET Brunner, Emmer and Teller (determination of spesiurface area)

BPR Béton de poudre réactive (Reactive Powder Concrete)

C/E Ratio of carboxylate groups to side chains in a polycarboxylate ether comb-copolymer

C,S Bicalcium silicate, 2Ca$5i0,

CsA Tricalcium aluminate, 3C&f\l,03

C3S Tricalcium silicate, 3Ca5iO,

C4AF Tetracalcium ferroaluminate, 4CH0,03$Fe03

CAC Critical aggregation concentration

CE Cellulose ether

CH Portlandite, calcium hydroxide, Ca(GQH)

Class C y ash A y ash containing at least 10% CaO

Class F y ash A y ash where Sigp Al,O3p FeO3> 70%

CMC Critical micelle concentration

Ce Se H Hydrated calcium silicate

DEA Diethanol amine

DLVO Derjaguin, Landau, Verwey and Overbeck (theory of interparticle force additivitiy)

DOT Department of Transportation

DPG Dipropylene glycol

DPTB Dipropylenetert-butyl ether

DS Degree of substitution

ECL Effective chain length
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EO Ethylene oxide (monomer)

Fes Electrostatic force between particles

Fste Steric hinderance force between particles

Fvopw Van der Waals force between particles

FA Fly ash

FBW Flexible backbone worm (most common polycarboxylate ether conformation)
FS Silica fume

G Interparticle force normalized to the particle radius

GPC Gel permeation chromatography

h Interparticle distance (from surface to surface)

HEC Hydroxyethyl cellulose

HEMC Hydroxyethyl methyl cellulose

HETCOR Heteronuclear correlation nuclear magnetic resonance
HLB Hydrophiledipophile balance

HPC High-performance concrete

HPEG-MA u-Hydroxy polyethylene glycol methacrylate macromonomer
HPG Hydroxypropyl guar

HPLC High-performance liquid chromatography

HPMC Hydroxypropyl methyl cellulose

k" * Debye length

k or kg Boltzmanns constant

kT Thermal energy (product &fandT)

LAS Linear alkylbenzenesulfonate

LNG Lique ed natural gas

LOI Loss on ignition

LS Lignosulfonate (plasticizer)

MA Methacrylic acid

MS Molar substitution

NayOequi Alkali equivalent NaOp 0,65 KO

n Number of side chains in a polycarboxylate ether comb-copolymer
N Number of backbone monomers per side chain in a polycarboxylate ether
NMR Nuclear magnetic resonance

OPC Ordinary Portland cement

P Number of monomers in a PCE side chain

PAA Polyacrylic acid

PCA Portland Cement Association

PCE Polycarboxylate ether

PCP Polycarboxylate polymer

PEG Polyethylene glycol (a PEO but shorter)

PEO Polyethylene oxide

PMS Polymelamine sulfonate (superplasticizer)

PNS Polynaphthalene sulfonate (superplasticizer)

PPO Polypropylene oxide

QC Quality control

RAC Adsorbed layer thickness for adsorbed polycarboxylate ether comb-copolymer
RPC Reactive powder concrete

SAP Superabsorbant polymers

SCC Self-compacting concrete

SCM Supplementary cementitious material
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SEC Size exclusion chromatography
SEM Scanning electron microscope

SF Silica fume

SFA Surface force apparatus

SP Superplasticizer

SRA Shrinkage-reducing admixture
SSA Speci c surface area

SSD Saturated surface dried

T Absolute temperature (in Kelvin)
TEA Triethanolamine

Three D model (3D) Three-dimensional model
TOC Total organic carbon (in solution)
Two D model (2D) Two-dimensional model
UHPC Ultra-high-performance concrete
UHSC Ultra-high-strength-concrete

V Coef cient of variation

VMA Viscosity-modifying admixture
w/b Massic waterbinder ratio

W/B Volumetric waterbinder ratio

w/c Massic watercement ratio

W/C Volumetric watercement ratio
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Early developments

The idea of adding chemical compounds when making concrete is not new. Some
Roman authors have reported that, several hundred years before Christ, Roman
masons were adding blood or eggs to the lime and pozzolans when making concrete
(Mindess et al., 2003; Mielenz, 1984This idea of addingexotic’ products when
making concrete lasted many years. Accordin@G#orison (1991)in around 1230
Villard de Honnecourt, a cathedral builder, recommended the impregnation of the
lime concrete of cisterns with linseed oil to make them more impervious.

Just before the Second World War, the beia effects of what we now call concrete
admixtures were fortuitously discovered in the United States. There are two accounts to
explain this discovery. Thest one says that a faulty bearing of a grinding mill had been
releasing some heavy oil, which resulted in the discovery of the biaheffects of air-
entraining agent${indess et al., 2003In fact, more precisely, the discovery originates
from the use of some American natural cements. The production of American natural
cement dates back to 1818, after natural cement rock was discovered by Canvass White
in Fayetteville, NY. This natural cement was known as Rosendale cement because it was
produced in the Rosendale district in the state of New York in the middle of the nineteenth
century(Eckel and Burchard, 1913hese cements were produced from marl limestone
or argillaceous limestone, which were burnt between 800 and ClQGter, Portland
cement production, with its faster hardening, put natural cement almost out of the market
(Eckel and Burchard, 1913)

Salt scaling of concrete roads built with Portland cement became a major issue
(Jackson, 194because they were not durable when facing freezing and thawing
cycles in New York State. It was observed that Portland cement-based concrete started
degrading after a few years, while structures made from natural Rosendale cement,
such as the foundations of the Brooklyn Bridge and the Statue of Liberty (built around
1870) were still in perfect condition after decadesedfl exposure.

According toHolbrook (1941)an engineer named Bertrand H. Wait started exper-
iments on blends of Portland cement and natural cements in 1933. He was able to make
concretes with a scaling resistance against freezing and thawing in salt solution that
was 12 times greater than that of concrete made of pure Portland cement. In 1934,
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the rst road was built using a blended cement containing about 85% of Portland
cement and 15% of Rosendale natural cement. In 1937, this blend became the standard
for highway construction in New York State and soon after in some other states
(Holbrook, 1941 Jackson, 1944

The reason for the greater resistance of these blended cements against freezing and
thawing was not clear. It could have been a consequence of the natural cement itself or
of the fact that one out of the two Rosendale cements that were used in the New York
State contained a small amount of beef tallow as a grinding aid. This latter explanation
was strengthened by the discovery that a Portland cement with a good service perfor-
mance had been contaminated with some oil or grease from a leaking crusher bearing
(Jackson, 1944 At the end of the 1930s, the Portland Cement Association initiated
intensive studies on the effect of introducing small amounts of tallsiwgil, and stea-
rate resins as air-entraining agents.

The second story of the discoverypqdson, 199) says that the tenacity and
perspicacity of a Department of Transportation (DOT) engineer in New York State
led to the discovery of the bendal effect of air-entraining agents. This engineer
was in charge of the construction of one of thet three-lane concrete highways
in New York State. To prevent accidents, he had the idea of coloring the concrete
of the central lane in black so that the drivers realized that they were driving in the
shared central lane.

The contractor added some black carbon to its concrete, but the DOT engineer was
not satised by this rst trial because the color of the concrete was not very uniform.
Therefore, he asked the contractor hol a way to improve the dispersion of the black
carbon within the concrete to end up with a more esthetic central lane. The concrete
contractor asked his black carbon supplier if he had a special chemical product that
could help the dispersion of black carbon particles in concrete. The supplier suggested
a sodium salt of a polynaphthalene sulfonate dispersant that was already used in the
painting industry to disperse black carbon particles in paints. After the addition of a
small amount of this magic chemical product, the uniformity of the colored concrete
was signi cantly improved and the New York DOT engineer was satls

Some years (and winters) later, the same engineer observed that the black concrete
was in much better condition than the concrete used in the other two pale lanes. He
could have concluded that black carbon improved the freeze/thaw resistance of
concrete. Fortunately for the sake of the concrete industry, this very conscientious
engineer was not satisd by such a direct and simplistic explanation, so he asked a
friend to have a close look at a sample of the pale concrete and a sample of the black
concrete to see if they were different.

Under a microscope, it was seen that the cement paste of the dark concrete con-
tained very small air bubbles uniformly distributed within the concrete, while the
pale concrete presented only the usual coarse and irregular entrapped air bubbles.
Our engineer could have concluded that black carbon entrained air bubbles within a
concrete, but he remembered that a dispersing agent was also added. Doing some
experimental work on the concrete with and without the black carbon, as well as
with and without the sodium salt of polynaphthalene sulfonate, he found that it was
the dispersing agent that was responsible for the entrainment of the small air bubbles.
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Sometimes, when this story is told, it is added that the contractor noticed that when he
added the dispersing agent in the concrete, it became more workable and could be
placed more easily.

This is how the beneial dispersive properties of polysulfonates might have been
discovered. Although this version could be perceived as a kind of fairy tale, the
concrete industry could have its own anonymous Alexander Fleming to make such
a fortuitous important discovery. The story does not tell if the initial objective of
that tenacious DOT engineer was achiewvéfdthere were less frontal collisions in
the black lane. Therst US patent on the use of polysulfonate as a cement dispersant
was given tolucker (1938)

Powers and his research team at the Portland Cement Association explained all the
bene cial effects of these small air bubbles on the properties of fresh and hardened
concrete, particularly its freezing and thawing behavior, at the end of the 1940s and
the beginning of the 19508 ¢wers, 1968 Thus, in North America and Japan, air-
entraining agents are being systematically introduced in concrete, even in concrete
that is not exposed frequently to freezing/thawing cycles.

The development of the science of admixtures

For a long time, admixture technology was closer to alchemy than to chemistry. The
few companies involved in the admixture business were very secretive and jealously
guarded their formulations. This is no longer the case, as there are some cscienti
books devoted to the science of admixturésdson, 1990; Ramachandran, 1995;
Ramachandran et al., 199Rixom and Mailvaganam, 19R9Moreover, several
international conferences have been (and are still being) held on admixtures, such as
the nine American Concrete Institute and Canada Center for Mineral and Energy Tech-
nology (ACI/CANMET) International Conferences on Superplasticizers; Ottawa
(1978) ACI SP-72, Ottawa (1981) ACI SP-68; Ottawa (1989) ACI SP-119; Montreal
(1994) ACI SP-148; Rome (1997) ACI SP-173; and Nice (2000) ACI SP-195. The
seventh one was held in 2003 in Berlin, the eighth in Sorrento in Italy in 2006, the
ninth in Seville in 2009, the tenth in Prague in 2012, and the twelfth in Ottawa in 2015.

Despite the recent knowledge and the increasing research done on the mechanisms
of action of superplasticizers, there are still too many engineers who question the bene-

cial aspects of concrete admixtures and who believe that admixture salesmen are ped-

dlers. There are even some engineers and cement producers who question the existenc
of the science of admixtures. Some engineers still believe that admixtures should be
banned to avoid the compatibility problems that are so costly for contractors when
they occur in the eld. Others, on principle, believe that adding chemistry to cement
is not a good thing, but do not seem to be bothered by the chemical reactions causing
cement to harden. Would it not be better to continue to simply add a little water to favor
cement particle dispersion?

Throughout this book, we will see that admixtures are essential components of
modern concrete. The beraal aspects of their use from a durability and sustainabil-
ity point of view have made them essential components of concrete.
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The use of admixtures

The use of admixtures varies greatly from one country to another. For example, in
Japan and Canada, almost 100% of concrete contains at least a water reducer and an
air-entraining agent. But, for example, in the United States and France, more than
50% of concrete contains admixtures, although this percentage is increasing constantly
as the benecial role of admixtures is understood. Indeed, the chemical system oper-
ating during cement hydration is becoming more and more complex due to the normal
intrinsic complexity of Portland cement and hydraulic binders, as well as the
complexity of the organic molecules used as admixtures that are active during the
hydration process.

The use of synthetic molecules and polymers

In recent years, concrete technology has evolved rapidiych faster than the stan-
dards of cement, concrete, and admixtures. Therefore, it is very important to close the
gap between what is written in standards and what is known and done in practice. If
such corrective action is not rapidly undertaken, aidl problems will slow down

the evolution of concrete technology and impair theieht use of Portland cement

and hydraulic binders.

Modern admixtures are less frequently based on the use of industrial byproducts but
rather on synthetic molecules or polymers specially produced for the concrete industry.
Modern admixtures modify one or several properties of fresh and hardened concrete by
correcting some of the technological weaknesses of Portland cement and hydraulic
binders Ramachandran et al., 1998 heir use is no longer a commercial isstie
is a matter of progress, science, durability, and sustainability.

An arti cially complicated terminology

A great source of confusion in theld of admixtures comes from the fact that an arti-
cially complicated terminology has been developed over the years, not only in the
technical and commercial literature but also in the standards.

For example, in the 2001 edition 8fesign of Concrete Mixturesdited by the
Canadian Cement Association (in metric units), in Chapter 7 that deals with admixtures,
the following list of admixtures (in alphabetic order) is found (see Table 7.1): acceler-
ators, air-detrainers, air-entraining admixtures, alkali-aggregate reactivity inhibitors,
antiwashout admixtures, bonding admixtures, coloring admixtures, corrosion inhibitors,
damp-proong admixtures, foaming agents, fungicides, germicides, insecticides, gas
formers, grouting admixtures, hydration control admixtures, permeability reducers,
pumping aids, retarders, shrinkage reducers, superplasticizers, superplasticizers and
retarders, water reducers, water reducers and accelerators, water reducers and retarders,
water reducethigh range, and water reduesnid range (able J.



