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Preface

During the last 40 years, concrete technology has made considerable progress—not
due to some spectacular improvement in the properties of modern cements, but rather
to the utilization of very efficient 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 buildings (Aitcin and Wilson, 2015). These concretes are
pumped from the first floor to the very top (Aldred, 2010, Kwon et al., 2013a,b). More-
over, 40 MPa self-compacting concretes are being used for the prestressed floors in
these high-rise buildings (Clark, 2014). Currently, 200 MPa ultra-high strength con-
cretes are being used. Such achievements are the result of a massive research effort
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 specific 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 specifically 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 specifically for 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 cement—a situation 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 as “cement/superplasticizer compatibility” or “robustness of
cement/superplasticizer combinations” are 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 water—cement 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 water—binder 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 significant 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 filler.

To illustrate this point very simply, let us suppose that to support a given load L we
decide to build two unreinforced concrete columns—one with a 25 MPa concrete and
the other with a 75 MPa concrete, as shown in Figure 1.

As seen in Figure 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.

3A a 0 R -
SR 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 wi/c.
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 aggregates to finally build a column of lower quality
and durability that has a higher carbon footprint. Helene and Hartmann (2003) pre-
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 in flexure, such as floors 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 concrete (Clark, 2014).

In the future, concretes will contain more admixtures, so it is very important to learn
how to use them appropriately in the most efficient way possible to produce sustainable
concretes perfectly fitted to their specific 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 Ziirich,
Zurich, Switzerland
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Introduction

This book on concrete admixtures is neither the first 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; Ramachandran, 1995), we
could have decided to present the various admixtures presently on the market one after
the other and actualize only the new scientific and technological knowledge acquired
during recent years. Like Dodson (1990), 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 specifically to admixtures
but useful for developing an efficient 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 and the defini-
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 water—cement 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
water—cement and water—binder 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:
first, 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 fillers 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 some filler with clinker, it is very important also to realize that it is not
sufficient to substitute a certain volume of clinker by an equivalent volume of filler to
decrease the carbon footprint of a concrete structure; it is also necessary at the same
time to decrease the concrete’s water—binder ratio in order to improve the long-term
durability of concretes made with fillerized 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 water—cement (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 w/c,
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 the final 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 modified by
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 more flexibility in design and added value to chemists. The
admixtures covered are Superplasticizers, Viscosity Modifiers, 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 specific section is devoted to poly-
acrylates, for which the consequences of molecular structure modifications 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 benefit.
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
specifically used for this purpose, in particular sugars. There we attempt to summarize
recent findings 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 w/c (<0.40) as well as in
the development of drying shrinkage of concretes having a high w/c (>0.50).

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 as “dark arts” 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
efficient 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 18-21, 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, shrinkage modifiers are 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 their efficiency
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 are finished 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 significant autogenous shrinkage. This shrinkage can result in an early
severe cracking of the concrete surface when not properly water cured. One way to
fight 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 film on the surface of the fresh concrete temporarily prevent the water
contained in the concrete from evaporating—or at least strongly delay its evaporation.
When the concrete is hard enough to support direct water curing with hoses, this film is
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.J. Flatt’s views of the
future of admixtures. Finally, the book ends with three appendices, which are not spe-
cifically linked to admixture technology but are very useful for learning how to use
admixtures more efficiently:

* 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 definitions

Introduction

To take full advantage of a technical book, it is very important for the reader to know
the exact significance of the technical terms used, which is why we include this appen-
dix on terminology and definitions. The authors ask the reader to accept their choices.
This does not imply that the proposed terminology and definitions 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 and definitions are
mentioned when they are quite different from those of the ACL

Cement, cementitious materials, binders, fillers

ACT Standard 116 R contains 41 entries starting with the word “cement” to define
some of the cements used in the concrete and asphalt industries, plus five additional
entries containing the expression “Portland cement” (with an upper case P). There
are no entries for supplementary cementitious materials, only for cementitious (having
cementing properties) materials.

In accordance with the recommendation of ACI Committee 116, we use the expres-
sion “blended cement” to refer a cement containing various types of (hydraulic) pow-
ders mixed with ground clinker. We like this expression “blended cement” because it is
simple: it clearly indicates that the cement is a mixture of fine materials. Of course, this
“dilution” of Portland cement clinker with different supplementary cementitious ma-
terials or fillers is closely related to the necessity of decreasing the environmental
impact of cement in terms of its CO; emissions.

However, we add a personal touch to this ACI terminology by also using in parallel
the word “binder” when speaking of cements containing some finely 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 better reflects
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 word “clinker” rather than “Portland cement clinker” because, 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 “filler” was used in a more restrictive way than that proposed
by ACI. The word filler refers to a finely divided material that is either much less reac-
tive than supplementary cementitious materials or not reactive at all. The fillers
currently used in Portland cement primarily are pulverized limestone or silica. They
are blended with Portland cement to improve its sustainability.

The expression “CQO; content of a binder” represents the amount of CO, that 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 CO,, half 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 or fillers 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 cement, fly ash, and silica fume; or Portland
cement, slag, and fly 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% fly ash, and 3% silica fume.

Specific surface area

The expression specific surface area refers to the total external surface of all of the par-
ticles contained in a unit mass of a material. As the specific surface 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 m*/kg with no more than two significant digits. For example, the Blaine
specific surface area of a typical Portland cement is 420 m*/kg and the nitrogen (BET)
specific surface area of a typical silica fume is 18,000 m*/kg. 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 silicate (C3S) and
dicalcium silicate (C;S), as suggested by Thornborn in 1897 (Bogue, 1952).

Hemihydrate

We use the abbreviated expression hemihydrate to designate calcium sulfate hemihy-
drate (CaSOy - 'hH,0).

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

We use the ACI notation for the water—cement ratio, using a dash to separate the
word water from the word cement. In its abbreviated form, this ratio will be
expressed as w/c (using the lower case w and c), but now with a slash to separate
them. In this case “w” and “c” represent the mass of water and cement, respectively.
The use of upper case W and C is used to express the volumetric water—cement ratio.
These notations are opposite to the European usage. The water—cement 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, grout, or cement paste mixture. It is stated
as a decimal number and abbreviated as “w/c.”

However, we do not use the expression “net w/c” as used by ACI, where w represents
the mass of the effective water used in the batch. We do not see the necessity of adding
the qualification “net” because there is not a “gross” w/c: w/c is a unique number.

The definitions of the water—cementitious material ratio and water—binder ratio are
obtained by substituting in the preceding definition the words cementitious material
and binder for the word cement. Consequently, we use the abbreviated form w/b and
occasionally w/cm to represent the water—binder and water—cementitious 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 voids are filled with
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 definitions:

The expression “(total) water content” is used instead of “moisture content” of 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 percentage, with no more than 2 significant digits.

The expression “absorption of an aggregate” is used instead of “absorbed moisture” to 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 expression “moisture content of an aggregate” is used instead of “free moisture” to
refer to the moisture not absorbed by the aggregate and that has essentially the properties
of pure water in bulk.

Specific gravity

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

Specific gravity is 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. It is a
relative number, written always with no more than 2 digits after the decimal point.
Moreover, we use the expression “SSD specific gravity” for an SSD aggregate, not the
recommended “bulk specific gravity” because the term “bulk” does not bring to mind
the SSD state of the aggregate.

The term specific gravity of a powder is used rather the expression ‘“absolute
specific gravity” because we are uncomfortable using the qualification “absolute”
before a relative number.

Moreover, for us, the theoretical specific gravity 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-
ification, like a pure phase, in spite of the fact that it is not a pure phase.

P.-C. Aitcin
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Glossary

d¢ 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

0 Surface coverage (fraction of surface occupied by polymers)

o Standard deviation

x 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 Friedel’s salt

AFM Atomic force microscopy

ASR Alkali silica reaction

ASTM American Standard and Testing Material

BET Brunner, Emmer and Teller (determination of specific surface 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, 2Ca0O-SiO,

C3A Tricalcium aluminate, 3CaO- Al,O3

C3S Tricalcium silicate, 3Ca0-SiO,

C4AF Tetracalcium ferroaluminate, 4CaO - Al,O3-Fe,O3

CAC Critical aggregation concentration

CE Cellulose ether

CH Portlandite, calcium hydroxide, Ca(OH);

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

Class F fly ash A fly ash where SiO; + Al,O3 + Fe;03 > 70%

CMC Critical micelle concentration

C—S—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 Dipropylene-tert-butyl ether

DS Degree of substitution

ECL Effective chain length
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EO Ethylene oxide (monomer)

Fgs Electrostatic force between particles

Fgte Steric hinderance force between particles

Fypw 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 Hydrophile-lipophile balance

HPC High-performance concrete

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

HPLC High-performance liquid chromatography

HPMC Hydroxypropyl methyl cellulose

k! Debye length

k or kg Boltzmann’s constant

KT Thermal energy (product of k and 7T)

LAS Linear alkylbenzenesulfonate

LNG Liquefied natural gas

LOI Loss on ignition

LS Lignosulfonate (plasticizer)

MA Methacrylic acid

MS Molar substitution

NayOcqui Alkali equivalent Na;O+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 Specific 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 Coefficient of variation

VMA Viscosity-moditying admixture
w/b Massic water—binder ratio

W/B Volumetric water—binder ratio

w/c Massic water—cement ratio

W/C Volumetric water—cement 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, 1984). This idea of adding “exotic” products when
making concrete lasted many years. According to Garrison (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 beneficial effects of what we now call concrete
admixtures were fortuitously discovered in the United States. There are two accounts to
explain this discovery. The first one says that a faulty bearing of a grinding mill had been
releasing some heavy oil, which resulted in the discovery of the beneficial effects of air-
entraining agents (Mindess et al., 2003). In 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, 1913). These cements were produced from marl limestone
or argillaceous limestone, which were burnt between 800 and 1100 °C. Later, 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, 1944) because 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 decades of field exposure.

According to Holbrook (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 first 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 tallow, fish oil, and stea-
rate resins as air-entraining agents.

The second story of the discovery (Dodson, 1990) says that the tenacity and
perspicacity of a Department of Transportation (DOT) engineer in New York State
led to the discovery of the beneficial effect of air-entraining agents. This engineer
was in charge of the construction of one of the first 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 satisfied by this first trial because the color of the concrete was not very uniform.
Therefore, he asked the contractor to find 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 significantly improved and the New York DOT engineer was satisfied.

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 satisfied 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 beneficial 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 achieved—if there were less frontal collisions in
the black lane. The first US patent on the use of polysulfonate as a cement dispersant
was given to Tucker (1938).

Powers and his research team at the Portland Cement Association explained all the
beneficial 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 1950s (Powers, 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 scientific
books devoted to the science of admixtures (Dodson, 1990; Ramachandran, 1995;
Ramachandran et al., 1998: Rixom and Mailvaganam, 1999). Moreover, 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-
ficial aspects of concrete admixtures and who believe that admixture salesmen are ped-
dlers. There are even some engineers and cement producers who question the existence
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 field. 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 beneficial 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 beneficial 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 rapidly—much 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, artificial problems will slow down
the evolution of concrete technology and impair the efficient 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). Their use is no longer a commercial issue—it
is a matter of progress, science, durability, and sustainability.

An artificially complicated terminology

A great source of confusion in the field of admixtures comes from the fact that an arti-
ficially 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 of Design of Concrete Mixtures edited 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-proofing 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 reducer-high range, and water reducer—-mid range (Table 1).



Table 1 Concrete admixtures by classification

Desired effect

Material

Accelerate setting and early-strength development

Decrease air content

Improve durability in freeze/thaw, deicer, sulfate, and alkali-
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 specific applications

Suspend and reactivate cement hydration with stabilizer and
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 and boric
acid, silicones

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

Barium salts, lithium nitrate, lithium carbonate, lithium hydroxide

Cellulose, acrylic polymer

Polyvinyl chloride, polyvinyl acetate, acrylics, butadiene

Modified carbon black, iron oxide, phthalocyanine, chromium oxide, titanium oxide, cobalt blue
Calcium nitrite, sodium nitrite, sodium benzoate, phosphates or fluosilicates, fluoaluminates
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

Carboxylic acids

Phosphorus-containing organic acid salts

Continued




Table 1 Continued

Desired effect

Material

Decrease permeability

Improve pumpability

Retard setting time

Increase flowability of concrete reduce water-cementing ratio

Increase flowability with retarded set, reduce water-cementing
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

Reduce water content (between 6% and 12%) without retarding

Latex

Calcium stearate

Organic and synthetic polymers
Organic flocculants

Organic emulsions of paraffin, coal tar, asphalt, acrylic
Bentonite and pyrogenic silica
Hydrated lime (ASTM C 141)
Lignin

Borax

Sugars

Tartaric acid and salts

Sulfonated melamine formaldehyde condensates, sulfonated naphthalene formaldehyde
condensates, lignosulfonate materials, polycarboxylates

See superplasticizers and also water reducers

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

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

Lignosulfonates, polycarboxylates

Reprinted with permission from the “Canadian Edition of Design and Control of Concrete Mixtures” Portland Cement Association.
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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 identified by the letter A to G and the new European standards
recognize nine different types of admixtures.

This complex terminology creates more confusion than clarification. 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 specific action on the properties of the fresh
and hardened concrete. As it was too costly or sometimes impossible to beneficiate
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.

Classification of admixtures

The terminology of admixtures could be easily simplified by looking at their physico-
chemical mechanisms of action rather than at their effects on the properties of fresh and
hardened concrete (Dodson, 1990). Dodson classified 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. (2003) recognized that admixture terminology is complex and pro-
posed a classification 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 are finely 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 the influence of the molecular structures and the action of
most of these admixtures on each individual phase of Portland cement and on specific
supplementary cementitious materials, although this information can be found in
specialized books (Dodson, 1990; Ramachandran, 1995; Ramachandran et al., 1998;
Rixom and Mailvaganam, 1999). This accumulated knowledge is very important to
develop an efficient 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 water—cement 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, it is 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, the final grinding of clinker and gypsum to produce cement
results in a fine 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-
nificant 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, 2004).

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

* 50 gof 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, 5 cm® of superplasticizer is added.

» Arubber tap 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 2 shows the bottom of the two graduated cylinders almost 7 min after the
beginning of the experiment.

Figure 2(a) shows 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 (the finer ones) are still in suspension in
the graduate cylinder.

Figure 3 shows 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 the flocculated particles occupy a volume larger than the one of the dry
cement on the graduated cylinder located at the center of Figure 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. It is also seen that the thickness
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Figure 1 Sedimentation of cement particles with and without a superplasticizer at time ¢ = 0.
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 center of Figure 3.

Figure 4 presents a closer view of the bottom of the two graduated cylinders to
compare the final volume of the cement particles at 24 h. The left graduated cylinder
presents the flocculated 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 the flocculation of the cement particles on their
final volume is clearly observed in this figure.

From this very simple experiment, it can be concluded that some organic molecules
strongly reduce or even destroy the flocculation tendency of cement particles, so that
finally all the water introduced during concrete mixing can be efficiently used to
improve the workability of concrete (Black et al., 1963; Dodson, 1990).

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 TiO,, Al,03, CaCOs, 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 efficiency, either through formation of organo-aluminate compounds or of
aluminate hydrates of higher specific surface than those produced otherwise.
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The importance of the
water—cement and
water—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 water—cement (w/c) and the
water—binder (w/b) ratios, before even explaining what Portland cement is and how
it reacts with water. We agree with Kosmatka (1991) that 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 significance 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 the “cement compressive strength”
* the C3S and C3A content of the clinker

¢ the fineness of the cement, or

* the “gypsum” content.

In fact, the most important parameters have always been the w/c and w/b ratios, as
was found in the nineteenth century by Féret (1892) for cement pastes and later on by
Abrams, 1918 for 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 RILEM (Rassemblement International des Laboratoires
d’Essais sur les Matériaux) terminology is the opposite.

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

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00001-1
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number very close to that of an actual “pure” Portland cement. The specific gravity of a
blended cement containing a filler or supplementary cementitious materials with spe-
cific 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 compressive—they do have a physical meaning.

1.2 The hidden meaning of the wic

Using a sophisticated three-dimensional model, Bentz and Aitcin (2008) demonstrated
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 particles influences 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 provide a qualitative explanation of the meaning of the
w/c. Consider four circular cement particles having a radius a that are placed at the
corners of a square with a side equal to 3a, as represented in Figure 1.1. The minimum
distance between these cement particles is their distance along the sides of the square:
it is equal to a.

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 x 3a = 9a*. The surface of the cement particles is 4 x '/, (3.14 x a*) = 3.14a”.

The mass of the cement particles in this unit cell is equal to 3.14 (3.14 x a?)
because our theoretical cement has a specific gravity 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

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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Cement

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

unit cell is equal to 104°. The volume (and mass) of water contained in the unit cell is
equal to 94 — 3.14a* = 5.864°. Therefore, the w/c (mass ratio) of this unit cell is
wic = 5.86a%/104> = 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 in Figure 1.3, let us place another cement particle having a radius a
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 diagonal is '»(4.24a — 4a) = 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 MPa (Richard and Cheyrezy, 1994).

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 the first unit cell by a cement particle,
it is possible to decrease the following:

* The minimum distance between two cement particles to 0.12a instead of a (about an order of
magnitude shorter)

* The w/c 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 cell (Figure 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 particles (Granju 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 high C3zA and C3S contents
and a high fineness 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 water—cement and water—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 or a filler (Kreijger, 1987; Mehta, 2000).
Such a system can be characterized by its w/c and w/b ratios, which are different. In
the first 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 to Figure 1.2 and 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 in Figure 1.5. For this purpose, it is not necessary to
know whether it is a slag or a fly 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 in Figure 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, the initial 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 in Figure 1.2 to reach the adjacent supplementary cement
particle because the supplementary cementitious particle will not develop any hydrates

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 represented in Figure 1.2.
However, to reach the same compressive strength, a long water curing period is a
must. The compressive strength of a well-cured system containing supplementary
cementitious materials will be greater than the equivalent pure Portland cement
system. The lime crystals (portlandite) that are 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 as the “glue” developed in pure cement
paste.

It is 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 Figure 1.2, let us introduce a particle of cementitious material having
the same radius a 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.

Supplementary

cemetitious
material

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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Supplementary

cemetitious
material

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 1.7 that as soon as the cement particles start to hydrate, the superficial hydrates
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 fly ash, Malhotra and Mehta (2008) refer to such concretes as high-volume
fly ash. ACI (2014) published the “ACI 232.3R-14 Report on High-Volume Fly Ash
Concrete for Structural Applications.” High-volume fly ash concretes have been
used in California in various civil engineering projects (Mehta and Manmohan, 2006).

Of course, high-volume slag concrete can be produced in the same way. It is 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 filler

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

We now obtain a unit cell similar to that of Figure 1.5, with the difference being that
one of the cement particles is replaced by a nonreactive limestone filler particle instead
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Figure 1.8 2D model of blended cement where one particle of filler 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 limestone filler 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 the fineness 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 filler 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

Figure 1.9 2D model representing a system in which a particle of filler 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 reach the filler particle, 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 with a “pure” 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 filler, 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 passé (Barton, 1989).

In the short term, the early mechanical properties are linked primarily to the w/c
ratio, because the first 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 fillers 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
significantly within the first 3 days, slag within the first 28 days, and fly ash within
the first 56—91 days following the casting of concrete, and filler 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 influences 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 efficient enough to fully deflocculate the cement particles. As pointed out by
Kreijger (1980), when cement particles come into contact with water molecules, they
have a natural tendency to flocculate and to trap a certain amount of water inside the
cement flocs. 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 flocculation 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 efficient 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 that finally, 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 artificial aggregates, such as calcined bauxite (Bache, 1981).
However, even with such strong aggregates, it is difficult to obtain concrete compres-
sive strengths greater than 150—180 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 Richard called reactive powder
concrete (now referred to as ultra-high strength concrete; Richard 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 efficient 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 compressive
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 buildings (Aitcin and Wilson, 2015).

References

Abrams, D.A., 1918. Design of Concrete Mixtures, Bulletin No1. Structural Materials Research
Laboratory. Lewis Institute, Chicago, 20 pp.

ACI 232.3R-14, 2014. Report on High-volume Fly Ash Concrete for Structural Applications.

Aitcin, P.-C., Wilson, W., 2015. The sky’s the limit. Concrete International 37 (1), 53—58.

Bache, H.H., 1981. In: Densified Cement Ultra-fine Particle-based Materials, Second International
Conference on Superplasticizers in Concrete, Ottawa, Canada, 10—12 June.

Barton, R.B., 1989. Water—cement ratio is passé. Concrete International 12 (11), 76—78.

Bentz, D., Aitcin, P.-C., 2008. The hidden meaning of the water-to-cement ratio. Concrete
International 30 (5), 51—54.

Féret, R., 1892. Sur la compacité des mortiers hydrauliques. Annales des Ponts et Chaussées IV,
5—161.

Granju, J.-L., Grandet, J., 1989. Relation between the hydration state and the compressive strength
of hardened Portland cement pastes. Cement and Concrete Research 19 (4), 579.

Granju, J.-L., Maso, J.-C., 1984. Hardened Portland cement pastes. Modelisation of the
microstructure and evolution laws of mechanical properties. Cement and Concrete
Research 14 (3).

Kosmatka, S.H., 1991. In defense of the water—cement ratio. Concrete Construction 14 (9),
65—609.

Kreijger, P.C., 1980. Plasticizers and dispersing admixtures. In: Proceedings of the International
Congress on Admixtures. The Construction Press, London, UK, 16—17 April, pp. 1—16.

Kreijger, P.C., 1987. Ecological properties of buildings materials. Materials and Structures 20,
248—254.

Malhotra, V.M., Mehta, P.K., 2008. High-performance Fly Ash Concrete, Supplementary
Cementing Materials for Sustainable Development Inc., Ottawa, Canada, 142 pp.

Mehta, P.K., 2000. Concrete technology for sustainable development. An overview of essential
elements. In: Gjorv, O., Sakai (Eds.), Concrete Technology for a Sustainable Development
in the 21st Century. E and FN Spon, London, UK, pp. 83—94.

Mehta, P.K., Manmohan, R., 2006. Sustainable high performance concrete structures. Concrete
International 28 (7), 32—42.

Powers, T.C., 1968. The Properties of Fresh Concrete. John Wiley & Sons, New York, 664 pp.

Richard, P., Cheyrezy, M., 1994. Reactive Powder Concrete with High Ductility and 200—800 MPa
Compressive Strength. ACI Special Publication, 144, pp. 507—508.

Richardson, I1.G., 2004. Tobermorite/jennite and tobermorite/calcium hydrate-based models for
the structure of C-S-H: applicability to hardened pastes of tricalcium silicate, B-dicalcium
silicate, Portland cement, and blends of Portland cement with blast-furnace, metakaolin, or
silica fume. Cement and Concrete Research 34 (9), 1733—1777.



This page intentionally left blank



Phenomenology of
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,
e 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, 2016a,b).

2.2 Le Chatelier's experiment

In 1904, Le Chatelier did the following very simple experiment: he filled two flasks (rep-
resented in Figure 2.1) with a cement paste up to the base of the necks. In the first flask
(Figure 2.1(a)), the cement paste was covered with water up to a mark on the neck of the
flask. In order to avoid any evaporation, Le Chatelier placed a cork presenting a hole at
the top of the neck of the flask. 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
finally stabilized (Figure 2.1(b)). Moreover, after a while he observed that the base of
the flask was cracked (Figure 2.1(c)). In the second flask (Figure 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 the flask did not anymore occupy the entire volume of the base
of the flask.

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 volume decreases because some water penetrates in the cement paste. But
later, the apparent volume of the cement paste increases so that the base of the flask
is ruptured after a while. When a cement paste hydrates in air, its apparent volume
decreases.

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

Curing under water

(d) (e)
Curing in air

Figure 2.1 Schematic representation of the Le Chatelier’s experiment.