Table 1 Concrete admixtures by classication

Desired effect

Material

Accelerate setting and early-strength development

Decrease air content

Improve durability in freeze/thaw, deicer, sulfate, and alkal
reactive environments, improve workability

Reduce alkali-aggregate reactivity expansion

Cohesive concrete for underwater placements

Increase bond strength, styrene copolymers

Colored concrete

Reduce steel corrosion activity in a chloride environment

Retard moisture penetration into dry concrete

Produce foamed concrete with low density

Inhibit or control bacterial and fungal growth

Cause expansion before setting

Adjust grout properties for speci applications

Suspend and reactivate cement hydration with stabilizer a
activator

Calcium chloride (ASTM D 98)
Triethanolamine, sodium thiocyanate, calcium formate, calcium nitrite, calcium nitrate

Tributyl phosphate, dibutyl phthalate, octyl alcohol, with insoluble esters of carbonic ar
acid, silicones

- Salts of wood resins (Vinsol resin), some synthetic detergents, salts of sulfonated lignin, g
petroleum acids, salts of proteinaceous material, fatty and resinous acids and their salf
alkybenzene sulfonates, salts of sulfonated hydrocarbons

Barium salts, lithium nitrate, lithium carbonate, lithium hydroxide
Cellulose, acrylic polymer
Polyvinyl chloride, polyvinyl acetate, acrylics, butadiene
Moded carbon black, iron oxide, phthalocyanine, chromium oxide, titanium oxide, cobalt
Calcium nitrite, sodium nitrite, sodium benzoate, phospleg@ésates, uoaluminates
Soaps of calcium or ammonium stearate or oleate butyl stearate
Petroleum products
Cationic and anionic surfactants
Hydrolyzed protein
Polyhalogenated phenols
Dieldrin emulsions
Copper compounds
Aluminum powder
See air-entraining admixtures, accelerators, retarders, water reducers
hdCarboxylic acids

Phosphorus-containing organic acid salts

d boric

alts of
5,

blue

Continued



Table 1 Continued

Desired effect

Material

Decrease permeability

Improve pumpability

Retard setting time

Increase owability of concrete reduce water-cementing rati

Increase owability with retarded set, reduce water-cementi
materials ratio

Reduce water content at least 5%

Reduce water content (minimum 5%) and accelerate set
Reduce water content (minimum 12%)

Reduce water content (minimum 12%) and retard set

Latex
Calcium stearate

Organic and synthetic polymers
Organic occulants
Organic emulsions of parat, coal tar, asphalt, acrylic
Bentonite and pyrogenic silica
Hydrated lime (ASTM C 141)

Lignin
Borax
Sugars
Tartaric acid and salts

o Sulfonated melamine formaldehyde condensates, sulfonated naphthalene formaldeh

condensates, lignosulfonate materials, polycarboxylates

hdsee superplasticizers and also water reducers

Lignosulfonates, hydroxylated carboxylic acids, carbohydrates (also tend to retard se
accelerator is often added)

See water reducer, type A (accelerator is added)
See superplasticizers

See superplasticizers and also water reducers

Reduce water content (between 6% and 12%) without retat]ding

Lignosulfonates, polycarboxylates

Reprinted with permission from tli€anadian Edition of Design and Control of Concrete MixtuRsrtland Cement Association.

de
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The European terminology is as rich as the North American one. This rich terminology
is also found in standards. For example, the ASTM C494 standard recognizes different
types of water reducers idergid by the letter A to G and the new European standards
recognize nine different types of admixtures.

This complex terminology creates more confusion than dation. It seems to be
related to the fact that, for a long time, most concrete admixtures were made from in-
dustrial byproducts having more than one speaiction on the properties of the fresh
and hardened concrete. As it was too costly or sometimes impossible taibéme
these byproducts, it was easier to create new subcategories of admixtures in the stan-
dards because of the complex nature of these byproducts and the different impurities
that they contained.

Classi cation of admixtures

The terminology of admixtures could be easily simgdi by looking at their physico-
chemical mechanisms of action rather than at their effects on the properties of fresh and
hardened concret®(dson, 1990 Dodson classied admixtures into the following

four categories according to their mechanism of action:

1. Dispersion of the cement in the aqueous phase of concrete

2. Alteration of the normal rate of hydration of cement, in particular the tricalcium silicate phase
3. Reaction with the byproducts of hydrating cement, such as alkalis and calcium hydroxide
4. No reaction with either the cement or its byproducts

Mindess et al. (2003ecognized that admixture terminology is complex and pro-
posed a classcation of concrete admixtures into four different categories:

1. Air-entraining agents (ASTM C260) that are added primarily to improve the frost resistance
of concrete

2. Chemical admixtures (ASTM C494 and BS 5075) that are water-soluble compounds added
primarily to control setting and early hardening of fresh concrete or to reduce its water
requirements

3. Mineral admixtures that aranely divided solids added to concrete to improve its durability
or to provide additional cementing properties (slags and pozzolans are important categories
of mineral admixtures)

4. Miscellaneous admixtures, which include all those materials that do not come under one of
the foregoing categories, many of which have been developed for specialized applications

In this book, as said in the Preface, we examine the principal mechanism of action of
admixtures that modify the rheology of the fresh concrete and the properties of the hard-
ened concrete. We develop theuwence of the molecular structures and the action of
most of these admixtures on each individual phase of Portland cement and oo speci
supplementary cementitious materials, although this information can be found in
specialized booksD(odson, 1990; Ramachandran, 1995; Ramachandran et al., 1998;
Rixom and Mailvaganam, 19R9This accumulated knowledge is very important to
develop an efcient use of admixtures (dosage, sequence of introduction, duration of
their effects, etc.).
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The importance of cement particles dispersion

Experience shows that when the watement ratio is lower than 0.40, it is usually
impossible to make a concrete having a slump greater than 100 mm when mixing
only water and cement. However, experience also shows that when using a superplas-
ticizer, itis possible to transform this concrete into a self-compacting concrete having a
water-binder ratio lower than 0.35 that does not bleed or segregate in spite of its high
workability.

How can such different behaviors be obtained when using the same cement in both
cases? How can small amounts of organic molecules produce such a spectacular effect
on the rheology of a cement paste and a concrete?

As seen in Chapter 3, thenal grinding of clinker and gypsum to produce cement
results in a ne powder with particles that are prompt to agglomerate. This agglomer-
ation is inherent between all these phases, but it can also be increased because of the
different surface potentials of the different phases present. It also takes place to a sig-
ni cant extent when cement particles come into contact with a liquid as polar as water
(Kreijger, 1980 Chatterji, 1988; Dodson, 1990; Rixom and Mailvaganam, 1999; Flatt,
2001, 2003

It is very easy to put in evidence thecculation of cement particles by the
following simple experiment:

50 g of cement are placed in three 1-L graduated cylinder (or a common plastic bottle); two of
them are full of water. In the right graduated cylinder, 8 ofrsuperplasticizer is added.
Arubbertap is placed on the two graduate cylinders full of water. The graduated cylinders are
shaken upside down 20 times in order to disperse as much as possible all of the cement par-
ticles Figure 1.

Figure 2shows the bottom of the two graduated cylinders almost 7 min after the
beginning of the experiment.

Figure 2(ashows the bottom of the left graduated cylinder that did not contain any
superplasticizer 6.59 min after the beginning of the experience. At that time, all of the
cement particles have settled at the bottom of the graduated cylinder, leaving almost
clear water in the upper part of the graduated cylinder.

Figure 2(b)shows the bottom of the right graduated cylinder at 7.25 min. It is seen
that only the coarser particles of the cement have settled at the bottom of the graduated
cylinder and that a large fraction of particles (timer ones) are still in suspension in
the graduate cylinder.

Figure 3shows the three graduated cylinders one day after the beginning of the
experiment.

It is seen that in the left graduated cylinder, the water above the settled particles is
clear and that theocculated particles occupy a volume larger than the one of the dry
cement on the graduated cylinder located at the cenkegofe 3 On the right gradu-
ated cylinder, it is seen that almost all of the cement particles have settled at the bottom
of the cylinder and that the water on top of them is not totally clear because there are a
few of them still in suspension. Moreover, the water on top has also a pale brownish
shade due to the dark brown color of the superplasticizer. Itis also seen that the thickness
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Figure 1 Sedimentation of cement particles with and without a superplasticizer at'tie
The suspension is then left to settle.

of the settled particles is smaller than the thickness of the uncompacted dry powder of
the graduated cylinder located at the centériofire 3
Figure 4presents a closer view of the bottom of the two graduated cylinders to
compare the nal volume of the cement particles at 24 h. The left graduated cylinder
presents theocculated cement particles that settled in pure water in the absence of a
superplasticizer and the right one shows the cement particles that settled in the pres-
ence of a superplasticizer. The effect of theculation of the cement particles on their
nal volume is clearly observed in thigure.
From this very simple experiment, it can be concluded that some organic molecules
strongly reduce or even destroy thecculation tendency of cement patrticles, so that
nally all the water introduced during concrete mixing can beiefitly used to
improve the workability of concret@lack et al., 1963; Dodson, 1900
As discussed in Part 2 of this book, the interaction between cement particles and these
organic molecules depends on the physicochemical characteristics of the cement and the
architecture of the molecules of the dispersing agent used. In fact, the interaction mech-
anism can usually be deconstructed into two parts: a physical effect that is similar to the
one produced when these molecules interact with a suspension of nonreactive (with
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Figure 2 Bottom of the two graduated cylinders after about 7 min: without superplasticizer
(left) and with superplasticizer (right). (a) 6.59 min, (b) 7.26 min.

Figure 3 The graduated cylinders 24 h after the beginning of the experiment: without
superplasticizer (left) and with superplasticizer (right).
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Figure 4 Close view of the bottom of the two graduated cylinders after 24 h: without
superplasticizer (left) and with superplasticizer (right).

water) particles, such as TiQAlI,O3, CaCQ, etc.; and a chemical effect that can be
linked to the chemical reaction of these molecules with the most active sites of the anhy-
drous cement particles or with cement particles during their hydration. For example, the
interaction of superplasticizers with hydrating aluminate phases may lead to loss of
dispersion efciency, either through formation of organo-aluminate compounds or of
aluminate hydrates of higher spersurface than those produced otherwise.
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The importance of the 1
water e cement and
water e binder ratios
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1.1 Introduction

It may be surprising to start a book on the science and technology of concrete admix-
tures by a chapter devoted to the importance of the segenent (w/c) and the
watee binder (w/b) ratios, before even explaining what Portland cement is and how
it reacts with water. We agree wittosmatka (19913hat the w/c and w/b ratios are
the most important characteristics of concrete; they govern its properties in the fresh
and hardened states and also its durability. It is therefore fundamental to understand
their profound signicance in order to optimize the use of concrete with the help of
admixtures and thus to maximize its economic value while minimizing at the same
time its carbon footprint.

Despite what many cement chemists think, the most important parameters that con-
trol concrete compressive strength are not:

« the cement dosage expressed in Kg/m

» the strength of the small cubes used to test tkenent compressive strength
» the GS and GA content of the clinker

* the neness of the cement, or

» the“gypsuni content.

In fact, the most important parameters have always been the w/c and w/b ratios, as
was found in the nineteenth centurybjret (1892for cement pastes and later on by
Abrams, 1918or concrete. As will be shown later, these ratios control the microstruc-
ture of the cement paste in both the fresh and hardened states, and consequently its
rheology, mechanical properties, permeability, durability, and sustainability.

When batching concrete, each of its solid components is weighed; thus, it is com-
mon to express the w/c ratio as a mass ratio instead of a volumetric ratio. In this book,
the symbols w/c and w/b will be used for the mass ratio, whereas W/C and W/B will
be used for the volumetric ratios, according to American Concrete Institute (ACI)
terminology. Note that the RILEMR@ssemblement International des Laboratoires
d’Essais sur les Matériadixerminology is the opposite.

Itis always possible to transform the mass ratio into a volumetric one by taking into
account the speat gravity of the cement. In this book, the theoretical spegravity
of Portland cement is taken as 3.14, which is an easy number to remember and a

Science and Technology of Concrete Admixturesitp://dx.doi.org/10.1016/B978-0-08-100693-1.00001-1
Copyright© 2016 Elsevier Ltd. All rights reserved.
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number very close to that of an actijaliré’ Portland cement. The specigravity of a
blended cement containing der or supplementary cementitious materials with spe-

ci c gravities different from 3.14 will be usually less than 3.14. In this chapter, it will
be shown that w/c and w/b ratios are more than simple abstract numbers with an
inverse relationship to concrete compressitleey do have a physical meaning.

1.2 The hidden meaning of the w/c

Using a sophisticated three-dimensional mdglehtz and Aitcin (2008Jemonstrated
that the w/c ratio is a number directly related to the average distance between cement
particles within a cement paste after it is mixed with water just before it begins to hy-
drate. This distance between the cement and/or binder particlenoes the hydra-
tion conditions and the microstructure of the hardened cement paste and, consequently,
its mechanical properties and durability.

To illustrate this fundamental concept, we will instead use a very simple two-
dimensional (2D) model to providequalitative explanation of the meaning of the
w/c. Consider foucircular cement particles having a radiashat are placed at the
corners of a square with a side equaldpa® represented Figure 1.1 The minimum
distance between these cement particles is their distance along the sides of the square:
it is equal toa.

This arrangement of the cement particles can be represented by the unit cell shown
in Figure 1.2

Now calculate the W/C of this unit cell. The surface area of the unit cell is
3a 3a%9a’ The surface of the cement particles is 4, (3.14 a?) ¥43.14a%

The mass of the cement particles in this unit cell is equal to 3.14 (3af}
because our theoretical cement has a speagiavity of 3.14. Because the value of
3.14 is close to 10 (9.86 exactly), we can assume that the mass of cement in the

2a

3a

Figure 1.1 Schematic representation of the 2D model used to calculate the w/c and the distance
between cement particles.
Courtesy of William Wilson.
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Water

Figure 1.2 Unit cell corresponding to the previous arrangement of cement particles.
Courtesy of William Wilson.

unit cell is equal to 1&7. The volume (and mass) of water contained in the unit cell is
equal to @ 3.14a° ¥, 5.86° Therefore, the w/c (mass ratio) of this unit cell is
w/c ¥45.86a%/10a° ¥4 0.586, which can be rounded up to 0.60. This is the w/c of an
ordinary concrete that has a compressive strength in the order of 25 MPa.

Now, as shown ifrigure 1.3let us place another cement particle having a radius
at the center of the unit cell, which diagonal is 4.24 long. In this case, the minimum
distance between two cement particles along the diagotghi®4a e 4a) ¥4 0.12a.

A calculation similar to the previous case shows that the w/c of this new unit cell
is now 0.14. This w/c is somewhat lower than that of an ultra high in strength concrete
having a compressive strength of over 200 MRiat{ard and Cheyrezy, 19p4

Figure 1.3 2D model of a more compact system.
Courtesy of William Wilson.
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Figure 1.4 Hydration of cement particles in the previous system.
Courtesy of William Wilson.

Thus, by replacing the water in the center of th& unit cell by a cement particle,
it is possible to decrease the following:

» The minimum distance between two cement particles ta$gad ofa (about an order of
magnitude shorter)

e The wic of the unit cell to 0.14 instead of 0.60 and to increase the compressive strength
from 25 to 200 MPa

Moreover, in this second unit celrigure 1.4, it may be seen that the cement
particles are so close to each other that the hydrates formed on the surface of one
cement particle have only to grow a very short distance before reaching the hydrates
growing on the surface of the adjacent cement parti€lesn{u and Maso, 1984;
Granju and Grandet, 1989; Richardson, 2004

The proximity of the cement particles in this unit cell results in the rapid develop-
ment of very strong bonds and very low porosity. Therefore, in such an arrangement of
cement particles, it is not necessary to use cements having #Agin@ GS contents
and a high neness in order to produce a rapid hardening of the cement paste. More-
over, it may also be seen that in such a unit cell, it is only necessary to form a very small
amount of‘glue’ to obtain a high strength and it is not necessary for all of the cement
particles be fully hydrated to obtain a high strength material. Finally, it will be seen
later that in such a dense system, the unhydrated parts of the cement particles act as
hard and rigid inclusions that serve to strengthen the resulting hydrated paste.