Hydrated cement paste and concrete are not stable materials from a volumetric point
of view. When they are cured under water, they swell; when they are cured in air, they
shrink. But during hydration, whatever the mode of curing, the absolute volume of the
cement paste experiences an 8% decrease. This contraction of the absolute volume is
known as chemical contraction (or, in France, as Le Chatelier’s contraction).

2.3 Powers’ work on hydration

Powers and Brownyard (1948) and Powers (1968) studied the hydration reaction from
a quantitative point of view. They found the following:

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

* Some water is reacting with the cement to form a “solid gel” 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 the “gel water.”

Despite all of the research that was done after Powers to refine our knowledge on
the nature of the cement gel and the gel water (Richardson, 2004), Powers’ model will
be used in this chapter because it is simple and it is sufficient to explain the volumetric
changes occurring during cement hydration.

Jensen and Hansen (2001) presented a very simple graphical representation of
Powers’ model for hydration (Figure 2.2). On the x-axis, they report the degree of
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(1,1

Relative volume

(1,0)
Degree of hydration
Figure 2.2 A system of coordinates to represent schematically Powers’ work 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 O at the beginning of mixing and 1 when full hydration is
reached. On the y-axis, the relative volume of the cement and water are expressed
as a number. In this representation, the cement paste does not contain any entrapped
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 a w/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 in Figure 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 part is fixed as 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% porosity filled 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 very fine porosity 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 by the first hydrates are
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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 called autogenous 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
0,1) 18%
(]
£
3
o
>
(]
2
® wic = 0.42
E» (with an external

source of water)

Portland
cement

e

(1,0)
Degree of hydration

Figure 2.4 Schematic representation of the hydration of a 0.42 cement paste benefitting from an
external source of water.
Courtesy of Ole Jensen.
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As soon as the chemical contraction creates some porosity, this porosity is filled by
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. When final hydration
is reached, the 8% porosity created by the chemical contraction is filled with 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 (2001) calculated 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 in Figure 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%

w/c =0.36
(with an external
source of water)

Relative volume

Portland
cement

Degree of hydration

Figure 2.5 Schematic representation of the hydration of a cement paste having a w/c ratio equal
to 0.36 benefitting 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 in Figure 2.6 contains 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 finer 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 is filled with water vapor. The addition of the remaining capillary water
and this capillary volume filled 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 w/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 water (Granju and Maso,
1984; Granju and Grandet, 1989). The unreacted cores of the cement particles can
be considered as hard inclusions having very high compressive strength and an
elastic modulus that have a strengthening effect on the strength of the hydrated
cement paste. The inclusion of hard particles having 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 modulus of some metals. This technique is known
as strength hardening.

2.3.4.2 Hydration under water

This same cement paste hydrating under water, presented in Figure 2.8, does not
contain enough water to reach full hydration; therefore, hydration stops due to the

0.1
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Relative volume

Portland
cement

Degree of hydration

Figure 2.8 Hydration of a cement paste having a w/c ratio equal to 0.30 hydrating under water.
Courtesy of Ole Jensen.
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lack of space. As the external water fills 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 w/c 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 it is 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 concrete (plastic shrinkage)
* The chemical contraction occurring in a cement paste when it hydrates (autogenous shrinkage)
* The evaporation of some capillary water from the hardened cement paste (drying shrinkage)

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 that fills the porosity created by the chemical
contraction as soon as it develops. It is easier to write it than to do it in the field. To
counteract the development of autogenous shrinkage, saturated lightweight aggregate
(Klieger, 1957; Hoff and Elimov, 1995; Weber and Reinhart, 1997), or superabsorbent
polymers (SAP) (Kovler and Jensen, 2005) have been proposed as an external source
of water. An internal curing technique consists of including an additional volume of
“hidden water” during concrete mixing.
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2.4.2 Curing concrete according to its w/c ratio

Based on Powers’ observation, it can be concluded that concrete must be cured differ-
ently according to its w/c ratio, as seen in Table 2.1.

Concretes having a w/c 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 finished, 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 w/c 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
w/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 very fine 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 fill 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 can benefit from
an external or internal source of water. This water will fill the 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 Powers” work, 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. It is 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 needed to fill the porosity 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 w/c
concrete, it is also imperative to 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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Portland cement

P.-C. Aitcin
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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 presented in Figure 3.1. It is 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 word ‘clinker’ is used rather than the expression ‘Portland
cement clinker’.

The production cost of Portland cement is closely linked to the cost of the fuel used
to create a kiln temperature sufficiently 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 Wedag (Aitcin, 2008).
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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 about 1450 °C. The
chemical composition of the raw feed is adjusted to obtain the formation of four minerals
that react with water to create bonds:

 tricalcium silicate SiO;-3CaO (Figure 3.2)

e dicalcium silicate SiO,-2CaO (Figure 3.3)

e tricalcium aluminate Al;O3-3CaO (Figure 3.4)

* tetracalcicium ferroaluminate 4CaO- Al,O3-Fe,O3 (Figure 3.4(a)).

The first two minerals constitute the silicate phase of Portland cement, and the
tricalcium aluminate and tetracalcium ferroaluminate its aluminous phase — also called
the interstitial phase, because in the burning 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:

* S represents silica, SiO,

e C represents lime, CaO

* A represents alumina, Al;O3

* F represents iron oxide, Fe,O3.

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

¢ (C3S for 3Ca0-SiO; (tricalcium silicate)

¢ (S for 2Ca0-SiO; (dicalcium silicate)

e C3A for 3Ca0O- Al,Os (tricalcium aluminate)

e C4AF for 4Ca0O- Al,O3-Fe,05 (tetracalcium ferroaluminate).



Figure 3.2 Tricalcium silicate crystals in two clinkers: (a) small crystals, smaller than 10 pm;
(b) coarse crystals, coarser than 10 um.
Courtesy of Arezki Tagnit-HAMOU (Aitcin, 2008).

10 um

Figure 3.3 Dicalcium silicate crystals: (a) typical crystal; (b) detail of a dicalcium silicate
crystal.
Courtesy of Arezki Tagnit-HAMOU (Aitcin, 2008).
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Figure 3.4 Interstitial phase (I) in two clinkers: (a) detailed view of clinker showing the
interstitial phase (I) 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-HAMOU (Aitcin, 2008).

The words ‘alite’ and ‘belite’, suggested by Thorborn in 1897 (Bogue, 1952), are
still used to represent the impure forms of C3S and C,S 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
C3A 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 C3A 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 C3A but its reactivity is not so easy to control. Usually, in clinker C3A crys-
tallizes as a mixture of its cubic and orthorhombic forms (see Section Appendices of
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 during the final grinding
of the cement (see Section Appendices of 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 precalcinator (Figure 3.5) will be described briefly.

The raw meal, ground to a fineness close to that of cement, passes first into a pre-
heater composed of four or five cyclones, where it reaches a temperature of
700—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 day (Bhatty et al., 2004).

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 about 1450 °C,
where C3S, C,S and the interstitial phase are developed according to the schematic rep-
resentation presented in Figures 3.1 and 3.5. The burning zone is followed by a colder
zone (1200 °C), where the clinker is quenched so that the hydraulic forms of C3S and
C,S obtained at high temperature are stabilized. Looking at a CaO—SiO; phase dia-
gram, it can be seen that if the clinker was cooled slowly it would be transformed
into a material having no hydraulic properties (Aitcin, 2008).

Figure 3.1 shows 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 C,S into C3S at a temperature much lower than the 2100 °C needed in the
absence of Al,Os3 and Fe,Os. 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 into C3S.

The passage of the raw meal in the first part of the kiln must be short, to limit the
size of the initial C,S crystals. If the C,S crystals are allowed to grow for too long, they
become less prone to react with lime and transform into C3S in the burning zone.

The nature of the atmosphere (oxidizing or reducing) of the kiln also influences 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.
Courtesy of KHD Humboldt Wedag (Aitcin, 2008).

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 some C,S and C3S crystals and also in the interstitial
phase; usually these deposits are alkali sulphates (Figure 3.6). 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 (Marchon et al., 2016).

Portland cement clinker is the fruit of complex chemical reactions which occur at
the high temperature of 1450 °C 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-
fication of certain kiln parameters until it returns to normal operation. More detailed
explanations of clinker production can be found in Bhatty et al. (2004) and Aitcin
(2008), and in a recent review of various improvements made in clinker production
from the engineering point of view (Chatterji, 2011).

3.4 Chemical composition of Portland cement

Table 3.1 presents the chemical analysis of a various commercial Portland cements.
Their CaO, SiO,, Al,O3, Fe;03, 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 and SiO,. Rather,
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 high: 60—65% for grey cements, and close to
70% for white cement. The silica content (SiO;) varies between 20% and 24%. In
contrast, the Al,O3 and Fe,O3 contents are more variable. For example, the Fe,O3 con-
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 the Fe,O3 content, 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 significant influence 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 of Na,O
equivalent that is equal to Na,O% + 0.58 K,0%.

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

* magnesia MgO

» sulphates expressed as SOz

* free lime, expressed as ‘free CaO’
* insolubles

and the loss on ignition is expressed as LOL



Table 3.1 Average chemical and Bogue compositions of some Portland cements

Cement type

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

Oxide 32.5 52.5 filler filler 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,0; 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,O 2.93 3.54 0.52 0.82 0.68 0.68 0.21 0.33
Na,O 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
SO; 0.20 0.30 3.44 3.20 0.84 4.29 2.65 0.03
LO.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 = = 0.18 0.64 = = 0.16 1.60
1.50 = —
Bogue composition
CsS 61 70 63 54 43 50 63 70
C,S 13 6.1 12 18 37 24 13 20
CiA 8.9 8.7 8.2 7.4 0 0.8 5.8 11.8
C4AF 8.9 10.8 5.6 8.7 15 12.6 11.2 1.0
C3S + C5S 74 76 75 72 80 74 76 90
C;A + C4AF | 17.8 19.5 13.8 16.1 15.0 13.4 17.0 12.8
Specific 350 570 480 360 340 390 400 460
surface

area m*/kg

JUSWIAD PUB[HO]

93
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Based on the results of the chemical analysis and on more or less realistic hypoth-
esis, Bogue (1952) proposed a series of calculations to determine the potential (theo-
retical) composition of a Portland cement in terms of C3S, C,S, C3A and C4AF. This
mineral composition is also known as ‘Bogue composition’. In 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 refinement, but
usually the values are quite close.

When the C3S and C,S contents of the grey cements shown in Table 3.1 are 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 C3A and C4AF contents of the grey cements are added, it is observed that these
two minerals count for 15—16% of the total mass of the cement. Here, too, the two
cements that had total C3S and C,S contents different from 75% have a C3A and
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 3.1 it is also seen that the NaO 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 of Table 3.1 gives the specific surface area of the different cements
to provide an idea of their fineness. Their Blaine fineness varies from 340 to 570 m*/kg.
It will be seen later how the value of the fineness influences concrete properties.

Why do the different cements presented in Table 3.1 have 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 at Figure 3.1 it is seen that the iron and alumina act as fluxing agents;
the iron having a stronger fluxing action. The optimal balance between the C3A and
C4AF content is half and half (i.e. 8% of each). With such a balance it has been found
that almost all of the C;S is transformed into C3S in the burning zone.

The more the C3S, C,S, C3A and C4AF contents depart from these average values,
the more difficult 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 fineness of the cement particles plays a very important role in the devel-
opment of cement hydration. The finer 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,
fine or very fine cements (450—500 m*/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 (350—400 m*/kg). When making mass concrete, it is better
to use an even coarser cement (300—350 mzlkg).

3.5.1 Influence of the morphology of the cement particles

If the specific 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, 2011).

G, G, and G3 cement particles contain the same proportions of silicate and inter-
stitial phase, but particle G will 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 G, will behave initially as if it was composed exclusively of C3A;
and finally particle G3 will present an intermediate behaviour. Particles G4 and G5 have
the same silicate and interstitial phase content but will react differently: G4 will be
more reactive than Gs because it contains twice as much C3A than C4AF. Because
of the important impact of C3A reactivity on the performance of chemical admixtures
(see Chapters 10 and 16; Marchon et al., 2016; Nkinamubanzi et al., 2016) these
changes in amounts of C3A exposed initially to water can be expected to have impor-
tant consequences.

G1

E Silicate phase 7/% Interstitial phase

[:I Silicate phase n CsA

Figure 3.6 The importance of the morphology of cement particles.

C4AF
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3.5.2 Why is calcium sulphate added when
grinding Portland cement?

In the absence of calcium sulphate, C3A hydrates 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 called ‘flash set’” — hopefully it does not happen frequently.
If it occurs the only thing to do is fill 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 beneficial effect on C3S hydration are explained in Chapter 8 (Marchon
and Flatt, 2016a). For the time being we will only note that after water addition there
is a rapid formation of ettringite and a passivation of the hydration of the C3A, so
there is no possibility of a flash-set situation developing if enough rapidly soluble cal-
cium sulphates are available. Consequently, the cement paste keeps a sufficient work-
ability until the concrete is poured.

In general, the amount of calcium sulphate added to the clinker is not sufficient to
transform all the C3A 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 sulphate (Marchon and Flatt, 2016a).
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 related to calcium sulphate occurs from time to time:
a false set. During the final grinding of the cement too much gypsum added to clinker
is transformed into hemihydrate because the temperature in the grinding mill is too
hot. When this hemihydrate gets into contact with mixing water it is transformed
immediately into gypsum — a reaction that produces a stiffening of the cement paste.
However, this initial loss of workability disappears 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, so the concrete regains most of its initial
workability.

Apart from these two accidental phenomena, C3A hydration 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. When the C3A content
is high and/or when the C3A 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 the C3A is low and not very
reactive low w/c concretes lose their slump very slowly, so they can be poured easily
(Aitcin and Mindess, 2015).

Therefore, for those who are producing low w/c concretes, C3A may be considered
as poison. When producing low w/c concretes or ultra-high-strength concretes,
the lower the amount of C3A, the easier is the control of concrete rheology.



Portland cement 39

3.6 The hydration of Portland cement

This section presents only an overview of Portland cement hydration. A detailed
chemical description of this hydration is given in Chapter 8§ (Marchon and Flatt,
2016a). The impact of admixtures thereon is covered in Chapter 12 (Marchon and
Flatt, 2016b).

The hydration of Portland cement and of its four main phases, C3S, C,S, C3A and
C4AF, will be described only through their rate of heat evolution with time. Figure 3.7
presents the global rate of heat evolution of Portland cement during its hydration. The
hydration of C3S and C3A is not simultaneous. The most important peak between
phase III and IV corresponds to the main hydration of C3S, while the shoulder in
phase IV corresponds to the sulphate depletion point leading to a more massive hydra-
tion of C3A. The hump in phase V is attributed to the conversion of AFt to AFm
(see Chapter 8; Marchon and Flatt, 2016a). Therefore, the hydration of these two
phases can be studied separately, but experience shows that there is a strong
interaction between the two.

After a first liberation of heat corresponding to the dissolution of different ionic spe-
cies and an initial hydration of C3S and C3A in Step I, there is a ‘dormant period’ cor-
responding to Step II during which chemical activity is much reduced. This dormant
period precedes Steps III and IV, where C3S and C3A continue their hydration. Most
C,S and C4AF hydrate essentially during Step V.

When C3S and C,S react with water they are transformed into calcium silicate
hydrate and hydrated lime (Ca(OH),). The precise chemical composition and
morphology of the calcium silicate hydrate vary, so it is written in the very vague
formulation C-S-H. The crystalline form of hydrated lime found in hydrated cement
paste is called portlandite. The hydration of C3S liberates more portlandite than the
hydration of C,S, because Cs3S is richer in lime than C,S.
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Figure 3.7 Schematic representation of the heat release and illustration of the different stages
during the hydration of an ordinary Portland cement (Chapter 8; Marchon and Flatt, 2016a).
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The hydration reaction of C3S and C,S can be represented schematically by the
following equation:

(C,S, C3S) + water = C-S-H + portlandite.

In the presence of calcium sulphate, the interstitial phase (C3A + C4AF) is trans-
formed into ettringite and monosulphoaluminate according to the following equation:

(C3A, C4AF) + calcium sulphate + water = ettringite + monosulphoaluminate.
Combining these two equations, the following equation is obtained:

(CsS, C,S, C3A, C4AF) + calcium sulphate 4+ water = C-S-H + portlandite +
sulphoaluminates.

It is easy to see all the crystals formed during hydration of cement or concrete under
an electron microscope, especially in high w/c pastes, as seen in Figures 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 in Figure 3.12, where the letters CH represent portlandite
crystals and AG the aggregate.

Figure 3.12(b) and (c) 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. Even in Figure 3.12(b) it 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 fine 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.

Coulis B 14d
3710 20 KV 1um  WD34

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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Oriented
CH crystals

Figure 3.12 Microstructure of high w/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 crystals — referred to as the outer product of hydra-
tion as they form outside the boundaries of the initial cement particles (Richardson,
2004). 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 dissolution—precipitation.
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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 the formation of a large amount of portlandite:
20—30% of the hydrated mass of cement according to the respective amounts of C3S
and C,S in the clinker. In concretes having a high w/c, this portlandite appears in the
form of large hexagonal crystals, as shown in Figure 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 submerged. 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 CO, contained in air, this protection
is lost.

The best way to make this lime beneficial 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 Chapter 4 (Aiticin,
2016b).

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

Clinker + pozzolan + gypsum + water = C-S-H + 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 valid? The answer is no.

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 deflocculated at all. For a long time engineers and contractors
were satisfied with such types of concrete, but this is no longer true: presently a sig-
nificant (and profitable) part of the concrete market is composed of durable and sus-
tainable concretes with a much lower w/c of between 0.30 and 0.40 (Aitcin 2016a).
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 profitable market sectors, present
acceptance standards for cement are totally inadequate, because the only rheological
aspects they presently control are the initial flow 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 deflocculated 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 respect it is 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 forms (Cook et al., 1992).

Portland cement hydration also results in a volumetric 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 of autogenous shrinkage.

All concretes, whatever their w/c, develop 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 Chapter 5 (Aitcin, 2016c¢).

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 22 (Marchon 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 presently
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 to
disperse cement particles. 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/II clinker must
continue to satisfy the needs of this very profitable 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 comparison to C3S and C5,S,
Cs3A significantly influences the properties of the fresh and hardened concrete and
the use of some admixtures.

In Portland cement C3A may be found in different polymorphic forms. The struc-
ture of these various polymorphic forms of C3A is well established (Regourd, 1978,
1982a,b; Moranville-Regourd and Boikova, 1993; Taylor, 1997; MacPhee and
Lachowski, 1998).

Pure C3A crystallizes in a cubic form. When pure cubic C3A gets 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, C3A is transformed into ettringite that temporarily blocks its hydration.



46 Science and Technology of Concrete Admixtures

But in a cement kiln C3A traps Na™ ions very easily. This capture of Na™ ions in the
cubic structure generates distortions of the crystalline network, so that when Na,O
concentration becomes greater than 3.7% C3A crystallizes in an orthorhombic form
until its content is equal to 4.6%. Above this value it crystallizes in a monoclinic
form (Regourd, 1982a,b). It is rare for the Na,O content of C3A of commercial clinkers
to reach so high value, so this last crystallographic form is never found in commercial
clinkers. Usually, in commercial clinkers, C3A is found as a mixture of cubic and
orthorhombic forms. The lower the NayO trapped in the C3A network, the higher
the amount of cubic C3A and the more reactive is this C3A. In contrast, the higher
the NayO content of the clinker, the higher the amount of orthorhombic C3A
and the less reactive it is.

For cement chemists C3A plays a very important and useful role — first during the
fabrication of clinker, and second during the testing of the cement to see if it complies
with acceptance standards.

As seen in Table 3.1, usually the interstitial phase (C3A + C4AF) represents
15—16% of the mass of the clinker. Moreover, an interstitial phase composed of an
equal amount of C3A and C4AF (8%) represents the optimal conditions for clinker pro-
duction. With such C3A content it is not too difficult to adjust the calcium sulphate that
must be added to control C3A hydration and cement fineness to produce a cement
complying with the acceptance standards and having maximum initial strength. But
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 producer C3A plays essentially a negative role from a
rheological point of view, and to some extent from a durability one too. C3A is the
most reactive mineral of Portland cement and strongly influences its initial rheology
despite the fact that its hydration is slowed down by the use of calcium sulphate. Cal-
cium sulphate adsorption on C3A stops its hydration temporarily. A high C3A content
can lead to excessive admixture consumption, as explained in Chapters 10 and 16, with
negative impacts on rheology (Marchon et al., 2016; Nkinamubanzi et al., 2016), or a
perturbation of the reactivity balance between aluminates, silicates and sulphates, as
shown in Chapter 12, with the possible development of massive retardation (Marchon
and Flatt, 2016b).

It is the variation of the C3A content and its polymorphic forms as well as cement
fineness 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 C3A content of white cements that explains why these ce-
ments have a rheology that is particularly difficult to control when they are used
with polysulphonate-based water reducers and superplasticizers.

The fineness of the cement is also a very important factor when trying to control
concrete rheology, because as the clinker is ground finer more C3A is exposed on
the surface of cement particles.

Finally, the morphology of the cement particles also influences the rheological
behaviour of a cement paste, as shown schematically in Figure 3.7.

Moreover, ettringite is not a stable mineral within concrete. For example, when the
total calcium sulphate added to control the hydration of C3A has been depleted, ettrin-
gite is transformed into monosulphoaluminate, while releasing some calcium sulphate
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that will transform the remaining C3A into monosulphoaluminate. If for any reason
some SO4 ™~ 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 over 70 °C, or 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 concrete (Taylor 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 seen in Figure 3A.1.

For the concrete producer there is, however, one situation in which the C3A content
is beneficial: 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 of C3A — positive for the cement producer and
negative for the concrete producer and the owner of the structure — deserves 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 almost filled an air-
entrained bubble.

Photos taken by Guanshu Li (Aitcin, 2008).
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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 to find 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 some C3A. But how much?

For cement producers, the answer is very simple: it is 8%, with 8% of C4AF.

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 optimum C3A content is 8% because it gives good initial
strength. When making high-performance concrete with a low w/c, a C3A content
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 C3A, it is possible to build all the concrete structures
needed by the construction industry, using ordinary low-strength concretes as well as
high-tech ones (Aitcin, 2008). This type of clinker could be identified as an ‘all-
purpose clinker’ rather than as an ASTM Type 5 clinker.

But more realistically, the good old Type I/II clinker containing 6—6.5% of C3A
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 the C3A and C3S content of the clinker
and the fineness of the cement, as shown in Chapter 1 (Aitcin, 2016a).

It is not necessary to create a new type of clinker: let us rely on the Type I/I1
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 imperative for the cement industry to
produce two types of clinkers.

* One with a C3A content of no more than 8% (for durability reasons), to make high
w/c concrete with either Portland cement or blended cements.

*  One with a 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 hydration of C3A is to add
calcium sulphate during the final grinding of cement. This calcium sulphate is usually
added in the form of gypsum (CaSOy, 2H,0), which is easily soluble in water, but dur-
ing the final grinding a part of this gypsum can be transformed into hemihydrate
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(CaSOy, ',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 SO4~ ions
that react rapidly with C3A to form ettringite and also adsorb on the C3A to 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 cheaper
than pure gypsum. Pure gypsum is usually used for the fabrication of gypsum wall
boards. Sometimes synthetic calcium sulphates (CaSQ,4) are 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 CaSOy,
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 SO4~ ions are dissolved rapidly enough to react with C3A in
order to control its initial hydration, usually it is beneficial 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 first SO4~ ions that are dissolved in mixing water and avoid polynaphtha-
lene sulfonate superplasticizer (PNS) and polymelamine sulphonate superplastizer
(PMS) reacting with C3A, particularly when superplasticizer dosage is high, as will
be seen in Chapter 10 (Marchon et al., 2016).

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 Chapter 8 (Marchon and Flatt, 2016a). Thereafter cement
paste starts to harden rapidly. Various hypotheses still exist concerning this change of
hydration rate, and are also presented in Chapter 8 (Marchon and Flatt, 2016a).