1.3 The watere cement and water e binder ratios in a
cement paste made with a blended cement

To lower the carbon footprint of Portland cement, modern cements are increasingly

becoming blended cements in which a certain amount of the ground clinker is replaced

by a supplementary cementitious material ofler (Kreijger, 1987; Mehta, 2000

Such a system can be characterized by its w/c and w/b ratios, which are different. In

the rst case, we are considering only the Portland cement contained in the system;

in the second case, we are considering the amount of cement and supplementary
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particles in the system. Using the same 2D model, we can show that knowing both
numbers is very important to explain some of the physical and mechanical properties
of a cement paste made with a blended cement.

1.3.1 Case of a blended cement containing a
supplementary cementitious material

Let us go back t&igure 1.Z2and replace one of the four cement particles with a circular
particle of a supplementary cementitious material having the same diameter as the
cement particles as shown lrigure 1.5 For this purpose, it is not necessary to
know whether it is a slag or ay ash particle, as long as it has the same radius of
our theoretical circular cement particle. The substitution of one cement particle of
the unit cell by a supplementary cementitious particle having the same diameter
represents a volumetric substitution rate of 25%.

Now, the new unit cell can be characterized by two numbers, namely its w/c and
w/b ratios. The w/b ratio of this new unit cell is the same as the w/c ratio of the
unit cell shown inFigure 1.2 but its w/c ratio is greater because only three particles
out of four are Portland cement particles. A simple calculation shows that now the
w/c value of this unit cell is 0.78. The higher value of the w/c ratio is due to the
fact that the Portland cement content of this unit cell has been diluted.

Because supplementary cementitious materials are initially less reactive than
Portland cement particles, tidtial strength of this blended cement will be lower
than that of the pure Portland cement. The Portland cement particles adjacent to
supplementary cementitious particles will have to develop their hydrates over a dis-
tance twice as long as iRigure 1.2to reach the adjacent supplementary cement
particle because the supplementary cementitious particle will not develop any hydrates

Supplementary
cementitious
material

Figure 1.5 2D model of a blended cement containing 25% by volume of a supplementary
cementitious material.
Courtesy of William Wilson.
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on a short-term basis. Therefore, in the short term as far as compressive strength is con-
cerned, the system is performing less well than the previous one.

Over the long term, when the supplementary cementitious particles will have
reacted with the lime liberated by the hydration of the Portland cement particles, the
system will be as strong as, or even stronger, than the one represehnitpa énl.2
However, to reach the same compressive strendtmgawater curing period is a
must. The compressive strength ofvall-cured system containing supplementary
cementitious materials will be greater than the equivalent pure Portland cement
system. The lime crystals (portlanditeattare a byproduct of the hydration of the
anhydrous calcium silicates that make up most of the Portland cement do not bring
any strength to the hydrated cement paste in a pure Portland cement system. However,
in a system with supplementary cementing materials, they are transformed into second-
ary calcium silicate hydrates that are the same dgthe’ developed in pure cement
paste.

Itis very important to note that the dilution of Portland cement results in a decrease
in the short-term compressive strength of the concrete if the chemical composition of
the clinker is not changed. However, in the long term, it results in equivalent (or even
higher) strength.

The network of the capillary pores in this new system is characterized by its w/b
ratio, which is much lower than the w/c ratio of the system. We will see later that
the w/b ratio is a very important parameter when analyzing the different forms of
shrinkage that develop in such a system.

Returning to~igure 1.2 let us introduce a particle of cementitious material having
the same radiua as the cement particles in the center of the unit cell, as shown in
Figure 1.6 In such a system, the substitution rate by volume of Portland cement is
now 50%, double that of the previous one.

Figure 1.6 2D model of a unit cell containing a particle of supplementary cementitious material
in the middle of the four cement particles.
Courtesy of William Wilson.
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Figure 1.7 Hydration of the previous system.
Courtesy of William Wilson.

The w/b ratio of this new unit cell is 0.14 and its w/c ratio is 0.27. We can see in
Figure 1.7that as soon as the cement particles start to hydrate, the gapbydrates
will have to grow only a very short distance to surround this central supplementary
cementitious particle and to create strong bonds.

This matrix will become even stronger when the supplementary cementitious par-
ticle starts to react with the lime liberated by the hydration of Portland cement particle,
in spite of the fact that the volumetric rate of substitution of the Portland cement is now
50%. Therefore, both the early and the long-term compressive strength of blended
cements do not essentially depend on the substitution rate of Portland cement, but
rather on the w/b ratio of the system.

With superplasticizers, we are able to drastically decrease the w/b ratio of such
systems that contain a large volume of supplementary cementitious materials. In the
case of y ash,Malhotra and Mehta (2008gfer to such concretes hgyh-volume

y ash ACI (2014)published thé¢ ACI 232.3R-14 Report on High-Volume Fly Ash
Concrete for Structural ApplicatiofisHigh-volume y ash concretes have been
used in California in variouswl engineering projectsehta and Manmohan, 2006

Of course, high-volume slag concrete can be produced in the same way. Itis important
to note that in order to obtain an increase in the long-term strength, some water has to be
available for hydrating the supplementary system on a long-term basis in such a system.

1.3.2 Case of a blended cement containing some  ller

In our initial unit cell represented igure 1.2 let us replace one of the cement par-
ticles with a ller particle having the same diameter as the cement particles, as shown
in Figure 1.8

We now obtain a unit cell similar to thatleigure 1.5 with the difference being that
one of the cement particles is replaced by a nonreactive limedtengarticle instead



10 Science and Technology of Concrete Admixtures

Limestone
filler

Figure 1.8 2D model of blended cement where one particldlef has been substituted for one
particle of cement.
Courtesy of William Wilson.

of a reactive supplementary cementitious material particle. The nonreactivity (or very
low reactivity in the case of some limestorker particles) of the substituted particle
means that in this type of blended cement, Portland cement has been diluted. Conse-
quently, on both a short-term and long-term basis, the system will underperform from a
mechanical point of view.

To increase both the early and 28-day compressive strengths of their small cubes
cast to test the strength of their cement, cement chemists usually modify the chemical
composition of their clinker and theneness of their blended cement to promote the
formation of rapidly growing hydrates. This is not, in our opinion, a good approach
when considering long-term concrete durability and sustainability.

When a ller particle is introduced among four cement particles, as shown in
Figure 1.9 the system will be stronger than the previous one once the hydrates

Limestone
filler

Figure 1.9 2D model representing a system in which a particlellef has been placed at the
center of the four cement particles.
Courtesy of William Wilson.
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developed from the surfaces of the four cement particles reactighgarticle, in
spite of the fact that the substitution rate is twice as high (50% instead of 25%).
In this system, the size of the capillaries in the hardened matrix is governed by the
w/b ratio, which is very important from an autogenous shrinkage point of view.
Therefore, instead of changing the chemical composition of their clinkers, cement
chemists should instead recommend to their customers that they decrease the w/b ratio
of their concrete if they absolutely want to obtain with their blended cement the same
initial compressive strength as withf jpure’ Portland cement. This solution will be
much better from both durability and sustainability points of view.

1.3.3 The relative importance of the w/c and w/b ratios

When part of the Portland cement has been substituted with a supplementary cemen-
titious material or ller, this new cementing system can be characterized by two ratios:
its w/c and w/b ratios. Which one of these two ratios is more useful in characterizing
the system? The answer is both: the w/c ratio is not p&sséo(, 198%

In the short term, the early mechanical properties are linked primarily to the w/c
ratio, because therst hydrates that give the cement paste its strength are the ones
that develop on the surface of the cement particles; supplementary cementitious mate-
rials and llers are not as reactive as Portland cement particles, and their reactivity de-
pends on their type. Very roughly, it can be assumed that silica fume begins to react
signi cantly within the rst 3 days, slag within therst 28 days, andy ash within
the rst 56 91 days following the casting of concrete, atiér never.

However, the initial network of capillaries of the cement paste is generally
governed by the w/b ratio and no longer by the w/c ratio. Therefore, the w/b ratio
will determine the size of the menisci that form in the cement paste as a consequence
of the chemical contraction that is observed when Portland cement hydrates in the
absence of an external source of water, as will be seen in the following chapter.

In the long term, the w/b ratio also inences the compressive strength and
durability of cement pastes made with blended cements containing supplementary
cementitious materials.

1.4 How to lower the w/c and w/b ratios

Until recently, it was not possible to make 100-mm slump concretes with w/c or w/b
ratios lower than 0.40 or 0.45 because the water reducers available in the market
were not efcient enough to fully deocculate the cement particles. As pointed out by
Kreijger (1980) when cement particles come into contact with water molecules, they
have a natural tendency t@cculate and to trap a certain amount of water inside the
cement ocs. Because this water is then not available to provide workability to the con-
crete, it is necessary to increase the water dosage to increase the workability. However,
increasing the water dosage means increasing the w/c or w/b ratio, and therefore
decreasing concrete compressive strength and durability. As will be seen in Chapter
2, cement occulation is due to the presence of positive and negative charges on the
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surfaces of each cement particle because of the polyphasic nature of Portland cement
clinker and of the electrical polarity of water molecules.

Once the very efcient dispersing properties of certain new synthetic molecules
known as superplasticizers were discovered, it became possible simultaneously to
decrease the w/c or w/b ratio, while increasing the slump of the concrete. With certain
cements, it is possible to decrease the w/c or w/b ratio down to 0.25 and even in some
cases to 0.20, while maintaining a slump of 200 mm long enough to place the concrete.
These concretes do not contain enough water to fully hydrate all of their cement
particles Powers, 1968 However, we will see that it is not the full hydration of
cement particles that is determining concrete compressive strength, but rather their
closeness in the cement paste.

The compressive strength of the hydrated cement paste can increase so much when
decreasing the w/c or w/b ratio thatally, in some cases, the rupture of the concrete
starts within the coarse aggregates particles. Therefore, when decreasing the w/c or w/b
ratios below 0.30, it is necessary to use coarse aggregates made from very strong
natural rocks (granite, trap rock, basalt, or porphyry) to increase concrete compressive
strength or even some artial aggregates, such as calcined bau@teiie, 198)L
However, even with such strong aggregates, it iscdif to obtain concrete compres-
sive strengths greater than #3180 MPa. To obtain Portland cement-based materials
having compressive strength greater than 200 MPa, it is necessary to completely
eliminate the coarse aggregates and make what Pierre Richardeatie powder
concrete(now referred to asiltra-high strength concreteRichard and Cheyrezy,

1994) In such concretes, the coarsest sand and quartz particles have a maximum
size of 0.2 mm, as will be shown in Chapter 27. By replacing the sand and quartz

particles with iron powder, Pierre Richard was able to increase the compressive
strength of its reactive powder concrete up to 800 MPa.

These impressive strengths were not obtained because we learned how to fully
hydrate Portland cement particles, but rather because we have been able to lower
the w/b ratio to around 0.20 so that the cementitious particles are very close to each
other in these very dense fresh cement pastes.

1.5 Conclusion

The numerical values of the w/c and w/b ratios are directly related to the distance
separating the particles in a cement paste when the hydration process starts. The lower
the w/c or w/b ratio is, the stronger, more durable, and more sustainable the hydrated
cement paste is.

Before the discovery of the very &ient properties of superplasticizers, when
water reducers were essentially lignosulfonates (a byproduct of the pulp and paper
industry), it was not possible to produce concrete having a 100-mm slump with a
w/c or w/b ratio lower than 0.45 in the best circumstances. This is no longer the
case. Currently, it is possible to produce concretes having a w/c or w/b ratio as low
as 0.30, which are easier to place than a 0.45 w/c concrete having a slump of
100 mm in 1960.
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As will we see in Chapter 2, this is in spite of the fact that in such concrete there is
not enough water to fully hydrate all of the cement. Concrete compressive strength
continues to increase as the w/c or w/b ratio decreases because concrete compressiv
strength depends on the proximity of the cement or the binder particles in the hardened
matrix rather than on the amount of cement hydrates formed.

This ability of superplasticizers to lower almost at will the w/c or w/b ratio in
modern concretes is the key factor that has resulted in the use of high-performance
and self-consolidating concrete, with concrete even starting to displace steel in the
construction of high-rise buildingg\itcin and Wilson, 201p
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Phenomenology of 2
cement hydration

P.-C. Aitcin
Université de Sherbrooke, QC, Canada

2.1 Introduction

Portland cement hydration can be described in different ways. When Portland cement
is hydrating,

* mechanical bonds are created,
* a certain amount of heat is liberated, and
» the absolute volume of the cement paste decreases.

The complex chemical reactions that are occurring during hydration of Portland
cement are not discussed in this chapter. We present only the volumetric consequences
that are very important for civil engineers. The mechanisms of cement hydration are
discussed in Chapter 8 and the impact of chemical admixtures is presented in Chapter
12 (Marchon and Flatt, 20163,b

2.2 Le Chateliers experiment

In 1904 e Chateliedid the following very simple experiment: higed two asks (rep-
resented ifrigure 2.) with a cement paste up to the base of the necks. Inrttheask
(Figure 2.1(g) the cement paste was covered with water up to a mark on the neck of the
ask. In order to avoid any evaporation, Le Chatelier placed a cork presenting a hole at
the top of the neck of theask. The next morning, he observed that the level of water was
well under the mark and continued to decrease slowly over the following days until it
nally stabilized figure 2.1(b). Moreover, after a while he observed that the base of
the ask was cracked-{gure 2.1(d). In the second ask Eigure 2.1(d), where the
cement paste was hydrating in air, he observed that after a while the volume of the hard-
ened cement paste within thask did not anymore occupy the entire volume of the base
of the ask.
Le Chatelier concluded that a cement paste presents volumetric variations
during its hydration and that these volumetric variations depend on the mode
of curing of the cement paste When a cement paste hydrates under water, its
absolute volumedecreases because some water penetrates in the cement paste. But
later, theapparent volume of the cement paste increases so that the base afske
is ruptured after a while. When a cement paste hydrates in apptent volume
decreases.

Science and Technology of Concrete Admixture&itp://dx.doi.org/10.1016/B978-0-08-100693-1.00002-3
Copyright© 2016 Elsevier Ltd. All rights reserved.
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@) (b) (©

Curing under water

(d) (e)
Curing in air

Figure 2.1 Schematic representation of the Le Chateliekperiment.

Hydrated cement paste and concrete are not stable materials from a volumetric point
of view. When they are cured under water, taeglt when they are cured in air, they
shrink. But during hydration, whatever the mode of curingatisolute volumeof the
cement paste experiences an 8% decrease. This contraction of the absolute volume is
known aschemical contraction(or, in France, ake Chateliers contractioi.