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 seen in Figure 3A.2.
This explains the variation in the number of water molecules found by the different
researchers.
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Figure 3A.2 Unit cells: (a) ettringite; (b) Trigonal crystal of ettringite.
Courtesy of Mishra Ratan Kishore.
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Supplementary cementitious
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 materials (Massazza, 1998) and 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 artificial 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 content and fine-
ness and the amount of lime liberated during Portland cement hydration (Malhotra and
Metha, 1996, 2012).

It is interesting to report the chemical composition of these materials in a ternary
Si0,—Ca0—Al,O3 diagram to compare their composition to that of Portland cement
(Figure 4.1).

Science and Technology of Concrete Admixtures. http://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 structure (Figure
4.2b) and those that are amorphous or vitreous (Figure 4.2a). In a material with a crys-
talline structure, ions are arranged in a repetitive manner and form a crystal lattice that
can be defined by an elementary cell called a unit cell. The spatial arrangement of the
different ions is governed by their valence (number of shared electrons) and their respec-
tive diameters. For example, quartz one of the crystalline forms of silica (SiO,) is built
by assembling SiOy tetrahedrons having at their summit four large O>~ ions (1.32 nm in
diameter) that surround a small Si*" ion (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 seen in Figure 4.3(a) in 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 solidified. 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 seen in Figure 4.4.

This hump indicates that on a very short scale, the ions have a more or less orga-
nized structure. The larger and flatter 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, the finer a vitreous material is, the more reactive it is, because
its specific 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 a
crystalline network so that the melted mineral solidifies in the form of a vitreous solid.
On the contrary, if enough time is provided to the melted material as it cools down,
it solidifies 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 Coric (Aitcin, 2008).
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Figure 4.4 X-ray diffractogram of a vitreous slag.

4.3 Blast-furnace slag

Figure 4.5 presents 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
furnace

Pig iron

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 an SiO,—CaO—Al,O3 phase
diagram, it is seen that there are two particular points having a low melting temperature
which composition are called eutectic compositions (Figure 4.6).

When slag has exactly one of the two chemical compositions, E; or E,, it melts at a
constant temperature lower than that of any other compositions. One composition
melts at 1170 °C and the other at 1260 °C. 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 a fluxing agent to match the composition of the
eutectic mix melting at 1260 °C. The other eutectic, richer in silica, gives pig iron
that contains too much silica. In the ternary diagram SiO,—CaO—Al,O3, 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% SiO,, and 20% Al,Os.
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Figure 4.6 Position of the two eutectics with the lowest melting temperature in an
Si0,—Ca0O—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 (2CaO- Al,O3-SiO,) and
ackermanite (2MgO- Al,03-Si0,). In contrast, if the slag is rapidly quenched in cold
water, it solidifies into the form of vitreous particles that after grinding react with the
lime liberated by the hydration of the C3S and C;S 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 vitrification) (Figure 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. When a ‘cold’ slag has been quenched,
it may contain some perfect crystals of melilite (Figure 4.8).

CADY . TS e e & Y
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 on its fineness. The finer
the slag, the more reactive it is because it contains more disorganized superficial ions
than a coarser slag (Nkinanubanzi and Aitcin, 1999). As the slag is usually more
difficult to grind than the clinker when trying to increase the fineness of a slag cement,
in a blend it is the clinker part that is ground finer — 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 the flame in the combustion zone (Figure 4.9).
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Figure 4.9 Schematic representation of the combustion zone in a power plant.
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When these fine droplets leave the burning zone, they solidify in a spherical shape
(to minimize their superficial energy) and are carried towards the de-dusting system
with the combustion gases, as seen in Figures 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 fly 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 artificial 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 America, fly ashes are classified in two cate-
gories: class F fly ashes that contain very little lime, and class C fly ashes that contain
10% lime. Some class C fly ashes are identified as sulfocalcic because they are also
rich in sulfur.

Generally speaking, fly 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 4.11 Plerosphere containing cenospheres in a fly ash.
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Figure 4.12 Coarse crystallized fly ash particle.
Courtesy of 1. Kelsey-Lévesque.

coarse), corresponding to coarse impurities that pass so rapidly through the flame
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 of fly ashes; for
example, the passage of the fly ash through a cyclone easily eliminates its coarse
particles, essentially the crystallized particles (Figure 4.12) and the coarse particles
of unburned carbon. But the elimination of the soot that covers the fly ash particles
is more problematic and costly.

When the effects of a particular type of fly ash on the properties of a concrete are
studied, it is only possible to predict its specific action with greater or lesser accuracy.
It is difficult to generalize one result obtained on a particular fly ash. For example,
Claude Bédard (2005) studied an entirely crystallized fly ash that did not have any
pozzolanic properties, but it was called fly ash because it was ash that had been
collected in the de-dusting system of a power plant.

Malhotra and Mehta (2012) favor the use of concrete with a high fly ash content in
order to lower the carbon footprint of sustainable concrete structures.

4.5 Silica fume

Silica fume collects in the de-dusting system of electric arc furnaces during the produc-
tion of silicon, ferrosilicon, or zirconium (Figures 4.13a and 4.13b).
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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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Figure 4.13b Collecting silica fume in the ‘bag house’ of 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 very fine spherical particles of
SiO; (to minimize their superficial 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 °C, which is sufficiently 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 200 °C 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 (Figure 4.13b).

Silica fume particles are vitreous due to their rapid quenching (Figure 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 cristobalite o on a
short-range distance.

The average diameter of amorphous silica particles is about to 0.1 pm
(Figures 4.15). Silica fume particles are usually gray in color, darker or lighter
according to their carbon and iron content.

sio,

Cristobalite o

Sio,

sio,
(b) sio,

N

Figure 4.14 X-ray diffractogram of a silica fume particle: (a) as-produced, (b) after reheating at
1100 °C.
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(b)

50,000 times
Figure 4.15 Silica fume as seen under an electronic microscope: (a) scanning electronic

microscope — silica fume particles are naturally agglomerated in an as-produced silica fume.
(b) Transmission electronic microscope — dispersed individual particles.

4.6 Calcined clays

Clays are silicates composed of different layers of ions bonded by OH— ions. Pure
kaolinite (2Si0;- Al,O3-2H,0) is the clay used to make chinaware. It is an alumino-
silicate composed of a layer of tetrahedral SiO, and octahedral AI(OH)3 ions where
the Alz ions are found at the center of the octahedrons. When kaolinite is heated
between 450 and 750 °C, some water molecules leave the kaolinite layers and it is
transformed in metakaolin, which presents a disorganized structure (Figure 4.16).

Figure 4.16 Metakaolin particles.
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The Si} ions at the end of the tetrahedrons react with the lime liberated by the hydration
of the C3S and C,S to form C-S-H.

The Phoenicians and Romans noticed that crushed pieces of fired bricks, tiles, or
pottery gave strong mortars.

Kaolinite is essentially calcined to be used as artificial pozzolan — 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 in SiO, and
may have different chemical compositions and present different degrees of vitrifica-
tion. In Figure 4.17, the X-ray diffractogram of a natural pozzolan is compared to

| v
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10 15 20 25 30 35 40 45 50 55 60
Figure 4.17 RX diffractogram of a natural pozzolan and two fly ashes. (a) Natural pozzolan,
(b) Class F fly ash (Canada), and (c) Class C fly ash (USA).

Courtesy of Martin Cyr.
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Table 4.1 Chemical composition of some pozzolanic materials
(Bogue, 1952)

Loss on
SiOz A1203 Fe203 CaO MgO K20 NazO SO3 ignition

Santorin earth | 63.2 | 13.2 4.9 40 |21 26 |39 0.7 |49
Rhenan trass 552 | 16.4 4.6 26 (13 50 |43 0.1 |10.1
Punice 72.3 (133 14 0.7 (0.4 54 |16 tr.” |42
Calcined gaize | 83.9 | 8.3 32 24 (1.0 na’ | na. 0.7 (0.4
Calcinated clay | 58.2 | 18.4 9.3 33 (39 3.1 0.8 1.1 |16
Calcined shale | 51.7 | 22.4 11.2 43 |11 2.5 1.2 2.1 (32

Blast-furnace 339 |(13.1 1.7 453 2.0 n.a. |n.a. tr. n.a.
slag”

“Blast-furnace slag is no longer considered as a pozzolan.
®n.a., Not available.
“tr., Trace.

that of two fly 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 4.1 presents the chemical composition of various natural pozzolans.

4.8 Other supplementary cementitious materials

It is possible to find other natural or artificial materials that are rich in vitreous silica
and can react with the lime liberated during Portland cement hydration. Examples
are diatomaceous earths (Figure 4.18), perlite (Figure 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 details in Binders for Durable and Sustain-
able Concrete (Aitcin, 2008).

4.9 Fillers

According to cement standards in several countries, it is possible to replace
15—35% of Portland cement clinker with a filler. A filler 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)

. = "1’ .
Figure 4.18 (a) Diatomaceous earth, (b) enlarged view.
Photos by 1. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.

When the mineral composition of the clinker, its fineness, and its ‘gypsum content’
are modified, 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., 2015).

The most common filler 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, silica fillers are used when they are available
at a low cost.
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(b)

Photos by 1. 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 specific grain size
distributions, they can be considered as a very interesting filler. For example, some
of these glass powders have been used in the fabrication of an ultra-high-strength
concrete (Soliman et al., 2014), as shown in Figure 4.22, to 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
reflects solar heat. The ambient temperature in a city street can be decreased by up
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? 3 . .
Figure 4.20 (a) Rice husk ash, (b) enlarged view.
Photos by 1. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.

to 7 °C in 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.

4.11 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 identified as binary, ternary, and even quaternary
binders without mentioning the nature of the different components of the blends.
Binary cements may be slag cement, fly-ash cement, or silica fume cement. Ternary
cements may contain slag and silica fume, or fly ash and silica fume. Finally, the
use of quaternary cement containing slag, fly ash, and silica fume has been found to
be very interesting due to the synergetic effect obtained when mixing slag and fly
ash in low w/c concretes (Nkinamubanzi and Aitcin, 1999).
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Figure 4.21 Typical diffractograms of various forms of amorphous silica used as
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supplementary cementitious materials: (a) silica fume, (b) rice husk ash, (c) diatomaceous earth,

and (d) metakaolin.
Courtesy of 1. Kelsey-Lévesque

Figure 4.22 Cement paste of an ultra-high-strength concrete containing glass particles (G).

Courtesy of Professor Arezki Tagnit-HAMOU and Nancy Soliman.
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Usually, in the short term (1—3 days), these blended cements do not have very high
early strength except when their w/c ratio is lowered, as explained in Chapter 1 (Aitcin,
2016) and by Aitcin et al. (2015).

4.12 Conclusion

Today, several so-called cementitious materials or fillers are used to produce blended
cements that are more environmentally sustainable than pure Portland cements. In fact,
each time 1 kg of clinker is substituted by 1 kg of such material, 1 kg of CO; is not
released in the atmosphere.

As these materials are less reactive than Portland cement when used in concrete
with a high w/c ratio, the short-term compressive strength of the concrete is decreased.
However, when the w/c ratio of the concrete is decreased, it can have greater short-
term strength and better durability in the long term in mild environments. Thus, the
development of blended cements should not be a pretext to modify the mineral compo-
sition, fineness, and gypsum content of cement to restore a short-term strength equiv-
alent to that of pure Portland cement. As seen in Chapter 2, C3A is a poison to concrete
from a rheological and durability point of view (Aitcin and Mindess, 2011, 2015).

Supplementary cementitious and filler particles do not react in the same way as
cement particles when they are in contact with some admixtures. It could be simplistic
to think that the admixture dosage can be decreased when a supplementary cementi-
tious material is blended with clinker, because these particles are less reactive than
those in a pure Portland cement. Every blended cement is unique, and its reactivity
with admixture has to be tested in each particular case.
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Water and its role on concrete
performance

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

5.1 Introduction

It was seen in Chapter 1 that the quantity of water used when making a concrete is as
important as the quantity of cement, because water plays a very important physical and
chemical role that conditions the properties of the fresh and hardened concrete (Aitcin,
2016a). In fact, it is the ratio of the mass of the effective water and the mass of cement
or binder used when making a concrete that determines, increasingly with the help of
admixtures, the essential properties of the fresh and hardened concrete. As pointed out
in Chapter 1, the great interest in the notion of w/c or w/b ratio is that it gives equal
importance to the quantities of water and cement or binder used when making a
concrete.

For too many people, water is only added in concrete to hydrate Portland cement
and create bonds. The physical role of water during the batching and hardening of
concrete is too often not well understood or ignored.

5.2 The crucial role of water in concrete

It is very important to calculate exactly the quantity of effective water that is present in
a concrete batch. It is easy to know the amount of water introduced in the mixer
through the water metre, but it is not as easy to calculate precisely all the different
forms of ‘hidden water’ contained in the different materials introduced into the mixer.

For example, when wet sand is used to make a concrete, it is important to calculate
the amount of extra water it brings into the mix. This quantity of water corresponds to
the amount of water in excess of its saturated surface state (SSD). For example, when
800 kg of SSD sand are used to make a concrete, a variation of 2% of the total water
content of the sand represents 16 L of water, which for an ordinary concrete represent
about 10% of the amount of effective water needed to obtain the desired slump,
strength and durability. This 10% variation in the quantity of water represents roughly
a variation of 10% in the value of the w/c ratio, which significantly alters the strength
and durability of the hardened concrete.

In this chapter, we are not interested in the chemical quality of the water that is
used to make durable concrete; this information is available in reference books (e.g.
Kosmatka et al., 2002). However, two very particular cases — the use of seawater
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and of wastewater collected in ready-mix plants — are treated very briefly. Rather,
attention is focused on the role of water in determining the properties of the fresh
and hardened concrete, and the crucial role that water plays in the dimensional varia-
tion of the apparent volume of concrete.

In concrete’s fresh state, the quantity of water introduced during mixing controls to
a large extent:

» concrete theology, with or without the help of admixtures

» the relative position of the cement particles when they start to hydrate
* the solubility of the different ionic species present in the binder

* the electrical and thermal conductivity of the concrete

* bleeding and segregation.

During the development of the hardening process, the quantity of water plays a key
role in:

» the development of the hydration reaction of the four principal phases of Portland cement

* the physical, thermodynamic and volumetric consequences of hydration reaction on the
properties of the concrete

» the development of autogenous shrinkage

* the evolution of the electrical and thermal conductibility of concrete.

In hardened concrete, water continues to participate to the hydration process of the
four phases of Portland cement and of the various cementitious materials that are
now commonly blended with cement.

Hydration reaction may stop for different reasons when:

* there are no more anhydrous cement particles to be hydrated — usually the case in concrete
having a high w/c ratio greater than 0.42

* there is no more water available to hydrate the remaining anhydrous cement particles — this
is the case in very low w/c concrete;

» there is no more space for accepting the hydrated product — this is the case for low w/c
concrete

* the cement paste already developed is so dense that water cannot migrate easily to reach
unhydrated cement particles that are still remaining in the paste — this is the case in some
low w/c concretes.

In a hardened concrete, capillary water is the medium used by aggressive ions to
penetrate concrete by percolation and osmotic pressure (differences in ionic concentra-
tions). Some ions present in the interstitial solution of concrete can also be leached out
by osmotic pressure.

As will be seen in the following, water also plays a key role in the development of
different forms of shrinkage through the tensile forces that appear in the menisci
developed in the porous system of the hydrated cement paste (hydrostatic pressure
through capillary forces) and surface forces in the water films covering the walls of
the emptying pores.

From a practical point of view, the major problem related to the use of water when
making a concrete is that its beneficial action is inversely proportional to its ease of use.

For example, it is very easy to add more water in a mixer during batching or in the
drum mixer of a truck when it arrives in the field, but in these cases it is essential to use
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water with parsimony to avoid the alteration of the properties of the hardened concrete
in terms of durability and sustainability. In contrast, when water can be used practically
without limitation in the field to cure concrete, its use does not facilitate the task of
contractors, who often perceive water curing as a nuisance unless they are specifically
paid for doing it.

Finally, the lower the w/c ratio, the more difficult it is for curing water to penetrate
within concrete to favour hydration of the cement present within the cover of the con-
crete. The skin of concrete is a very important part of the concrete, because it is the
physical barrier that protects the reinforcing steel from rusting.

5.3 Influence of water on concrete rheology

The water introduced in a mixer participates, with the help of specific admixtures, in
determining the rheological properties of concrete, as will be seen in Chapters 7 and 16
(Yahia et al., 2016; Nkinamubanzi et al., 2016). First water starts to wet the cement
particles, creating cohesive forces between them and giving the mix what is usually
called its workability — a kind of cohesiveness. These cohesive forces do not develop
when the same amount of water is introduced in the same volume of limestone or silica
filler with the same grain size distribution as the cement; the reasons for this are
explained in Chapter 11 on working mechanisms of rheology modifiers (Gelardi
and Flatt, 2016).

The cohesive forces created by the ‘initial wetting’ of the cement particles reduce
considerably the risk of bleeding and segregation in a well-proportioned mixture.
These cohesive forces are the result of the development of the first hydrates on
the surface of the cement particles, the electrical forces created between cement par-
ticles, the very polar aqueous medium, and, very importantly, the difference in
dielectric properties between cement and water (see Chapter 11, Gelardi and Flatt,
2016).

Filler and supplementary cementitious particles are not ‘wet’ by water like cement
particles are, so when they are present in a substantial quantity in blended cement, the
risk of bleeding and segregation is increased, unless if a viscosity modifier is added
to the mix.

Usually the first cohesive bonds developed in a concrete at the beginning of
hydration do not increase very rapidly, and concrete can be transported for about
90 min before its placing. However, if during transportation of the concrete to
the field, these first bonds grow too fast and cause an unacceptable loss of work-
ability, an adequate slump has to be restored to facilitate placing. In such a case,
it is out of the question to restore workability by adding water (retempering),
because any addition of water has a catastrophic effect on the concrete’s compres-
sive strength, durability and sustainability due to the resulting increase in the w/c
ratio. The only way to restore concrete workability is to add an extra dosage of
water reducer or superplasticizer.

When the weather is too hot and/or concrete temperature is too high, a retarder can
be added during concrete mixing to slow down the hydration process of the C3A and
C3S and decrease the slump loss.
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Figure 5.1 Electrical conductivity and heat release of a blended cement containing 8% silica

fume (Aitcin, 2008).

5.4 Water and cement hydration

Hydration reaction is described in general terms in Chapters 2 and 8 (Aitcin, 2016b;
Marchon and Flatt, 2016a) and in Chapter 12 in terms of the action of admixtures
thereon (Marchon and Flatt, 2016b). In this section, some particular aspects of it
are reviewed because of their technological importance.

First, the hydration reaction starts by the release of ions present at the surface of
cement particles and the passage into solution of the different forms of sulphates
that are present in the cement. The temperature of the cement paste increases slightly
during this dissolution process, and the electrical conductivity of the paste increases
rapidly. In a concrete, it is difficult to observe the increase in temperature because
the aggregates act as a thermal sink, but it is easy to notice the increase in electrical
conductivity of the concrete, as can be seen in Figure 5.1.

5.5 Water and shrinkage

5.5.1 General considerations

In Chapter 2, it was seen that concrete is not a stable material from a volumetric point
of view: its apparent volume can change according to its curing conditions (Aiticn,
2016b). Usually, but not always, the apparent volume decreases: concrete shrinks.
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Shrinkage is directly related to the displacement of water in the capillary network when
concrete is only partially saturated. From a practical point of view, four types of
shrinkage are observed.

* Plastic shrinkage appears on the surface of fresh concrete submitted to dry and windy con-
ditions. Superficial water evaporates from the surface of the fresh concrete, provoking the
appearance of cracks that are more or less large and deep according to the severity of the dry-
ing process and the presence or absence of bleeding water.

* Chemical shrinkage is developed in any concrete, whatever its w/c ratio is. This shrinkage is
due to the chemical contraction of the absolute volume of the cement paste.

* Drying shrinkage occurs when water evaporates from hardened concrete submitted to a dry
environment.

* Autogenous shrinkage is a special shrinkage that occurs in low w/c concrete and comes from
the hydration of cement itself. The binding of water into solid hydrates leads to self-induced
drying, which then initiates a process similar to drying shrinkage.

Essentially, all these forms of shrinkage derive from a loss of water from the fresh
or hardened concrete. In the case of chemical shrinkage, the binding of water into hy-
drates leads to a volume loss in the course of the chemical reaction.

Drying of concrete, whether induced by environmental conditions or self-
induced, leads to the build-up of capillary forces in the emptying pores of the hy-
drated cementitious matrix of the concrete and is also responsible for the volume
reduction of hydrates themselves, as shown by Baquerizo et al. (2014). The first
creates tensile stress pulling at the pore walls, causing contraction of the cementi-
tious matrix, and the second leads to shrinkage of the solid skeleton itself (as in
clay).

Because of the importance of capillary forces for volume stability of cementi-
tious material, the concept of capillary forces is briefly explained. Water contained
in the porous cementitious matrix of concrete will achieve long-term equilibrium
with its surrounding environment. This means concrete stops losing water when
the internal humidity of the partial saturated pore system equals that of the
surroundings. To what extent the pore system empties depends on the total
porosity and size distribution of pores and the humidity to which concrete is
exposed.

Kelvin’s Law states that water pressure in fully saturated concrete is assumed to be
equal to atmospheric pressure, and depression in the residual water or pore solution of
the partially saturated pore system depends only on relative humidity:

RT
AP = ——In(RH)
v

where

AP is the pressure gradient between the liquid and gas phases
R is the gas constant

T is the absolute temperature

RH is the relative humidity.
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Laplace’s Law teaches us that the smaller the menisci or the smaller the largest
water-filled capillary, the greater the tensile forces:

AP — 2-vy-cos 0
r

where

AP is the pressure gradient between the liquid and gas phases
v is the surface tension of the liquid

0 is the contact angle between the liquid and the solid

r is the radius of a cylindrical capillary pore.

This explains the successive emptying of pores, starting with larger ones, forming
menisci with tensile forces at the entrance of the largest remaining water-filled pores
and leaving water films covering the pore walls of the emptied pores.

From these equations, one can see that depression in the pore water or capillary
pressure increases with decreasing humidity, and the size of the largest water-filled
pore decreases with humidity scaling:

1
In(RH) ~—
,

There is consensus in the scientific community that capillary pressure is the driving
force for drying-induced shrinkage. However, exactly how these forces act on the
cementitious material is still the subject of debate.

There are basically two current opinions on the mechanism of drying shrinkage. In
the first, capillary forces are considered to act as hydrostatic pressure, causing the
porous matrix to contract via tensile stress acting on the pore walls (Scherer, 1990;
Granger et al., 1997a, 1997b; Coussy et al., 1998, 2004), and the second claims that
disjoining pressure or surface forces in between the hydrates’ surfaces would not
only explain shrinkage of concrete, but also swelling upon resaturation (Badmann
et al., 1981; Ferraris and Wittmann, 1987; Scherer, 1990; Beltzung and Wittmann,
2005; Setzer and Duckheim, 2006; Eberhardt, 2011). A more detailed discussion on
shrinkage is given in Chapter 13, describing the working mechanism of shrinkage-
reducing admixtures (Eberhardt and Flatt, 2016), and an overview of their chemical
structures is given in Chapter 9 (Gelardi et al., 2016).

5.5.2 How to eliminate the risk of plastic shrinkage

As it is the evaporation of the water present at the top surface of concrete that is respon-
sible for plastic shrinkage, the best way to eliminate it, whatever the w/c ratio of the
concrete, is to saturate the air above the concrete surface with water vapour. This
can be done easily using sprayers similar to those used in flower nurseries (Figure 5.2).

Another way is to spray an evaporation retarder or a curing membrane on the
surface of the concrete as soon as its finishing has been completed.
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Figure 5.2 Fogging to prevent plastic shrinkage.
Courtesy of Richard Morin.

e

Figure 5.3 Application of saturated geotextiles 24 h after casting.
Courtesy of Richard Morin.