2.3 Powers work on hydration

Powers and Brownyard (194@&pdPowers (1968%tudied the hydration reaction from
a quantitative point of view. They found the following:

» To reach full hydration, a cement paste must have a evagenent ratio (w/c) at least equal
to 0.42.

» Some water is reacting with the cement to forfisalid gef responsible for the bonding
properties of the hydrated cement paste.

* Some water is not reacting with the cement but is glued to the hydrated cement paste; Powers
called this water thégel water.

Despite all of the research that was done after Powers e @r knowledge on
the nature of the cement gel and the gel waterh(ardson, 2004 Powers model will
be used in this chapter because it is simple and it i<&ift to explain the volumetric
changes occurring during cement hydration.

Jensen and Hansen (20Qdresented a very simple graphical representation of
Power$ model for hydration Kigure 2.3. On thex-axis, they report the degree of
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Figure 2.2 A system of coordinates to represent schematically Powerk on hydration

(Jensen and Hansen, 2001
Courtesy of Ole Jensen.

hydration of the cement, that is, the fraction of the cement that has been hydrated. This
fraction varies between 0 at the beginning of mixing and 1 when full hydration is
reached. On thg-axis, the relative volume of the cement and water are expressed
as a number. In this representation, the cement paste does not contain any entrappec
air. This model will be used to represent the hydration of some pastes having a
particular w/c ratio.

2.3.1 Hydration of a cement paste having aw/c ratio equal to 0.42

2.3.1.1 Hydration in a closed system

The hydration process occurring in a cement paste with a w/c ratio of 0.42 in a closed
system appears irigure 2.3

In such a system, the cement paste does not have any possibility of exchange with
its external environment. As hydration progresses, a certain amount of water is com-
bined with Portland cement to form some solid gel and a second pagdsas water
gel. When full hydration is reached, there is no cement and water left in the system but
only some solid gel, some water gel, and an 8% poro#igg with water vapor due to
the chemical contraction of the absolute volume of the cement paste. During Portland
cement hydration, the hydrated cement paste is becoming porous due to its chemical
contraction so that some capillary water is drained by the vexyporosity created by
the chemical contraction and menisci are appearing in the capillary pores. These
menisci develop tensile stresses within the hydrated cement paste and therefore a
contraction of its apparent volume when the bonds created byrshéydrates are
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Degree of hydration
Figure 2.3 Schematic representation of the hydration of a 0.42 cement paste in a closed system.
Courtesy of Ole Jensen.

strong enough to resist the tensile forces created by this chemical contraction. This
contraction that occurs without any loss of water is calg@dgenous shrinkage

This contraction of the apparent volume is not large when the menisci are appearing
in large capillaries because these menisci generate weak tensile stresses. When full hy-
dration is reached, there are no more menisci because all the capillary water has reacted
with Portland cement.

2.3.1.2 Hydration under water

The hydration process for this same cement paste occurring under water is represented
in Figure 2.4

©0,1) External water 1)

’ 8%

()

£ Mixing water Gel

S water

>

[}

=

£ wic = 0.42
E (with an external

Cement gel source of water)
(1,0

Degree of hydration

Figure 2.4 Schematic representation of the hydration of a 0.42 cement pastétingrfeom an
external source of water.
Courtesy of Ole Jensen.
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As soon as the chemical contraction creates some porosity, this porofay isy
the external source of water so that no menisci are appearing in the cement paste.
Therefore, the apparent volume of the paste does not decrease. kighégdration
is reached, the 8% porosity created by the chemical contractidedsvith water. In
this particular case, the apparent volume of the paste did not change during the hydra-
tion process and the paste does not present any autogenous shrinkage.

Why not use the external water that has penetrated in the porosity created by the
chemical contraction to hydrate an additional quantity of cement that would have
been introduced within the cement paste before its mixing with water?

2.3.2 Hydration of a cement paste having a w/c ratio
equal to 0.36 cured under water

Jensen and Hansen (20@HIculated that theoretically a paste having a w/c ratio of
0.36 cured under water would not contain any water at the end of the hydration
process, as seen liigure 2.5

When full hydration is reached, the hydrated cement paste is a nonporous material
composed of cement gel and gel water that has not developed any autogenous
shrinkage.

8% ©.1) External water (1,1)
Gel
o Water water
5
o
>
o w/c =0.36
£ (with an external
E Cement gel source of water)
(1,0)

Degree of hydration

Figure 2.5 Schematic representation of the hydration of a cement paste having a wi/c ratio equal
to 0.36 benetting from an external source of water.
Courtesy of Ole Jensen.

2.3.3 Hydration of a cement paste having a w/c ratio
equal to 0.60 cured in a closed system

Such a system represented-igure 2.6contains more water than necessary to fully
hydrate its cement particles so that at the end of the hydration process, the hydrated
cement paste is composed of some solid gel, some water gel, the remaining capillary
water, and the porosity created by the chemical contraction of the hydrated cement
paste.
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Figure 2.6 Schematic representation of the hydration of an air-cured 0.60 cement paste.
Courtesy of Ole Jensen.

As this porosity is ner than the capillary porosity, it drains an equivalent volume of
capillary water so that menisci appear in the larger capillaries. The tensile forces they
generate are weak, so the resulting autogenous shrinkage is negligible.

At the end of the hydration process, the cement paste is composed of some solid gel,
some gel water, some capillary water, and about 8% of the volume of the hydrated
cement paste islled with water vapor. The addition of the remaining capillary water
and this capillary volumelled with water vapor constitute an open porosity by which
aggressive agents can easily penetrate within the cement paste and attack it as well as
the reinforcing steel in reinforced concrete.

If a 0.60 cement paste is cured under water, it does not present any autogenous
shrinkage because no menisci are appearing within the cement paste. At the end of
the hydration process, the capillary network is full of water. The external water that pen-
etrates in the cement paste has only eliminated the autogenous shrinkage of the paste.

2.3.4 Hydration of a cement paste having a wi/c ratio of 0.30

2.3.4.1 Hydration in a closed system

Hydration of a cement paste having a w/c ratio of 0.30 in a closed system is presented
in Figure 2.7 It does not contain enough water to reach full hydration; therefore,
hydration stops due to the lack of water.

At the end of the hydration process, the hardened cement paste is composed of
unreacted Portland cement, some solid gel, and some gel Watarj{ and Maso,
1984; Granju and Grandet, 198The unreacted cores tife cement particles can
be considered as hard inclusions having very high compressive strength and an
elastic modulus that have a strengthgneffect on the strength of the hydrated
cement paste. The inclusion of hard p&eschaving a high compressive strength
and elastic modulus is a current technique used in metallurgy to increase the
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Figure 2.7 Schematic representation of the hydration of a 0.30 cement paste hydrating in a
closed system.
Courtesy of Ole Jensen.

compressive strength and elastic modwf some metals. This technique is known
as strength hardening.

2.3.4.2 Hydration under water

This same cement paste hydrating under water, presentedure 2.8 does not
contain enough water to reach full hydration; therefore, hydration stops due to the
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Figure 2.8 Hydration of a cement paste having a w/c ratio equal to 0.30 hydrating under water.
Courtesy of Ole Jensen.



22 Science and Technology of Concrete Admixtures

lack of space. As the external watdls the porosity created by the chemical contrac-
tion as soon as hydration started, the paste does not develop any autogenous shrinkage
during its hardening.

2.4 Curing low w/c ratio concretes

Because they ignore the very simple experiment by Le Chatelier, many engineers are
convinced that autogenous shrinkage is only occurring in low w/c ratio concrete. This
is not true: all concrete cured without an external source of water presents some autog-
enous shrinkage. Of course, the lower the wic ratio is, the larger autogenous shrinkage
is. On the contrary, as found by Le Chatelier, when a concrete is cured under water, it
swells. This apparent volume increase could be the result of the pressure created by the
growth of portlandite crystals, according to Vernet.

2.4.1 Different types of shrinkage
Concrete may develop three types of shrinkage:

» Plastic shrinkage
» Autogenous shrinkage
* Drying shrinkage

Carbonation shrinkage has been voluntarily excluded from this list. The so-called
thermal shrinkage is also excluded, as itis not per se shrinkage but a normal volumetric
contraction occurring in any material when it cools down.

All three forms of shrinkage have a common cause: the appearance of menisci in the
capillary system of the hydrated cement paste. The appearance of menisci in concrete
can be a result of the following:

» The evaporation of water from fresh concrgtagtic shrinkage
» The chemical contraction occurring in a cement paste when it hyarateg€nous shrinkagg
» The evaporation of some capillary water from the hardened cementrgistg $hrinkage)

However, when there is an external source of water that eliminates the apparition of
menisci in the capillary system, these three types of shrinkage cannot develop because
the capillary system of the cement paste is always full of water and does not present
any menisci.

Therefore, in order to avoid the development of plastic and drying shrinkage, it is
only necessary to keep that water from evaporating from the concrete. To avoid the
appearance of autogenous shrinkage, it is only necessary to provide the hardening
paste with an external source of water thi the porosity created by the chemical
contraction as soon as it develops. It is easier to write it than to do it irettieTo
counteract the development of autogenous shrinkage, saturated lightweight aggregate
(Klieger, 1957; Hoff and Elimov, 1995; Weber and Reinhart, },98&7superabsorbent
polymers (SAP)Kovler and Jensen, 20Phave been proposed as an external source
of water. An internal curing technique consists of including an additional volume of
“hidden watér during concrete mixing.
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2.4.2 Curing concrete according to its w/c ratio

Based on Power®bservation, it can be concluded that concrete must be cured differ-
ently according to its w/c ratio, as seenliable 2.1

Concretes having a wic ratio greater than 0.42 contain more water than necessary to
fully hydrate their cement particles so that they must be cured as follows: As soon as
their surface is nished, they can be exposed to fogging until they are recovered with
a curing membrane or until their surface is hard enough to receive and external water
treatment with water hoses or be covered with wet geotextiles. If it is essential for the
concrete surface to be protected from drying shrinkage, a sealant must be applied on it.

Concretes having a w/c ratio lower than 0.42 do not contain enough water to reach
full hydration; therefore, very early severe plastic and autogenous shrinkage may occur
if there is not an external source of water. Therefore, just after placing these concretes,
they must be fogged until they are hard enough to support a direct external water
curing. Alternatively, they can be covered for a few hours with an evaporation retarder,
not a curing membrane, in order to avoid the development of plastic shrinkage until the
surface is hard enough to receive a direct external water curing. The evaporation
retarder is in fact a monomolecular layer of an aliphatic alcohol like the ones used
in domestic swimming pools to avoid water evaporation. Even when a low w/c ratio
concrete receives an internal curing treatment, it is very important to provide an
external source of water to provide additional curing water to its surface because the
surface will be exposed to the action of aggressive agents and it is important to make
it as impervious as possible. Therefore, any means to reinforce the cover of concrete
must be considered in order to improve the durability of the concrete structure.

When the wic ratio is lower than 0.36, internal curing must be provided in order to
lower as much as possible the risk of the development of an uncontrolled autogenous
shrinkage.

In any case, whatever the w/c ratio of the concrete, it is very important to motivate
contractors to cure concrete properly; this activity can be made lucrative by paying for
it separately. It is only necessary to detail the recommended mode of curing and to ask
for a unit price for each of the operations needed. However, it is always necessary to
continue to hire inspectors to check that the contractors do what they are paid for.

Table 2.1 Concrete curing according to its w/c ratio

Internal
wi/c ratio curing Fogging Curing
Greater than 0.42 Not necessary Not necessary  Curing
membrane
Lower than 0.42 No Mandatory Evaporation| Water curing
retarder
Yes Curing
membrane
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2.5 Conclusion

Portland cement hydration is a complex phenomenon that is well understood. It is very
simple to explain the volumetric variations occurring during hydration according to the
mode of curing using the representation by Jensen and Hansen. What is unfortunately
ignored by many engineers is the origin of these volumetric variations and the different
means that can be used to mitigate them. During its hydration in a closed system,
cement paste develops a verne porosity equal to 8% of the absolute volume of the
cement and water that have been combined. When this cement paste does not receive
any external water that could this porosity, menisci appear; these menisci create ten-
sile forces and these tensile forces create autogenous shrinkage, whatever the w/c.

On the contrary, during its hydration, the hydrating cement paste cart lfieme
an external or internal source of water. This water viithe porosity created by the
chemical contraction menisci and tensile forces will not be created; thus, the concrete
will not present any autogenous shrinkage. As was found by Le Chatelier, the apparent
volume of the cement paste cured under water will swell.

According to Powerswork, a 0.36 w/c cement paste cured under water does not
present any volumetric contraction and when full hydration is reached, this cement
paste is a nonporous material composed of cement gel and gel water. When a concrete
having a w/c ratio lower than 0.36 is cured under water, all the cement particles cannot
hydrate due to lack of water and space; when it has been hydrated as a 0.36 w/c paste, it
is observed that concrete compressive strength continue to increase as its w/c
decreases. This phenomenon simply indicates that concrete compressive strength
depends more on the proximity of the cement particles than on their full hydration.
The unhydrated part of the cement particles are even acting as hard cores that are
strengthening the hydrated cement paste.

As low w/c concretes are used increasingly, it will be necessary to learn how to cure
them properly according to their w/c ratio. Itis out of the question to apply a curing mem-
brane on the surface of a concrete having a w/c ratio lower than 0.42 because this curing
membrane will prevent the penetration of external water needithmporosity created
by the chemical contraction, except if in parallel an internal curing has been provided.

It is necessary to separately pay contractors to cure concrete in order to motivate
them to do so. It will be important to explain to them in detail what they have to
do, when they have to do it, and for how long.

I am absolutely convinced that if an internal curing has been provided for a low wi/c
concrete, it iglso imperativeto water cure its surface with an external source of water.
The skin of a concrete has to be made as impervious as possible in order to protect the
concrete and the reinforcing steel from the penetration of aggressive agents.
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3.1 Introduction

Portland cement is a complex product made from very simple and abundant materials:
limestone and clay (or shale). Very precise proportions of these two basic materials
have to be mixed with some additions to create a raw meal with a precise chemical
composition; this will result in the production of clinker through the complex pyropro-
cessing presentedlifigure 3.11tis not always easy to maintain good operational con-
ditions in the kiln for this pyroprocessing, and it requires some art from the cement
producer. In this book, the wotdlinker is used rather than the expressiBortland
cement clinkér

The production cost of Portland cement is closely linked to the cost of the fuel used
to create a kiln temperature saiently high to enable the different chemical reactions
that transform the raw meal into clinker. Clinker comes out of the kiln as grey nodules,
paler or darker according to the amount of iron it contains. When iron oxide content is
lower than 1% the clinker is whitish, and the lower the iron oxide content, the whiter
the cement produced.
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Figure 3.1 Transformation of raw meal into clinker.
With the permission of KHD Humboldt Wedagi{cin, 2009.
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During the 1980s, a beige clinker was produced when the clinker was quenched
very rapidly after its passage through the burning zone. This clinker gave buff cement
that was beautiful, but its production was hard on the refractory lining at the lower end
of the kiln, so its fabrication was rapidly abandoned. Presently buff cements are ob-
tained by adding brown pigments to white cement, but the buff cements thus obtained
never match the visual aspect of cement made from a buff clinker.