When a concrete has a w/c ratio lower than 0.42, a curing membrane should never be
applied on top of the concrete, because this concrete receives external water curing as
soon as its surface is hard enough as shown in Figure 5.3. The application of a curing
membrane will prevent this external curing of the top surface of the concrete that is
essential to fight autogenous shrinkage. In this case, it is mandatory to use an evapora-
tion retarder that will be washed away when direct external curing with a hose is applied.

5.5.3 How to mitigate autogenous shrinkage

Autogenous shrinkage is a consequence of volumetric contraction (Le Chatelier, 1904;
Lynam, 1934, Davis, 1940) and is also due to the internal consumption of water occur-
ring during cement hydration. In the absence of an external source of water (external to
the paste) that could saturate the porous system of the hydrating cement paste, the very
fine porosity created by this chemical contraction drains an equivalent volume of water
from the coarse capillaries of the hydrating cement paste, so that menisci appear in
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these large capillaries. As explained above, the emptying of the larger capillaries
causes the internal humidity to drop (Lura et al., 2003; Jiang et al., 2005; Wyrzykowski
et al., 2011), and this self-induced drying causes tensile stress and shrinkage, i.e.
self-induced drying shrinkage.

As the hydration reaction goes on, more water is drained from increasingly finer
capillaries, so the tensile stresses developed by the menisci are increasingly higher
and can result in a significant contraction of the apparent volume. However, if during
hydration an external source of water (external to the paste) fills the porosity created by
the chemical contraction, the capillaries of the hydrated cement paste remain saturated
and no tensile stresses are developed in the hydrating paste (Aitcin, 1999). From a
practical point of view, an external source of water (external to the concrete) or an
internal one (internal to the concrete but external to the paste) has to be supplied to
concrete.

5.5.4 How to provide an internal source of water

Various techniques have been proposed to provide an internal source of water. The
basic idea consists of introducing during mixing a material that can temporarily stock
a certain amount of water without affecting the water balance of the cement paste and
then release it when necessary.

The use of saturated lightweight aggregates, either coarse or fine (Klieger, 1957,
Bentz and Snyder, 1999; Weber and Reinhardt, 1997; Mather, 2001), or superabsorbent
polymers (SAPs) has been proposed (Jensen and Hansen, 2001; Kowler and Jensen,
2005). A state-of-the-art report on the use of SAPs in cementitious material was pub-
lished by Mechtcherine and Reinhardt (2012). Of course, it is essential that this internal
water can be drained easily from these materials by the hydrating cement paste.

This technique represents a significant step forward in improving the durability and
sustainability of concrete structures, particularly in the case of elements working
essentially in flexure, because it eliminates the risk of cracking associated with the un-
controlled development of autogenous shrinkage when using low w/c concretes.

Coarse-saturated lightweight aggregates have been used successfully as an internal
source of water, but as they absorb a lesser volume of water than an equivalent volume
of fine lightweight aggregate, it is necessary to use a larger volume of them to stock an
equivalent volume of water. Moreover, the substitution of a certain volume of normal
coarse aggregate by an equivalent volume of a coarse lightweight aggregate may some-
what decrease the concrete’s compressive strength and definitively elastic modulus.

The substitution of a certain volume of normal sand by the same volume of
saturated lightweight sand is interesting due to the high porosity of the lightweight
sand — this is usually greater than 10%, so 100 kg of lightweight sand can store
10 L of water, but it is important to check that the lightweight sand is composed of
large pores that will easily release the water they contain.

Jensen and Hansen (2001) also suggested the use of SAPs as an internal source of
water. These polymers are already used in diapers for babies. When they are intro-
duced in a dry state in the mixer, they absorb a mass of water equal to 50—200 times
their dry weight. In the case of concrete, where the mixing water becomes rapidly
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saturated with many ionic species, the absorptive capacity of the SAP is limited to 50%
rather than reaching 200%.

For both types of internal curing reservoirs, it is important to note that individual
particles have to be homogeneously distributed so that water can migrate through
the hydrating cementitious matrix and reach the drying zone in time (Henkensiefken
et al., 2009). Basically, water supply can be seen as the same as entrained air void
distribution. Also, water has to be distributed so that water migration into the reservoirs
proceeds sufficiently fast.

Considering this, lightweight aggregates and SAPs have to be provided not only in
sufficient quantities, but also with a sufficient fineness or particle size distribution.

5.5.5 How to eliminate drying shrinkage

Basically, drying-induced shrinkage could be eliminated simply by the elimination of
drying.

If the development of drying shrinkage has to be eliminated, there is only one way
to do so: it is necessary to seal all the superficial pores of concrete, so the capillary
water can no longer leave the hardened concrete. A sealant or any impermeable film
or layer can be applied on the surface of the concrete.

However, even with high-quality surface application, the sustainability of such an
approach depends heavily on the durability of the sealant or protective layer.

5.6 Water and alkali/aggregate reaction

There is at least one point of agreement between all researchers studying alkali/
aggregate reaction: in order to appear, this reaction needs water. Thus to stop the
development of this reaction, theoretically it is only necessary to seal the concrete
surface — but it is easier to write it than to do it efficiently in the field. The application
of silane on the surface of concrete has been reported to stop the development of alkali/
silica reaction (ASR). However, it is important to distinguish between cases of new
construction, repair and attempts simply to mitigate ASR by applying such products.
A priori, the effectiveness of surface treatments should decrease from the first to the
third of these cases. In particular, in cases 2 and 3, structures already subjected to
ASR probably already have enough water (deep) within. The author is therefore gener-
ally sceptical about the possibility of halting ASR durably in such structures, particu-
larly massive ones, by surface treatments, but is also ready to change his mind in the
light of clear evidence countering these expectations.

5.7 Use of some special waters

5.7.1 Seawater

Is it possible to use seawater to batch concrete? The answer to this frequently raised
question is definitively ‘yes’ when there is no other choice. Seawater can be used to
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make unreinforced concrete, but concrete compressive strength will decrease by about
20% in comparison to the same concrete made with pure water (Mindess et al., 2003).

5.7.2 Wastewaters from ready-mix operations

In many countries, concrete producers can no longer discharge their wastewater
directly into the sewers; they have to recycle it or treat it, so it can be eliminated safely
in the sewerage system.

The elimination of the solid particles present in these wastewaters is easy: it is only
necessary to use centrifugation or a filter-press, or a special flocculent that will facil-
itate the rapid sedimentation of these particles. However, most of the time the water
collected after this physical or chemical treatment contains many ionic species or
organic matter coming from the admixtures used in previous batches. The use of
this treated water as batching water can be problematic when making a high-tech con-
crete, because all these ‘leftovers’ of the previous batches can alter the action of the
new admixtures that are used to produce the next concrete. Thus, in this case, only
a limited volume of treated water can be substituted for pure water. In the case of
low-grade concrete, treated wastewater can be used in greater quantity.

5.8 Conclusion

It is very important to control the volume of all the water that is used when batching
concrete. A precise knowledge of this quantity of water is as important as the knowl-
edge of the quantity of cement or binder that is used. In fac,t it is the w/c, the ratio
of the mass of water to the mass of cement, that is the key factor controlling most
of the properties of the fresh and hardened concrete, as well as its durability and
sustainability.

For a long time, changing the water dosage was the only way to modify concrete
rheology, but nowadays admixtures can be used for that purpose. Thus, the rheology
of a modern concrete depends on a fine-tuned balance of water and these admixtures.

It is important to use water with parsimony during mixing, but in contrast it can be
used abundantly in the field to water cure concrete. To be sure that concrete is properly
cured in the field, it is only necessary to pay contractors separately to water cure, and
specify what to do, how to do it, and when to stop. When these directives are given
precisely, contractors become zealous because they can make a profit out of water
curing.

Internal curing of low w/c concrete will be increasingly used for two reasons: it pro-
vides some water to enable the hydration of supplementary cementitious material and
it mitigates the development of autogenous shrinkage in low w/c concrete. For
example, it is common practice in Texas to use internal curing for highway pavements
containing fly ash. It can be expected that the overall slower hydration of concrete
made with blended cement necessitates the presence of an internal source of water
to allow them to reach their full potential. This explains the specific benefit of internal
curing in such concrete.
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Finally, the concrete industry will have to learn how to make the best use of the
wastewaters collected in ready-mix plants due to the increasingly severe restrictions
concerning their elimination in municipal sewer systems.
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Entrained air in concrete:
rheology and freezing resistance

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

6.1 Introduction

The discovery of the benefits obtained when a small percent of tiny air bubbles (diam-
eters of 10—100 pm) form in both fresh and hardened concrete was accidental. It is
well known that these air bubbles greatly improve the properties of hardened concrete,
particularly its durability in severe winter conditions during freezing and thawing cy-
cles. These small bubbles also drastically improve the rheology of the fresh concrete.
For this reason, the Japanese systematically add 3—5% of entrained air in their con-
crete even though the resistance of concrete to freezing and thawing cycles is not a ma-
jor problem in Japan, except in the northern part of Hokkaido Island.

6.2 Entrapped air and entrained air

When a non-air-entrained concrete is placed, large air bubbles always remain trapped in
the hardened concrete after its vibration. These large bubbles have an irregular shape
and are irregularly distributed within hardened concrete, which is referred to as “entrap-
ped air.” Usually, a concrete that has been vibrated carefully may contain 1 to 2% of
entrapped air (10—20 L per m?). The volume of entrapped air depends on the viscosity
of the hydrated cement paste, the size of the coarse aggregate, the slump of the concrete,
the intensity of vibration, and its duration. Each of these entrapped bubbles creates a
point of weakness that decreases the mechanical properties of hardened concrete.

To obtain a network of very fine, well-dispersed air bubbles in the mortar of a con-
crete, it is necessary to use an air-entraining agent. An overview of the chemistry of
these admixtures is given in Chapter 9 (Gelardi et al., 2016). It should be noted that
the expression “air-entraining agent” may be confusing because this type of admixture
does not entrain small spherical air bubbles by itself; rather, it stabilizes the air bubbles
that are entrained in concrete during its mixing. This type of admixture should be rather
called a “stabilizer of air.” The working mechanisms of air-entraining agents are
discussed in Chapters 10 and 17 (Marchon et al., 2016; Gagné, 2016).

As seen in Figure 6.1 in fresh concrete, this admixture is concentrated at the surface
of the air bubbles, where it creates a thin film sufficiently strong to stabilize the bubbles
in the form of a sphere. These bubbles are strong enough to resist destruction during
mixing and they do not coalesce to form coarser bubbles.
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Figure 6.1 Air-entrained bubble (anionic type).

Therefore, the addition of an air-entraining agent stabilizes the air entrained during
mixing in the form of millions of small air bubbles having an average diameter be-
tween 10 and 100 pm, which is the diameter range of the cement particles introduced
in concrete.

In order to improve the resistance of concrete to freezing and thawing cycles, it
is usually necessary to entrain 50—60 L of these fine bubbles. However, what is of
the outmost importance is that these bubbles be homogeneously dispersed within con-
crete. This dispersion is characterized by what is called the spacing factor of the bub-
bles. It is evident that a big hole of 50—60 L filled with air at the center of 1 m> of
concrete will not have any effect on the resistance of this block to freezing and thawing
cycles.

6.3 Beneficial effects of entrained air

Unfortunately for many engineers, entrained air has only two effects on concrete: it
protects against damage from freezing and thawing and decreases its compressive
strength, so that if a concrete is not exposed to freezing and thawing it does not
need entrained air that will weaken it. This is a totally false perception of the benefits
that a few percent of entrained air brings to the properties of fresh and hardened
concrete.

The benefits of entrained air include the following:

* An increase of the volume of the paste

* A fluidification of the cement paste

* An improvement of concrete rheology

* A decrease of the absorptivity and permeability of the hardened concrete

* The dissipation of the energy concentrated at the tip of fissures when, for any reason, hard-
ened concrete starts to crack

» The presence of a free volume, which can receive deposits of expansive components (ettrin-
gite, silica gel) that can be formed in a concrete.