As will be seen in this chapter, no two clinkers are identical, because no two raw
feed materials are absolutely identical; even in the case of a cement plant running
two similar kilns fed with the same raw meal, the clinker produced by these kilns is
not absolutely identical because no two kilns are perfectly identical. Moreover, in a
kiln it is not possible to maintain exactly the same pyroprocessing conditions all
day long in the burning and quenching zones, so the clinker produced has a certain de-
gree of variability. Usually, the clinker is temporarily stocked in a homogenization hall
before being ground. This is the best way to produce Portland cement having almost
constant properties that facilitates the production of concrete with predictable
properties.

3.2 The mineral composition of Portland cement clinker

Usually, Portland cement raw meal is heated up to a temperature of abou€Cl75@
chemical composition of the raw feed is adjusted to obtain the formation of four minerals
that react with water to create bonds:

« tricalcium silicate Sigh3CaO Figure 3.2

 dicalcium silicate Sigd2CaO Figure 3.3

* tricalcium aluminate AD;$3CaO Eigure 3.4

« tetracalcicium ferroaluminate 4CH,033Fe,03 (Figure 3.4(a)

The rst two minerals constitute the siliegphase of Portland cement, and the
tricalcium aluminate and tetracalcium ferroaluminate its aluminous etedse called
the interstitial phase, because in thening zone this part of the clinker reaches
a more or less viscous state that bonds together the two silicate phases, as seen in
Figure 3.4

To simplify the writing of these four minerals, the following symbols taken from
ceramic science will be used:

» Srepresents silica, SO

* C represents lime, CaO

* Arepresents alumina, D3

* F represents iron oxide, f®s.

Using these pseudo-chemical notations, the four principal minerals can be written as:

* C3S for 3CaBSiO; (tricalcium silicate)

» C,S for 2Ca@SiO;, (dicalcium silicate)

» CzA for 3CaChAl, O3 (tricalcium aluminate)

»  C4AF for 4CaGhAl 038603 (tetracalcium ferroaluminate).



Figure 3.2 Tricalcium silicate crystals in two clinkers: (a) small crystals, smaller thami0
(b) coarse crystals, coarser thanm@
Courtesy of Arezki Tagnit-HAMOUA(tcin, 200§.

Figure 3.3 Dicalcium silicate crystals: (a) typical crystal; (b) detail of a dicalcium silicate
crystal.
Courtesy of Arezki Tagnit-HAMOUA(tcin, 200§.
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Figure 3.4 Interstitial phase (l) in two clinkers: (a) detailed view of clinker showing the
interstitial phase (1) between two belite crystals and the tubular nature of tricalcic ferroaluminate
crystals; (b) detailed view of clinker showing the interstitial phase (I) composed of well-
crystallized tricalcium aluminate and tetracalcicium ferroaluminate in an amorphous phase (MA).
Courtesy of Arezki Tagnit-HAMOUA(itcin, 2009.

The words alite¢ and‘belité, suggested by Thorborn in 1898dgue, 195}, are
still used to represent the impure forms gSGind GS found in Portland cement
clinker. These impure forms are created because, during pyroprocessing in the burning
zone, these minerals are contaminated by impurities contained in the raw meal and
the fuel.

Some of these minerals can crystallize into different crystallographic forms depend-
ing on the presence or absence of impurities in their crystal structure. For example, pure
CsA crystallizes into a cubic shape: in this case it is a very reactive mineral, but at the
same time it is easy to control its very rapid hydration. When a certain amount of alkalis
are trapped in €A lattice, it crystallizes into the form of an orthorhombic or even
monoclinic crystal. Depending on the amount of alkali it contains, it is less reactive
than cubic GA but its reactivity is not so easy to control. Usually, in clinkgACrys-
tallizes as a mixture of its cubic and orthorhombic forms feeion Appendicesf
this chapter).

Portland cement clinker is ground with a certain amount of calcium sulphate, usu-
ally gypsum, to make Portland cement. The calcium sulphate found in Portland cement
can be gypsum, anhydrite, hemihydrate, dehydrated hemihydrate, synthetic calcium
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sulphate or a mixture of these different forms, depending of the purity and type of cal-
cium sulphate used and the temperature reach in the ball mill duringahgrinding
of the cement (seBection Appendicesf this chapter).

As can be seen, there are many reasons that make the production of two identical
Portland cements fairly improbable.

3.3 The fabrication of clinker

The different steps that transform the raw meal into clinker in a modern kiln equipped
with a precalcinatorHigure 3.9 will be described briey.

The raw meal, ground to aneness close to that of cement, passssinto a pre-
heater composed of four orve cyclones, where it reaches a temperature of
700e 800 C using the hot kiln gases before they are released into the chimney.
This temperature is not high enough to transform all the limestone into lime, so it is
necessary to heat up the raw meal in a preheating unit called a precalcinator.

Before the development of this external part of the kiln, all the calcination occurred
inside the kiln, and consequently the kilns were quite long; they were built with two or
three separate supports. Now, with the introduction of preheaters and precalcinators,
the kilns are very short and may have much larger diameters, so they can produce
up to 10,000 tonnes of clinker per dayh@tty et al., 2000

After the quasi-total calcination of the limestone in the precalcinator, the raw meal
enters the inclined kiln that is turning at a constant rate. As the raw meal moves to-
wards the burning zone its temperature increases progressively to aboutC1450
where GS, GS and the interstitial phase are developed according to the schematic rep-
resentation presentedhigures 3.1 and 3.3 he burning zone is followed by a colder
zone (1200 C), where the clinker is quenched so that the hydraulic formg®8@d
C,S obtained at high temperature are stabilized. Looking at & S&) phase dia-
gram, it can be seen that if the clinker was cooled slowly it would be transformed
into a material having no hydraulic propertiést¢in, 2009.

Figure 3.1shows that alumina and iron oxides produce various minerals that have a
liquefaction temperature much lower than that of the silicate phase. In the burning zone
these compounds are found in a more or less viscous state that favours the transforma-
tion of GS into GS at a temperature much lower than the 2XDGeeded in the
absence of AlO3 and FeOs. This phase is called the interstitial phase, because it
bounds the silicate phases of the clinker.

A very small amount of the raw meal passes through the burning zone without be-
ing transformed into clinker, which is why some clusters of lime can be observed from
time to time, as well as belite nests each time a coarse quartz particle did not have
enough time to react with lime in the burning zone to be transformed 480 C

The passage of the raw meal in thst part of the kiln must be short, to limit the
size of the initial GS crystals. If the €S crystals are allowed to grow for too long, they
become less prone to react with lime and transform ig®if the burning zone.

The nature of the atmosphere (oxidizing or reducing) of the kiln alseintes the
quality of the clinker. Finally, the rapidity of the quenching after the burning zone is
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Figure 3.5 Formation of clinker in a short kiln equipped with a precalcinator.
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very important, because it conditions the reactivity of the clinker: the faster the quench-

ing, the more reactive the clinker.

The examination of clinker particles under an electron microscope reveals the pres-
ence of crystalline deposits on somgS@nd GS crystals and also in the interstitial
phase; usually these deposits are alkali sulph&tgsiré 3.9. In fact, the alkali
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impurities contained in the raw meal are usually volatilized in the kiln and carried by
the hot gases up the chimney, but a small quantity succeed in passing through the
burning zone and are deposited in the clinker when it cools down in the quenching
zone. Although present in small amounts, these alkalis may substantially affect the
performance of chemical admixtures, in particular concerning competitive adsorption,
as shown in Chapter 10/@archon et al., 2016
Portland cement clinker is the fruit of complex chemical reactions which occur at

the high temperature of 145C and are very sensitive to the environment found at
such a temperature. It is the art of the cement manufacturer that makes it possible to
produce clinker that has constant characteristics all year round. Making clinker is
not easy: it requires a good knowledge of the whole process and a skilled operator
to anticipate or detect very rapidly any problems in the burning zone that require modi-

cation of certain kiln parameters until it returns to normal operation. More detailed
explanations of clinker production can be foundBimatty et al. (2004and Aitcin
(2008) and in a recent review of various improvements made in clinker production
from the engineering point of vievCatterji, 201).

3.4 Chemical composition of Portland cement

Table 3.1presents the chemical analysis of a various commercial Portland cements.
Their CaO, SiQ, Al,03 F&0s, etc. contents are given in terms of oxide content, as
usually done in chemistry. Of course, these oxides do not exist separately as oxides
in Portland cement, except perhaps for minute amounts of CaO andR&iter,

they are combined to form the different minerals that are found in Portland cement.

When looking at this chemical composition, it is seen that the CaO content of the
different Portland cements is always highe 88% for grey cements, and close to
70% for white cement. The silica content (9i®@aries between 20% and 24%. In
contrast, the Al03; and FeOs3 contents are more variable. For example, th©keon-
tent of white cement is always lower than 1%, while it is 5% for the Type 20M cement
with a very low hydration heat and a dark colour. The higher th®4eontent, the
darker the colour of the cement.

Besides these principal oxides, the chemical analysis indicates the presence of other
minor oxides. This does not mean that they do not have signt in uence on the
cement properties; the term minor indicates only that their percentage is not very
high. For example, the alkali oxide content is usually calculated in terms,@f Na
equivalent that is equal to Na%p 0.58 KyO%.

The chemical analysis also reveals four other components found in small percent-
ages in Portland cement:

* magnesia MgO

» sulphates expressed as3;SO

« free lime, expressed asee CaO
* insolubles

and the loss on ignition is expressed as LOI.



Table 3.1 Average chemical and Bogue compositions of some Portland cements

e

Cement type
US type | Canadian Type 20M
without type 10 with | low Us type V
CPA CPA limestone limestone hydration sulphate Low-alkali

Oxide 325 52.5 ller ller heat resisting cement White
Cao 64.4 66.2 63.92 63.21 63.42 61.29 65.44 69.5
Sio, 0 8 20.57 20.52 24.13 21.34 21.13 3
Al,O3 20.5 20.6 4.28 4.63 3.21 2.92 4.53 23.8
Fe,03 5 6 1.84 2.85 5.15 4.13 3.67 4
MgO 5.21 5.55 2.79 2.38 1.80 4.15 0.95 4.65
K,0 2.93 3.54 0.52 0.82 0.68 0.68 0.21 0.33
NaxO 2.09 0.90 0.34 0.28 0.17 0.17 0.10 0.49
Na,O equiv. 0.90 0.69 0.63 0.74 0.30 0.56 0.22 0.06
SG; 0.20 0.30 3.44 3.20 0.84 4.29 2.65 0.03
L.O.l. 0.79 0.75 1.51 1.69 0.30 1.20 1.12 0.07
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Free lime 1.60 2.40 0.77 0.87 0.40 0.92 1.06
Insolubles e e 0.18 0.64 e 0.16 1.60
1.50 e e
e e e
Bogue composition
CsS 61 70 63 54 43 50 63 70
C,S 13 6.1 12 18 37 24 13 20
CsA 8.9 8.7 8.2 7.4 0 0.8 5.8 11.8
C,AF 8.9 10.8 5.6 8.7 15 12.6 11.2 1.0
CsSp C,S 74 76 75 72 80 74 76 90
CAp C,AF | 17.8 19.5 13.8 16.1 15.0 13.4 17.0 12.8
Specic 350 570 480 360 340 390 400 460
surface
area mkg
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Based on the results of the chemical analysis and on more or less realistic hypoth-
esis,Bogue (1952proposed a series of calculations to determine the potential (theo-
retical) composition of a Portland cement in terms £8,G,S, GA and GAF. This
mineral composition is also known‘@ogue compositionIn general, it does not give
the exact mineral composition of a clinker, unlike that obtained when counting the
percentage of these mineral on a polished section of clinker under a microscope or
by quantitative X-ray diffraction (XRD) analysis using Rietveld nement, but
usually the values are quite close.

When the @S and GS contents of the grey cements showmdile 3.1are added,
it is found that the total varies slightly around a value of 75%. Only in two particular
cements does it differ from this average value: in the case of white cement, it is higher;
and in the Type 20M cement with very low hydration heat, it is lower.

If the GA and GAF contents of the grey cements are added, it is observed that these
two minerals count for ¥516% of the total mass of the cement. Here, too, the two
cements that had totals€ and GS contents different from 75% have aACand
C4AF content with a different sum from 15 to 16%: lower in the case of white cement,
and higher in the case of Type 20M cement.

In Table 3.1it is also seen that the Ma equiv. of the different Portland cements
varies from 0.07% to 0.79%, which represents a variation of one order of magnitude.
When this total is lower than 0.60%, the cement is said to be low-alkali cement.

The last line ofTable 3.1gives the spect surface area of the different cements
to provide an idea of theimeness. Their Blaineneness varies from 340 to 576/ky.

It will be seen later how the value of theeness inuences concrete properties.

Why do the different cements presentetisinle 3.1have a silicate content of 75%
and an interstitial phase of 15%?

This is because these proportions result in easy control of clinker production in a
kiln. This balance between the silicate and interstitial phase contents provides
optimal conditions for the transformation of the raw meal into clinker in the burning
zone, and minimizes the risk of rings formation that may block the kiln in the
burning zone.

When looking aFigure 3.1it is seen that the iron and alumina act azing agents;
the iron having a strongermxing action. The optimal balance between th& @nd
C4AF content is half and half (i.e. 8% of each). With such a balance it has been found
that almost all of the £5 is transformed into 45 in the burning zone.

The more the €S, GS, GA and GAF contents depart from these average values,
the more dif cult it is to control the formation of clinker in the burning zone.

3.5 The grinding of Portland cement

As water always starts to react with the ionic species present at the surface of cement

particles, the neness of the cement particles plays a very important role in the devel-

opment of cement hydration. Thaer the cement, the more reactive it is. This is the

reason why in pre-cast plants where concrete is poured very rapidly into the moulds,
ne or very ne cements (480500 nf/kg) may be used without any problems, while
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in ready-mix operations where the delivery time can be as long as 90 minutes, it is bet-
ter to use coarser cements (8800 nf/kg). When making mass concrete, it is better
to use an even coarser cement (8880 nf/kg).

3.5.1 In uence of the morphology of the cement patrticles

If the specic surface area plays an important role in determining the rheology of fresh
concrete, the morphology of the cement particles is also important. Two clinkers may
have a similar mineral composition but present very different reactivity, because dur-
ing the grinding different minerals are exposed at the surface of the cement particles.
To illustrate this point let us consider a few hypothetical cement particles presented in
Figure 3.6(Aitcin and Mindess, 20)1

G1, Gy and G cement particles contain the same proportions of silicate and inter-
stitial phase, but particle Gwill react initially as if it was exclusively composed of
silicate because its interstitial phase is concentrated at the centre of the particle. In
contrast, particle &will behave initially as if it was composed exclusively ofAC
and nally particle G will present an intermediate behaviour. Particlga@ G have
the same silicate and interstitial phase content but will react differentlwillGbe
more reactive than £because it contains twice as muckAChan GAF. Because
of the important impact of £ reactivity on the performance of chemical admixtures
(see Chapters 10 and 1@archon et al., 2016; Nkinamubanzi et al., 2pfliese
changes in amounts o8 exposed initially to water can be expected to have impor-
tant consequences.

G1 G2 G3

Silicate phase Interstitial phase

G4 G5

Silicate phase CsA C,AF

Figure 3.6 The importance of the morphology of cement particles.
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3.5.2 Why is calcium sulphate added when
grinding Portland cement?

In the absence of calcium sulphatgACydrates very rapidly in the form of hydro-
garnets, so concrete loses its slump in a matter of minutes. In the concrete industry
this type of accident is callédash séte hopefully it does not happen frequently.

If it occurs the only thing to do isll the mixer with water as rapidly as possible to
wash out the concrete; otherwise, it will be necessary to break the hardened mass of
concrete with a hammer jack, which is a long and painful exercise.

The working mechanisms by which calcium sulphate passivates the reactivity of
C3A and its benecial effect on GS hydration are explained in Chapter\8afchon
and Flatt, 2016a For the time being we will only note that after water addition there
is a rapid formation oéttringite and apassivationof the hydration of the g\, so
there is no possibility of aash-set situation developing if enough rapidly soluble cal-
cium sulphates are available. Consequently, the cement paste keepseantufork-
ability until the concrete is poured.

In general, the amount of calcium sulphate added to the clinker is noientfto
transform all the @A into ettringite. As explained in Chapter 8, after a few hours,
when all the calcium sulphate is exhausted, ettringite is transformed into a calcium
sulphoaluminate while releasing some calcium sulphatechon and Flatt, 201%a
This new calcium sulphoaluminate is called monosulphoaluminate.

This transformation of the initial ettringite occurs when concrete has hardened
form, so it is of little interest for contractors. But later, if for any reason some calcium
sulphate penetrates into the hardened concrete, monosulphoaluminate may be trans-
formed back into ettringite.

Another rheological problem relateddalcium sulphate occurs from time to time:

a false set. During thenal grinding of the cement too much gypsum added to clinker

is transformed into hemihydrate becausetdmperature in the grinding mill is too

hot. When this hemihydrate gets into attwith mixing water it is transformed
immediately into gypsura a reaction that produces a stiffening of the cement paste.
However, this initial loss of workabilitdisappears when the clusters of gypsum
crystals are broken by the action of the mixer, and some gypsum is consumed
when reacting with the aluminate phase tts® concrete regains most of its initial
workability.

Apart from these two accidental phenomengh @ydration can cause serious
rheological problems with some cements when making low w/c or w/b concretes
where high dosages of superplasticizer have to be used. WhemAheo@tent
is high and/or when the 48 is very reactive, the initial rheology of some low w/c
concrete deteriorates very rapidly so that in a matter of minutes these concretes
lose their slump (see Chapter 16). In contrast, when ffei€low and not very
reactive low w/c concretes lose their slump very slowly, so they can be poured easily
(Aitcin and Mindess, 2035

Therefore, for those who are producing low w/c concretg& nay be considered
as poisonWhen producing low w/c concretes or ultra-high-strength concretes,
the lower the amount of GA, the easier is the control of concrete rheology
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3.6 The hydration of Portland cement

This section presents only an overviewRortland cement hydration. A detailed
chemical description of this hydration is given in ChapteiM&r¢hon and Flatt,
20163. The impact of admixtures thereon is covered in ChapteiM®2chon and
Flatt, 2016M.

The hydration of Portland cement and of its four main phass&, GS, GA and
C,4AF, will be described only through their rate of heat evolution with thmgure 3.7
presents the global rate of heat evolution of Portland cement during its hydration. The
hydration of GS and GA is not simultaneous. The most important peak between
phase Ill and IV corresponds to the main hydration ¢,Gvhile the shoulder in
phase IV corresponds to the sulphate depletion point leading to a more massive hydra-
tion of GsA. The hump in phase V is attributed to the conversion of AFt to AFm
(see Chapter 8ylarchon and Flatt, 201%aTherefore, the hydration of these two
phases can be studied separately, but experience shows that there is a strong
interaction between the two.

After a rstliberation of heat corresponding to the dissolution of different ionic spe-
cies and an initial hydration ofsS and GA in Step |, there is &alormant periodcor-
responding to Step Il during which chemical activity is much reduced. This dormant
period precedes Steps Ill and IV, whersS@nd GA continue their hydration. Most
C,S and GAF hydrate essentially during Step V.

When GS and GS react with water they are transformed into calcium silicate
hydrate and hydrated lime (Ca(QMH) The precise chemical composition and
morphology of the calcium silicate hydrate vary, so it is written in the very vague
formulationC-S-H. The crystalline form of hydrated lime found in hydrated cement
paste is calleghortlandite. The hydration of €S liberates more portlandite than the
hydration of GS, because 45 is richer in lime than £5.

[Nl \Y \%
g
o
=
o
o
o
T
min h days

Time of hydration

Figure 3.7 Schematic representation of the heat release and illustration of the different stages
during the hydration of an ordinary Portland cement (Chaptela8;hon and Flatt, 201%a
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The hydration reaction of §S and GS can be represented schematically by the
following equation:

(CsS, G3S)p water¥s C-S-Hp portlandite.

In the presence of calcium sulphatdhe interstitial phase g8 p C4AF) is trans-
formed into ettringite and monosulphoaluminate according to the following equation:

(CsA, C4AF) b calcium sulphatp water¥s ettringitep monosulphoaluminate.
Combining these two equations, the following equation is obtained:

(CsS, GS, GA, C4AF) b calcium sulphatp water¥s C-S-Hp portlanditep
sulphoaluminates.

Itis easy to see all the crystals formed during hydration of cement or concrete under
an electron microscope, especially in high w/c pastes, as sééjuies 3.8 3.12

The general aspect of the cement paste of a concrete with a very high water/cement
ratio of 0.60:0.70 is shown iRigure 3.12 where the letters CH represent portlandite
crystals and AG the aggregate.

Figure 3.12(b) and (shows the very porous structure of a cement paste with a high
w/c ratio, particularly at the transition zone between the cement paste and the aggre-
gate. Evenirfrigure 3.12(bijt is seen that some portlandite crystals present an epitaxial
growth with the limestone aggregate.

But the morphology of the hydrated cement paste of low w/c concretes is
completely different. It is no longer possible to see any beautiful hexagonal crystals
of portlandite or ne needles of ettringite; rather, we see a compact mass of C-S-H
that looks like an amorphous material, and a very few small clusters of badly crystal-
lized portlandite figure 3.13. It is also evident that at the contact zone between the
cement paste and the aggregate there is no loose transition zone, so the stresses
present in the cement paste are directly transferred to the aggregate, and vice versa.

Figure 3.8 Calcium silicate hydrate (external product).
Courtesy of Arezki Tagnit-HAMOU.
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Figure 3.9 Portlandite crystals (P).
Courtesy of Arezki Tagnit-HAMOU.

Figure 3.10 Ettringite crystals (E).
Courtesy of Arezki Tagnit-HAMOU.

Figure 3.11 Hydrated tetracalciumaluminate crystals (Afm).

Courtesy of Arezki Tagnit-HAMOU.
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Figure 3.12 Microstructure of high wi/c ratio concrete: (a) high porosity and heterogeneity of
the matrix; (b) oriented crystal of portlandite (CH); (c) CH crystals.
Courtesy of Arezki Tagnit-HAMOU.

This difference in the morphology of cement pastes may be explained by various
consequences of the difference in w/c. First, when the w/c is high there is a lot of
water and space, so the growth of hydrates can proceed unhindered, leading to
formation of large and beautiful crystasreferred to as the outer product of hydra-
tion as they form outside the boundaries of the initial cement partitlesafdson,

2009). In contrast, in low w/c paste hydrate growth is hindered much sooner and

water availability becomes limited. Once water availability and space are particularly
low, it can be argued that the hydration of cement further progresses via topochem-
ical reactions rather than strict dissoluéqmecipitation.
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Figure 3.13 Hydrated cement paste of a very w/c concrete.
Courtesy of Arezki Tagnit-HAMOU.

3.7 Hydrated lime (portlandite)

Portland cement hydration results in tbhenfiation of a large amount of portlandite:
20e 30% of the hydrated mass of cement according to the respective amougs of C
and GS in the clinker. In concretes having glhiw/c, this portlandite appears in the
form of large hexagonal crystals, as showfiigure 3.12 These portlandite crystals
have a marginal impact from a mechanical point of view, so they do not bring any
strength to concrete. Moreover, in submerged concrete this lime can be leached
out easily by diffusion, depending on the w/c ratio of the concrete and the purity
of the water in which the concrete is subgeat. Finally, the lime can be carbonated
by CO; in the air. Its only advantage is that it maintains a high pH in the interstitial
water and therefore protects reinforcing steel from carbonation-induced corrosion.
But when the lime is fully carbonated by the £€bntained in air, this protection
is lost.

The best way to make this lime bewél from a mechanical, durability and sustain-
ability point of view is to transform it into so-called secondary C-S-H by making
it react with pozzolanic materials or slag, as it will be seen in Chaptgitidir,
2016h.

Therefore, theoretically the hydration of a blended cement containing a pozzolanic
material is:

Clinkerp pozzolarp gypsump water¥s C-S-Hp sulphoaluminates.

Such blended cement also has the advantage of improving the sustainability of con-
crete structures by decreasing their carbon footprint.
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3.8 Present acceptance standards for cements

These different aspects of cement hydration are presented to establish that it is almost
impossible to produce two absolutely identical cements. It has thus been necessary to
create a series of acceptance tests to maintain these variations within acceptable limits
and produce cements having almost constant technological properties and concrete
having predictable properties in both fresh and hardened states. Over time, a series
of acceptance standards has been developed.

But after the great technological changes seen in concrete manufacture over the
last 30 years, a question may be raised: are these standards, which have served the
cement and concrete industry well for a long time, still valiti¢ answer is0.

The present acceptance standards were developed at a time when the concrete in-
dustry was producing concretes with high w/c greater than 0.50, and these are now
considered as low-strength concretes. This is why the standards are based on the results
of series of tests done on cement pastes or mortars having a w/c of about 0.50, where
cement particles are not decculated at all. For a long time engineers and contractors
were satised with such types of concrete, but this is no longer true: presently a sig-
ni cant (and protable) part of the concrete market is composed of durable and sus-
tainable concretes with a much lower w/c of between 0.30 and Qi#On(20163.

Not only do these concretes have higher strength, but they also have longer durability
and greater sustainability. Moreover, self-consolidating concretes that do not need any
vibration to be poured are gaining a noticeable market share.

To satisfy the needs of these two growing and table market sectors, present
acceptance standards for cement are totally inadequate, because the only rheological
aspects they presently control are the init@k and the initial setting time. New tests
are needed to follow the rheology of cement pastes and mortars between zero and
90 minutes, the usual time for concrete delivery. Moreover, these tests have to be
done on a deocculated system with a w/c between 0.35 and 0.40.

3.9 Side-effects of hydration reaction

Hydration reactions transform the hydrated cement paste more or less rapidly into a
hardened material that continues to gain strength with time as long as there is enough
water to hydrate all the cement particles.

Portland cement hydration results in heat release that is a function of the mineral
composition of the cement, and in that respett important to repeat that it is
not the amount of cement introduced into a mixer that determines the amount
of heat released in a concrete, but the amount of cement that is actually hydrating
when concrete has been poured into formgCook et al., 199R

Portland cement hydration also results inva@umetric contraction that is
becoming very important from a technological point of view, because it may have dra-
matic consequences on the volumetric stability of concrete through the rapid develop-
ment ofautogenous shrinkage

All concretes, whatever their w/cdevelop some autogenous shrinkage because it
is an ineluctable consequence of hydration reaction when this reaction occurs in a
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closed system However, when hydration reaction occurs in the presence of an
external or internal source of water, a great part of this autogenous shrinkage can be
annihilated, as will be seen in Chapter25t¢in, 20169.

Some researchers are promoting another technique to control autogenous
shrinkage; it consists of introducing during mixing a small amount of an expansive
chemical material that will compensate for the contraction of the apparent volume
due to chemical contraction. Another solution is the use of a shrinkage-reducing
admixture. The chemical nature of these admixtures is described in Chapter 10, and
their behaviour in Chapter 2®1archon et al., 2016; Gagné, 2016

3.10 Conclusion

Portland cement is a complex product obtained from unprocessed common natural ma-
terials: limestone and clay. Consequently, the characteristics of Portland cement clinker
may vary from one cement plant to another. To limit the variations of the technological
properties of Portland cement, acceptance standards have been developed, but presentl
these standards are not satisfactory for the whole concrete market. Low w/c cements are
increasingly used; these concretes are made using large dosage of superplasticizers t
disperse cement patrticles. It is therefore urgent for the cement industry to produce a
clinker that will facilitate the production of the low w/c concretes that are more sustain-
able than normal-strength concretes. The production of the old Type I/l clinker must
continue to satisfy the needs of this very gadble market, because now that we know

how to increase concrete compressive strength, it is very important that we focus on
how to improve the rheology of these concretes in order to transform concrete into a
quasi-liquid material that can be poured without any problem.

Appendices

Appendix 1
Tricalcium aluminate

Why it is so important to discuss this particular mineral found in Portland cement
when it usually represents only between 2% and 10% of its composition?

The reason is that, despite its relative low content in comparisogStari@ GS,

C3A signi cantly in uences the properties of the fresh and hardened concrete and
the use of some admixtures.

In Portland cement £& may be found in different polymorphic forms. The struc-
ture of these various polymorphic forms ofAGs well establishedRegourd, 1978,
1982a,b; Moranville-Regourd and Boikova, 199@aylor, 1997; MacPhee and
Lachowski, 1998

Pure GA crystallizes in a cubic form. When pure cubigAQjets into contact with
water, in the absence of any sulphate ions it reacts very rapidly and liberates a great
amount of heat as it is transformed into hydrogarnet. In the presence of sulphate
ions, GA is transformed into ettringite that temporarily blocks its hydration.
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Butin a cement kiln A traps N& ions very easily. This capture of N&ns in the
cubic structure generates distortions of the crystalline network, so that wh®n Na
concentration becomes greater than 3.794 @ystallizes in an orthorhombic form
until its content is equal to 4.6%. Above this value it crystallizes in a monoclinic
form (Regourd, 1982a)blt is rare for the NgO content of GA of commercial clinkers
to reach so high value, so this last crystallographic form is never found in commercial
clinkers. Usually, in commercial clinkersgAis found as a mixture of cubic and
orthorhombic forms. The lower the p@ trapped in the ¢\ network, the higher
the amount of cubic €A and the more reactive is this& In contrast, the higher
the NaO content of the clinker, the higher the amount of orthorhomhja C
and the less reactive it is.

For cement chemistsz& plays a very important and useful rae rst during the
fabrication of clinker, and second during the testing of the cement to see if it complies
with acceptance standards.

As seen inTable 3.1 usually the interstitial phase {4£€p C4AF) represents
15e 16% of the mass of the clinker. Moreover, an interstitial phase composed of an
equal amount of A and GAF (8%) represents the optimal conditions for clinker pro-
duction. With such @A content it is not too difcult to adjust the calcium sulphate that
must be added to controls& hydration and cementneness to produce a cement
complying with the acceptance standards and having maximum initial strBogth.
it is no longer the initial compressive strength of small cubes with a high w/c
that it is important to optimize, but rather the rheology of low w/c cement pastes

In contrast, for a concrete producefAplays essentially a negative role from a
rheological point of view, and to some extent from a durability one tga.i€the
most reactive mineral of Portland cement and stronglyeénces its initial rheology
despite the fact that its hydration is slowed down by the use of calcium sulphate. Cal-
cium sulphate adsorption on&stops its hydration temporarily. A highs& content
can lead to excessive admixture consumption, as explained in Chapters 10 and 16, with
negative impacts on rheologylérchon et al., 2016; Nkinamubanzi et al., 218 a
perturbation of the reactivity balance between aluminates, silicates and sulphates, as
shown in Chapter 12, with the possible development of massive retardatiornon
and Flatt, 2016l

It is the variation of the A content and its polymorphic forms as well as cement

neness that explain why admixture companies are recommending water reducer or
superplasticizer dosages that can vary from one value to double that amount.

It is also the very high €A content of white cements that explains why these ce-
ments have a rheology that is particularly diflt to control when they are used
with polysulphonate-based water reducers and superplasticizers.

The neness of the cement is also a very important factor when trying to control
concrete rheology, because as the clinker is groumadt more GA is exposed on
the surface of cement particles.

Finally, the morphology of the cement particles alscuances the rheological
behaviour of a cement paste, as shown schematicalliginme 3.7

Moreover, ettringite is not a stable mineral within concrete. For example, when the
total calcium sulphate added to control the hydrationz8f ltas been depleted, ettrin-
gite is transformed into monosulphoaluminate, while releasing some calcium sulphate
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that will transform the remainings®8 into monosulphoaluminate. If for any reason
some SQ ions later penetrate into hardened concrete, calcium monosulphoaluminate
is transformed back into ettringite that crystallizes in the capillary system. These crys-
tals of ettringite are referred to as secondary ettringite.

When pre-cast concrete elements are heated oves, #y when concrete reaches
this temperature during its hydration, ettringite is decomposed. When returning to
ambient temperature, ettringite will crystallize again in a phenomenon called delayed
ettringite formation, and this may result in severe cracking of condrayéo( et al.,
2001; Flatt and Scherer, 2008

Finally, when concrete specimens are submitted to freezing and thawing and have
failed to pass the ASTM C 666 test, large clusters of ettringite crystals can be observed
in the transition zone between aggregates and the cement paste, and even within some
entrained air bubbles, as seerrigure 3A.1

For the concrete producer there is, however, one situation in whichAheoGtent
is bene cial: when concrete is exposed to chlorides rather than sulphates. The alumi-
nates react to form Friedel salt, which strongly penalizes the propagation of chlorides
in concrete and therefore extends its service life by slowing the initiation of chloride-
induced corrosion.

Apart from this, the double role of3&8 e positive for the cement producer and
negative for the concrete producer and the owner of the striectigeerves particular

Figure 3A.1 Cluster of ettringite (E) crystals in some concretes: (a) ettringite in concretes
destroyed by freezing and thawing cycles; (b) ettringite needles have alledsin air-
entrained bubble.

Photos taken by Guanshu 4ifcin, 2009.
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attention. If the long-term competitiveness of concrete is considered, to lower the
carbon footprint of concrete structures the use of concretes with low w/c should be
favoured. Therefore, it is imperative tad a satisfactory compromise between the
preoccupations of cement producers and the needs of concrete producers wanting to
facilitate the use of low w/c concretes and improve their durability.

It has been seen in this chapter that for economical reasons it is essential for
Portland cement to contain somgAC But how much?

For cement producers, the answer is very simple: it is 8%, with 8%Af.C

For the concrete producers, the answer is not so simple: it depends on the strength of
the concrete and on the nature of the cement they are using (blended cement or Port-
land cement). When making an ordinary concrete with a high w/c and strength be-
tween 20 and 30 MPa, the optimurgACcontent is 8% because it gives good initial
strength. When making high-performance concrete with a low w/gAac@ntent
of 6% results in relatively easy control of concrete rheology.

For an owner interested in the long-term durability of concrete structures, the
answer is very simple: the lowest content possible.

For the author, the answer is as little as possible. The author is convinced that with a
Type V clinker containing 5% of £\, it is possible to build all the concrete structures
needed by the construction industry, using ordinary low-strength concretes as well as
high-tech onesA(tcin, 2009. This type of clinker could be idengd as anfall-
purpose clinkérrather than as an ASTM Type 5 clinker.

But more realistically, the good old Type I/ll clinker containirgg6eb% of GA
that has served the US concrete industry so well for many years remains the best
clinker for everybody. It would be a pity to stop the production of this clinker under
the pretext that it does not provide a high early strength with blended cements. If
high early strength is needed when using blended cements, it is only necessary to lower
the w/b of the concrete, rather than to increase g#eaid GS content of the clinker
and the neness of the cement, as shown in Chaptétitti(, 20163.

It is not necessary to create a new type of clinker: let us rely on the Type /1l
clinker to build easily, durable and sustainable concrete structures

But taking into account the complication of the fabrication of cements with a low
C3A content, the author is convinced that it is imperativaiercement industry to
produce two types of clinkers

« One with a GA content ofno more than 8% (for durability reasons), to make high
w/c concrete with either Portland cement or blended cements.

* One witha C3A content of about 6% (for rheological reasons)to make low w/c concretes
using cement that may contain supplementary cementitious materials.

Appendix 2
Ettringite

It has been seen that the easiest way to control the rapid hydratieA o €@ add
calcium sulphate during thenal grinding of cement. This calcium sulphate is usually
added in the form of gypsum (CagQ@H,0), which is easily soluble in water, but dur-
ing the nal grinding a part of this gypsum can be transformed into hemihydrate
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(CaSQ, %:H,0) due to an increase of the temperature within the ball mill, or even into
totally dehydrated hemihydrate, improperly called anhydrite in the industry. As hemi-
hydrate dissolves more rapidly in water than gypsum, it quickly releases iSas

that react rapidly with A to form ettringite and also adsorb on thgAGo passivate

its reactivity.

It is not always pure gypsum that is added in the ball mill, because contaminated
gypsums containing some anhydrite and calcium carbonate that are found on the bor-
ders of gypsum quarries are bought by cement companies because they are cheapel
than pure gypsum. Pure gypsum is usually used for the fabrication of gypsum wall
boards. Sometimes synthetic calcium sulphates (¢)a&® added in the ball mill
instead of gypsum. Synthetic calcium sulphates are very often improperly called anhy-
drite in the industry. Anhydrite is the crystalline form of an unhydrated form of ¢aSO
whereas different synthetic calcium sulphates obtained from desulphurization pro-
cesses are not crystalline at all, or at the best very poorly crystalline.

If from a chemical point of view all these materials are different forms of calcium
sulphate, they do not have the same solubility rate in water; crystalline anhydrite being
the less rapidly soluble, and totally dehydrated hemihydrate and synthetic calcium sul-
phate being the more rapidly soluble.

As it is important that S® ions are dissolved rapidly enough to react wigh @
order to control its initial hydration, usually it is bewél for a part of the gypsum
added during the grinding to be transformed into hemihydrate. Moreover, the alkali
sulphates of the clinker are more rapidly soluble than calcium sulphate, so they can
provide the rst SQy ions that are dissolved in mixing water and avoid polynaphtha-
lene sulfonate superplasticizer (PNS) and polymelamine sulphonate superplastizer
(PMS) reacting with @A, particularly when superplasticizer dosage is high, as will
be seen in Chapter 1Mérchon et al., 2006

The adjustment of the calcium sulphate content of cement is thus a very delicate
operation that must take into account all these factors.

Because of calcium sulphate adsorption on C3A, the rheology of concrete evolves
slowly during the induction (dormant) period, and the rheology of the cement paste of
concrete evolves slowly, giving enough time to transport and pour concrete without
too much loss of slump and workability. It is worth noting here that the ettringite
formed in this stage can be viewed as a side product of the passivation rather than
its cause, as is explained in ChapteMg(chon and Flatt, 201%aThereafter cement
paste starts to harden rapidly. Various hypotheses still exist concerning this change of
hydration rate, and are also presented in Chapteta8chion and Flatt, 201%a

The chemical composition of the unit cell of ettringite has long been a subject of
controversy. Some books state that the unit cell of ettringite has 30 water molecules;
in others it is 32 or 31. Some authors strongly criticized the suggestion of 31 water
molecules, saying that a symmetrical molecule like ettringite could only contain a
prime number of water molecules.

In fact, the number of water molecules strongly anchored on the hexagonal unit cell
is 30, and there are two additional water molecules that are not so tightly anchored and
can be detached easily (e.g. by mild drying and/or vacuum), as seejuir 3A.2
This explains the variation in the number of water molecules found by the different
researchers.
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@)
z=0.75c
H,0 and SO are distributed along
X=2/3y=1/3
z=0.5c
Cais in octaedral coordination
z=0.25c
z=0

(b)

Figure 3A.2 Unit cells: (a) ettringite; (b) Trigonal crystal of ettringite.
Courtesy of Mishra Ratan Kishore.
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Supplementary cementitious 4
materials and blended cements

P.-C. Aitcin
Université de Sherbrooke, QC, Canada

4.1 Introduction

The Phoenicians, Greeks, and Romans noticed that when certain natural materials were
mixed with lime, they produced mortars and concrete that could harden under water.
These products are known as natural pozzolans, named after the city of Puzzoli near
Naples where the Romans extracted some particularly reactive volcanic ashes from
Vesuvius.

We now know that natural pozzolans react with lime because they contain a certain
amount of vitreous silica. Only volcanic ashes that have been cooled down very
rapidly (quenched) react with lime, because their silica has not had enough time to
crystallize and remains in a vitreous state. When volcanic ash cools down very slowly,
there is enough time for the silica to form large crystals. As it does not contain any
vitreous silica, this ash does not react with lime.

The use of pozzolanic materials was lost at the end of the Roman Empire, and it was
not until the second half of the nineteenth century that the hydraulic properties of
Portland cement were discovered.

Presently, the use of pozzolanic materidis{sazza, 1998nd what are called
supplementary cementitious materials is becoming very important, because the
sustainability of concrete structures is becoming a fundamental criterion. As will be
seen in this chapter, the replacement of a certain mass of clinker by an equivalent
mass of supplementary cementitious material or pozzolan is very important from a
sustainability point of view because:

» it eliminates the emission of an equivalent mass of CO

it results in the recycling of some industrial by-products

» it improves the durability of the hardened concrete because the pozzolanic reaction trans-
forms hydrated lime that has no binding properties into secondary calcium silicate hydrate
(C-S-H), the'glue of concrete.

Various arti cial and natural pozzolans are used in different countries and their use
will increase in the future. Of course, these pozzolanic materials react at different
speeds and more or less completely according to their vitreous silica conteneand
ness and the amount of lime liberated during Portland cement hydidtiéro(ra and
Metha, 1996, 2012

It is interesting to report the chemical composition of these materials in a ternary
SiOze CaCe Al,03 diagram to compare their composition to that of Portland cement
(Figure 4.).

Science and Technology of Concrete Admixturesitp://dx.doi.org/10.1016/B978-0-08-100693-1.00004-7
Copyright© 2016 Elsevier Ltd. All rights reserved.
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Figure 4.1 Chemical composition of the principal cementitious materials.

4.2 Crystallized and vitreous state

For a mineralogist, two types of materials exist: those with a crystalline striétires(

4.2b and those that are amorphous or vitredugL(e 4.2x In a material with a crys-

talline structure, ions are arranged in a repetitive manner and form a crystal lattice that
can be dened by an elementary cell called a unit cell. The spatial arrangement of the
differentions is governed by their valence (number of shared electrons) and their respec-
tive diameters. For example, quartz one of the crystalline forms of silicg (Situilt

by assembling Sigxetrahedrons having at their summit four large @ns (1.32 nmin
diameter) that surround a smalfSion (0.39 nm).

These silica tetrahedrons can be arranged differently and form the large family of
minerals called the silicates. When a monochromatic source of X-ray is projected
on a crystallized mineral, a diffractogram presenting a certain number of peaks is
obtained. Each peak corresponds to the refraction of the monochromatic X-ray on
dense ionic plans, as can be seehigure 4.3(ajn the case of Portland cement.

A Portland cement diffractogram is in fact the addition of the characteristic peaks
of each mineral found in Portland cement. ASTM tables give the characteristic peaks
of pure mineral.
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(@)

Figure 4.2 Comparison of the structure of a glass and a mineral. (a) Disorganized structure of a
glass (2D). (b) Mineral (2D).

In a crystallized mineral, internal ions are in a stable equilibrium and are not very
reactive. Those at the surface of the material which are not fully saturated from an elec-
trical point of view are a little bit more reactive. In contrast, in a vitreous material, the
different ions are not arranged systematically to form a regular network, but are more
or less disorganized according to the severity of the quenching to which they were sub-
jected when they were solidid. When amorphous materials are subjected to X-ray
radiations, their diffractogram does not present a series of peaks but rather a kind of
hump, more or less accentuated, as seéiignre 4.4

This hump indicates that anvery short scaleghe ions have a more or less orga-
nized structure. The larger andtter the hump, the more disorganized the structure
of the glass and the greater the number of unsaturated valences. Thus, in a reactive
medium, there are some ions that are active enough to react chemically to form new
compounds. Moreover, thener a vitreous material is, the more reactive it is, because
its specic surface is greater, so it contains more unsaturated ions ready to react
chemically.

Melted rocks containing a certain amount of silica are usually viscous so that when
they are quenched, silica tetrahedrons have not enough time to become organized as &
crystalline network so that the melted mineral soédiin the form of a vitreous solid.

On the contrary, if enough time is provided to the melted material as it cools down,
it solidi es in the form of a crystalline material.
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Figure 4.3 (a) X-ray diffractogram of a Portland cement. (b) X-ray diffractogram of the same
cement after treatment with salicylic acid. (c) X-ray diffractogram of the same cement after a
KOSH treatment: Calcium hydroxide/sucrose treatment.

Courtesy of Mladenka Saric Coriéifcin, 2009.
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Figure 4.4 X-ray diffractogram of a vitreous slag.

4.3 Blast-furnace slag

Figure 4.5presents schematically the principle of the fabrication of pig iron in a blast

furnace.
The chemical process consists of reducing iron ore introduced in the form of iron

oxide pellets at the top of the furnace by an appropriate amount of metallurgical

High
Iron ore and furnace
impurities
Fluxing
agent
Pig iron
Slag
Coal and
impurities

Slag

Figure 4.5 Schematic representation of a high furnace.
Aitcin, P.C., 1998. High Performance Concrete, E and FN SPON.
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coke. But the impurities contained in iron pellets and metallurgical coke also have
to be melted to be eliminated. Usually, these impurities are composed of different
silicates, carbonates, or aluminates. When looking at ape &@Ce Al,O3 phase
diagram, it is seen that there are two particular points having a low melting temperature
which composition are called eutectic compositidgrigL(re 4.9.

When slag has exactly one of the two chemical compositiarey, I, it melts at a
constant temperature lower than that of any other compositions. One composition
melts at 1170C and the other at 126@. To reduce the amount of metallurgical
coke to be burned to reach fusion of the impurities, metallurgists adjust the composi-
tion of the impurities by adding auxing agent to match the composition of the
eutectic mix melting at 126QC. The other eutectic, richer in silica, gives pig iron
that contains too much silica. In the ternary diagramy,&@aQCe Al,Og, it is seen
that this eutectic point is close to the one representative of Portland cement.

Therefore, the average chemical composition of all the slags produced worldwide is
about 38% CaO, 42% SiDand 20% AOs.
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Figure 4.6 Position of the two eutectics with the lowest melting temperature in an
SiO,e CaCe Al,O3 phase diagram.
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When the slag is tapped from the furnace and allowed to cool slowly, it crystallizes
in the form of melilite, which is a solid solution of gehlenite (2GaR0s$SIO,) and
ackermanite (2Mg®Al,03$Si0y). In contrast, if the slag is rapidly quenched in cold
water, it solidi es into the form of vitreous particles that after grinding react with the
lime liberated by the hydration of theg&and GS in Portland cement.

Why do not all granulated slags have the same reactivity?

The reactivity of a granulated slag does not depend on its chemical composition, but
rather on its degree of disorganization (degree of egtion) Eigure 4.7.

The greater the disorganization, the more reactive the slag. The degree of disorga-
nization is a function of the temperature of the liquid slag when it is quenched: the
hotter the slag, the more vitreous and pale is the quenched slag. The colder the slag,
the less reactive and darker are the granules. Whenid slag has been quenched,
it may contain some perfect crystals of melilitgg(ire 4.9.

Figure 4.7 Granules in white, vitreous slag particles. Note the angular shape of the slag particles
and their porosity. This hot slag was quenched at a high temperature, as can be seen by the fact
that no crystals are visible in the vitreous particles.

Figure 4.8 Melitite crystal in a slag particle after quenching. This slag was a cold slag quenched
under a temperature of its liquidus.
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In a blended cement, the reactivity of a slag depends also ameitess. Thener
the slag, the more reactive it is because it contains more disorganizeccalpens
than a coarser slag\kinanubanzi and Aitcin, 1999As the slag is usually more
dif cult to grind than the clinker when trying to increase theness of a slag cement,
in a blend it is the clinker part that is groundere the opposite of what should be
obtained. This is why when making a blended cement containing slag, it is better to
grind the clinker and slag separately and mix them afterwards.

4.4 Fly ashes

The impurities contained in coals or lignites burned in power plants melt when the
pulverized coal passes through tr@me in the combustion zonEidure 4.9.

Chimney

()
Aspiration ﬂ

Precipitators

77 TRy
f Combustion
. zone

. ~

IAE

Bottom ash

Figure 4.9 Schematic representation of the combustion zone in a power plant.
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When these ne droplets leave the burning zone, they solidify in a spherical shape
(to minimize their supecial energy) and are carried towards the de-dusting system
with the combustion gases, as seeftigures 4.10 and 4.11

As these particles are usually rich in silica and are cooled quite rapidly as they leave
the burning zone, they are quenched and do not have enough time to crystallize. Thus,
the y ashes collected in the de-dusting systems are vitreous and can react with the
lime liberated during cement hydration.

Fly ashes can be considered as aitil pozzolans, and their chemical composi-
tion and vitreous state depend on the impurities contained in the coal or lignite
burned in the power plant. In North Americay ashes are clasgd in two cate-
gories: class Fy ashes that contain very little lime, and classy@Gshes that contain
10% lime. Some class Cy ashes are idented as sulfocalcic because they are also
rich in sulfur.

Generally speaking,y ashes have a grain size distribution that is close to that of
Portland cement. They may contain a certain number of crystallized particles (rather

Figure 4.10 Spherical particles ofy ashes.

Figure 4.11 Plerosphere containing cenospheres iy ash.
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Figure 4.12 Coarse crystallizedy ash particle.
Courtesy of I. Kelsey-Lévesque.

coarse), corresponding to coarse impurities that pass so rapidly througantke

they do not have enough time to be fused. Fly ashes can also contain a certain

percentage of unburned coal, and in some cases the particles are covered with
soot. The presence of this unburned carbon and/or soot may cause serious problems
when using admixtures, because the carbon and/or soot particles may preferentially
absorb some admixture.

Several treatments can be implemented to improve the quality ahes; for
example, the passage of thg ash through a cyclone easily eliminates its coarse
particles, essentially the crystallized particlegre 4.12 and the coarse particles
of unburned carbon. But the elimination of the soot that coversyttesh particles
is more problematic and costly.

When the effects of a particular type of ash on the properties of a concrete are
studied, it is only possible to predict its specaction with greater or lesser accuracy.

It is dif cult to generalize one result obtained on a particwaash. For example,
Claude Bédard (2005tudied an entirely crystallizedy ash that did not have any
pozzolanic properties, but it was calleg ash because it was ash that had been
collected in the de-dusting system of a power plant.

Malhotra and Mehta (201#avor the use of concrete with a high ash content in
order to lower the carbon footprint of sustainable concrete structures.

45 Silica fume

Silica fume collects in the de-dusting system of electric arc furnaces during the produc-
tion of silicon, ferrosilicon, or zirconiunt{gures 4.13a and 4.18b
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Figure 4.13a Schematic representation of an electric arc furnace that produces silica fume

without a recovery system.
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200°C
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Figure 4.13b Collecting silica fume in thebag houseof an electric arc furnace equipped with a

heat recovery system.
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In the arc, SiO vapor is formed, but as soon as it leaves the electric arc and comes
into contact with oxygen in the air, it is transformed into verg spherical particles of
SiO, (to minimize their supecial energy) that contain more than 85% of vitreous
silica.

When the furnace is equipped with a heat recovery system, the silica fume par-
ticles collected in the de-dusting system are whitish, because they leave the furnace
at a temperature of about 800, which is sufciently high to burn all the traces of
carbon.

When the furnace is not equipped with a heat recovery system, the silica fume
particles collected in the de-dusting system have a gray color, because they left the
furnace at temperature lower than 2@after being mixed with fresh air to cool
down the hot furnace gases, so they do not burn the de-dusting sacks used to collect
them {igure 4.13)

Silica fume particles are vitreous due to their rapid quencliingie 4.14.

After reheating, the silica crystallizes as cristobalite. The hump found in the
as-produced silica fume corresponds to the main pick of cristobalite, which indicates
than in a silica fume particle, silica tetrahedrons are organized as in cristaloalite
short-range distance.

The average diameter of amorphous silica particles is about tam0.1
(Figures 4.1h Silica fume particles are usually gray in color, darker or lighter
according to their carbon and iron content.

Sio,

Cristobalite

sio,

Sio,
(b) Sio,

(a)
Figure 4.14 X-ray diffractogram of a silica fume particle: (a) as-produced, (b) after reheating at
1100 C.
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Figure 4.15 Silica fume as seen under an electronic microscope: (a) scanning electronic
microscopee silica fume particles are naturally agglomerated in an as-produced silica fume.
(b) Transmission electronic microscapalispersed individual particles.

4.6 Calcined clays

Clays are silicates composed of different layers of ions bonded lgy iOh$. Pure
kaolinite (2SiQ$AI,0z82H,0) is the clay used to make chinaware. It is an alumino-
silicate composed of a layer of tetrahedral S4d octahedral Al(OH)ions where

the Alz ions are found at the center of the octahedrons. When kaolinite is heated
between 450 and 75@, some water molecules leave the kaolinite layers and it is
transformed in metakaolin, which presents a disorganized stru€tigree 4.19.

Figure 4.16 Metakaolin particles.
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The S ions at the end of the tetrahedrons react with the lime liberated by the hydration
of the GS and GS to form C-S-H.

The Phoenicians and Romans noticed that crushed piecesdobricks, tiles, or
pottery gave strong mortars.

Kaolinite is essentially calcined to be used as eidi pozzolare illites and mont-
morillonites are not of interest in civil engineering because they do not react with lime.

Large amounts of metakaolin were used in Brazil during the construction of the
Itaipu hydroelectric complex located at the border of Brazil and Argentina in order
to lower the amount of cement that had to be transported by truck to this very remote
place. Moreover, the use of metakaolin helped to decrease the temperature rise in the
massive elements of the dam.

4.7 Natural pozzolans

In different countries, various natural pozzolans are blended with Portland cement.
These natural pozzolans are essentially vitreous volcanic ashes rich,irar8iO
may have different chemical compositions and present different degrees a@fvitri
tion. In Figure 4.17 the X-ray diffractogram of a natural pozzolan is compared to

(@)

(b)

(©)

10 15 20 25 30 35 40 45 50 55 60

Figure 4.17 RX diffractogram of a natural pozzolan and twpashes. (a) Natural pozzolan,
(b) Class F y ash (Canada), and (c) Class €ash (USA).
Courtesy of Martin Cyr.
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Table 4.1 Chemical composition of some pozzolanic materials
(Bogue, 1952

Loss on
SiO, | Al,03 | F&;03 | CaO | MgO | K,O | Na,O | SO; | ignition

Santorin earth| 63.4 13.2 4.9 40 2.1 2.6 3.9 g7 49
Rhenan trass 55.2 16.4 4.6 216 1.3 5.0 4.3 ¢.1 101
Punice 72.3( 13.3 1.4 0.7 0.4 5.4 1.6| °tr] 4.2
Calcined gaize] 839 8.3 3.2 24 10 RAana |07] 04
Calcinated clayy 58.2 18.4 9.3 38 3.9 31 0.8 U1 1.6
Calcined shale] 51.1 22.4 11.2 3 1. 2.b 1.2 41 3.2

4
Blast-furnace | 33.9 | 13.1 1.7 453 2.0 n.al n.a. tr. n.a.
slag!

#Blast-furnace slag is no longer considered as a pozzolan.
"n.a., Not available.
“r., Trace.

that of two y ashes. It is seen that the hump is located almost at the same place in the
three diagrams; this position corresponds to the main peaks of cristobalite, the stable
form of crystallized silica at a high temperature.

Table 4.1presents the chemical composition of various natural pozzolans.

4.8 Other supplementary cementitious materials

It is possible to nd other natural or artcial materials that are rich in vitreous silica

and can react with the lime liberated during Portland cement hydration. Examples
are diatomaceous earth&iqure 4.1y, perlite Eigure 4.19, rice husk ashes
(Figure 4.20, and some hydrothermal vitreous silica. Presently, these vitreous silica
are not used, because after grinding their particles present a particularly uninteresting
morphology despite the fact that they are composed of vitreous silica, as seen in
Figure 4.21 They are described in more detailsBimders for Durable and Sustain-

able ConcretdAitcin, 2009.

4.9 Fillers

According to cement standards in seVerauntries, it is possible to replace

15e 35% of Portland cement clinker with dler. A ller is normally a ground
material with a grain size distribution similar to that of a Portland cement; it
does not possess per se any binding properties, or in some cases may have very
weak binding properties.
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(@)

(b)

Figure 4.18 (a) Diatomaceous earth, (b) enlarged view.
Photos by I. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.

When the mineral composition of the clinker, iteness, and itgypsum content
are modi ed, it is possible to obtain a blended cement that has almost the same 28-day
compressive strength as an ordinary Portland cement and satisfactory durability when
exposed to a mild climate. However, such cement must be used with a great caution in
harsh, marine, and Nordic environments. It such cases, it is better to lower the w/c ratio
of the concrete made with these blended cements to improve their short- and long-term
strengths Aitcin et al., 201}

The most commonller is limestone, obtained by pulverizing the limestone used
to produce clinker. For a cement producer, it is inexpensive to produce and represents
a very economical solution, because this part of the blended cement does not have
to pass through the kiln. In some cases, siliters are used when they are available
at a low cost.
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Figure 4.19 (a) Perlite, (b) enlarged view.
Photos by I. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.

4.10 Ground glass

Professor Arezki Tagnit-Hamou of the Université de Sherbrooke and his research team
found that when unrecycled wine bottles are ground at different gpgriin size
distributions, they can be considered as a very interestieg For example, some
of these glass powders have been used in the fabrication of an ultra-high-strength
concrete $oliman et al., 2014 as shown irFigure 4.22to increase its strength and
facilitate its pouring. Even in hardened cement paste, these glass particles can be
considered as very hard and rigid inclusions that have a strengthening effect on the
hydrated cement paste.

Moreover, ground glass gives a paler color to the surface of concrete, and thus
re ects solar heat. The ambient temperature in a city street can be decreased by up
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(@)

(b)

Figure 4.20 (a) Rice husk ash, (b) enlarged view.
Photos by I. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.

to 7 Cin some cases when its sidewalks are made with a concrete containing some
glass powder. This is very economical for air conditioning of the buildings in the street.

411 Blended cements

Several supplementary cementitious materials are now blended with Portland cement
clinker in order to produce more sustainable binders. The fabrication of such blended
cements depends of course on the local availability of the supplementary materials.
These blended cements can be idextti as binary, ternary, and even quaternary
binders without mentioning the nature of the different components of the blends.
Binary cements may be slag cementash cement, or silica fume cement. Ternary
cements may contain slag and silica fume, prash and silica fume. Finally, the

use of quaternary cement containing slagash, and silica fume has been found to

be very interesting due to the synergetic effect obtained when mixing slagyand

ash in low w/c concrete$lkinamubanzi and Aitcin, 1999
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