Of course, it is sure that a concrete that contains 50—60 L of air per cubic meter is
not as strong as a concrete having the same water—cement ratio (w/c) that contains
only 10—20 L of entrapped air. With such reasoning, it is forgotten that to reach the
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same workability level an air-entrained concrete necessitates the use of less effective
water. Less mixing water for a given mass of cement means a reduction of the w/c and
consequently an improvement of concrete durability and sustainability. The dura-
bility of a concrete depends more on its w/c than on its strength. Even in low-
strength concrete (20 MPa or less), an air-entrained concrete is slightly stronger than
an equivalent non-air-entrained concrete made with the same amount of cement. In
fact, due to their lubricating effect on the fresh concrete, air-entraining agents could
be considered as water reducers.

6.3.1 The beneficial effect of entrained air on
the workability of fresh concrete

As mentioned earlier, when 30—60 L of air are entrained in a fresh concrete, an equiv-
alent volume of sand is eliminated and concrete becomes more ‘“creamy.” This modi-
fication of the composition of the paste improves the rheological properties of the fresh
concrete, particularly its workability. The explanation behind this observation is that
the small air bubbles are acting like the balls of a ball bearing within the paste. In
fact, the explanation is more complex because entrained air modifies the viscosity
of the paste and its cohesiveness at the same time.

Experience also shows that the presence of entrained air decreases significantly the
risk of bleeding and segregation. This beneficial action of entrained air is also oper-
ating in the transition zone between the cement paste and the aggregates because in-
ternal bleeding is reduced for the same reasons. A small percent of entrained air
improves the workability of concrete made with manufactured sand or sand produced
from waste concrete that is composed of particles that have a shape and an absorption
presenting a negative effect on concrete workability.

Entrained air can also be used to improve the workability of concretes made with
very coarse sands. The author has added 8—10% of entrained air in a concrete made
in the Canadian Arctic with a sand having a fineness modulus of 4.5, to concretes
that were difficult to place. The resistance of freezing and thawing cycles was not a
problem in this particular case because in the Arctic concrete is exposed to a rather
dry environment comporting very few freezing and thawing cycles.

Finally, entrained air drastically improves the workability of low w/c or water—
binder ratio (w/b) concretes that contain a high dosage of cement or binder (Aftcin,
1998). It is very easy to demonstrate it when doing the following simple experiment:

 First, a non-air-entrained concrete having a w/c of 0.35 is used; it is seen that this concrete is
cohesive and viscous and that it is difficult to shear it with a trowel.

* Second, a small amount of air-entraining agent is added to this concrete; it is seen quasi-
instantaneously that the concrete becomes more workable, is less cohesive and viscous,
and is easy to shear with a trowel.

This improvement of the workability of low w/c concrete has been used in many
cases to facilitate concrete placing and pumping and improve the visual aspect of
exposed surfaces. Entrained air is now an essential component of many self-
consolidating concretes.
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6.3.2 The beneficial action of entrained air against
the propagation of cracks

When a crack develops in a cement paste, the greater part of its energy is concentrated
at the tip of the propagating fissure. When the tip of this fissure meets an air bubble, its
energy dissipates all over the surface of the bubble so that its progression may stop
there.

6.3.3 The beneficial action of entrained air on
the absorptivity and permeability of concrete

The effect of entrained air on concrete permeability is controversial. For example,
Adam Neville (2011) thinks that entrained air reduces concrete permeability, while
Kosmatka et al. (2002) are considering that it has no effect. The author is convinced
that the presence of a network of noncommunicating air bubbles decreases the facility
with which water can migrate through the capillary system. For the same reason, the
absorptivity of an air-entrained concrete should be lower than that of a similar non-air-
entrained concrete having the same w/c or w/b ratio.

6.3.4 Trapping expansive products

The 50—60 L of free space created by entrained air can be filled safely by expansive
products. Very often, when observing concrete destroyed by the action of freezing
and thawing cycles, it can be seen that several air bubbles are full of ettringite nee-
dles, as well as in the transition zone between the cement paste and the aggregates.
The ions necessary to form the crystals of ettringite have been transported to the
bubbles, where they found enough space to develop large crystals (Figure 6.2).
Raphaél et al. (1989) had the opportunity to observe under an electron microscope,
concrete cores taken from seven dams built by Hydro Quebec with granitic aggre-
gates presenting quartz crystals with ondulatory extinction under polarized light

. S
Figure 6.2 Ettringite needles formed in an air bubble of a concrete destroyed by freezing and
thawing cycles.
Courtesy of Arezki Tagnit-Hamou (Aitcin, 2008).
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due to the internal stresses that have been developed in these crystals. This type of
aggregate is known to be weakly reactive with the alkalis present in the cement paste.
However, in the case of those seven dams, the entrained air bubbles and the transition
zones were large enough to accommodate the deposition of the silica gel produced.
Instead of destroying concrete, this reaction between the alkalis and the aggregates
reinforced it; the compressive strength and elastic modulus of the tested concrete
were far beyond their initial values. The permeability of these concretes was also
very low.

On the contrary, in the case of three other dams built with very reactive aggregates,
the presence of 50—60 L of air voids was not sufficient to protect these concretes from
their destruction. The concretes of these three dams were severely damaged.

6.3.5 The beneficial effect of entrained air on the resistance
to freezing and thawing cycles

In North America, the durability of concrete that faces freezing and thawing cycles is
evaluated through the very severe ASTM C666 Standard Test Method. Two experi-
mental procedures are proposed:

* Procedure A, consisting in freezing and thawing cycles under water (in France, this proce-
dure is codified in the French standard NF P 18-424)
* Procedure B, where the freezing occurs in air (NF P 18-425 standard in France)

Generally, freezing and thawing tests are done according to procedure A, which
is the more severe procedure. The temperature at the center of the concrete prisms
has to pass from —15 to +15°C in 6 h (from —18 to 9 °C in 4—6 h in France). In
Canada, like in France, usually to be considered as freeze—thaw resistant, a con-
crete must withstand 300 cycles of freezing and thawing. Specimens are placed
in a freezing cabinet after 2 weeks of water curing in Canada (4 weeks in France).
Therefore, it is necessary to wait at least 75 days (13 weeks) to know if a concrete
is freeze—thaw resistant. To shorten this testing period, a more rapid evaluation of
the freezing and thawing resistance has been looked for. Based on Powers’ work, it
is the measurement of the spacing factor of the bubble network that permits a
more rapid evaluation of the freezing and thawing resistance of concrete. The
spacing factor is measured according to ASTM C 457-98 standard test method
for microscopical determination of parameters of the air void system in hardened
concrete.

In fact, the spacing factor corresponds to the average half distance between two air
bubbles; it is the average distance that water has to travel before reaching an air bubble
where it can freeze and take its expansion without creating disruptive forces within the
cement paste. This spacing factor is obtained on a polish plaque measuring
100 x 100 mm? in less than a week.

However, the Canadian A 231 standard accepts that, if the measured spacing factor
is not satisfactory, the concrete can be tested according to ASTM C 666 Standard. If
the concrete sustains successfully 300 or 500 freezing and thawing cycles, it can be
considered as freeze—thaw resistant even if its spacing factor is not correct. When
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using the ASTM C 666 test, it is assumed that the rapidity of the cycles may have the
same destructive action as the accumulation of a greater number of milder freezing and
thawing cycles in the field.

To evaluate the effect of the freeze—thaw cycles on the microstructure of the con-
crete, its ultrasonic resonance frequency is measured. A concrete is considered to be
freeze—thaw resistant when, at the end of the cycling period, it still have a resonance
frequency greater than 60% of its initial resonance frequency.

Two remarks must be made on the validity of this test:

» Itis a very severe test.
» It is possible to destroy any type of concrete by increasing the number of cycles.

According to the present Canadian Standard A 23.1, the maximum value of the
spacing factor for an ordinary concrete is 220 and 250 um for a concrete having a
low w/c. But as previously said, this standard permits one to submit concrete speci-
mens to 300 freezing and thawing cycles if these two values cannot be met.

During the construction of the Confederation Bridge that links Prince Edward Is-
land to the continent through a 13-km-long prefabricated concrete bridge, the Cana-
dian Government was asking for a 100-year life cycle. Therefore, it was decided to
submit concrete specimens to 500 cycles of freezing and thawing according to Proce-
dure A of ASTM Standard C 666. As it was impossible to obtain after pumping a
spacing factor of 220 pm that was required at that time for any type of concrete, it
was necessary to undertake a research program to find the maximum value of the
spacing factor for permitting concrete samples to withstand 500 cycles of freezing
and thawing.

Five different concretes with spacing factors varying from 180 to 550 um were
made only by changing the dosage of the air-entraining agent. The result of this study
showed that the maximum spacing factor allowing a satisfactory resistance to the 500
cycles was 350 um. After reaching the 500 cycles, the specimens that were still in
good condition were tested further until they failed. The last one that failed after
1950 cycles was the specimen having a spacing factor of 180 um. The other specimens
failed in the order of the decreasing values of their spacing factor. Of course, a low w/c
concrete protected with a satisfactory network of entrained air is not protected forever
against the action of freezing and thawing cycles. In nature, the harder rocks in moun-
tains are destroyed by freezing and thawing.

The Canadian standards also specify the maximum value of the w/c that a concrete
must have should be according to the class of exposition. It is too often forgotten that
a low spacing factor is a necessary condition but not sufficient to make a concrete
freeze—thaw resistant (Pigeon and Pleau, 1995; Aitcin et al., 1998).

The dosage of an air-entraining agent has to be fine-tuned in the field to ensure that a
satisfactory spacing factor is obtained. Keeping in mind that there are many types of
mixers, the entrainment of air bubbles may vary from one sand to the other, the effi-
ciency of the air-entraining agents to stabilize air bubbles vary from one commercial
product to the other, the temperature of the concrete influences the formation of the
network of entrained air bubbles, and the mode of placing can modify the initial char-
acteristics of air-entrained system.
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6.4 Effect of pumping on the air content
and spacing factor

When an air-entrained concrete is pumped, usually two characteristics of the network
of air bubbles are modified:

* The spacing factor is increased
* The total amount of air is decreased (except with some concretes made with certain polya-
crylate superplasticizers)

This is why it is so important to measure the spacing factor of concrete at the end
of the pumping line and not before. The increase of the spacing factor is usually linked
to the coalescence of small air bubbles (several small air bubbles are joining to form
coarser air bubbles) and to a lesser extent to the disparition of some coarse bubbles.

When pumping some concretes containing some polyacrylate superplasticizers, the
total amount of entrained air, but not the spacing factor, may increase because only
coarse bubbles are stabilized. Therefore, in order to obtain a good spacing factor at
the end of the pumping line, it is important to use an air-entraining agent that stabilizes
very fine air bubbles and to increase its dosage because small bubbles will coalesce
during pumping.

The modification of the characteristics of the entrained air depends on many factors:
the type of the pump used, the pressure applied, the amount of mixing water, the
amount of binder and its composition, the type of air-entraining agent, and the type
of other admixtures used when making concrete. A field test has to be done to fine-
tune the right air-entraining admixture dosage. During this experiment, it will be
possible to establish the air volume range at the end of mixing that will permit one
to reach the right air bubble spacing in the concrete element after pumping.

During the construction of the Confederation Bridge, it was established that after its
mixing, concrete should have at least an air content of 6% in order to have a spacing fac-
tor of less than 350 um after its pumping. As the batching plant was producing only one
type of concrete when the ice shields were built—a concrete having an average compres-
sive strength of 93 MPa (to improve its resistance to abrasion)—it was not difficult to
produce such a concrete, for which transportation time to the pump was less than 10 min.

6.5 Entraining air in blended cements

The effects of entrained air on concretes made with Portland cement are well docu-
mented, but the effect of the cementitious materials of blended cements on entrained
air has not been studied so deeply. It seems that, in some cases, the addition of a sup-
plementary cementitious material does not cause any problems. However, in some other
cases, it can be difficult to stabilize a good network of entrained air. This is the case with
some fly ashes that contain substantial amounts of unburned carbon (Hill and Sarkar,
1997; Baltrus and Lacount, 2001; Kulaots and Hsu, 2003; Kiulaots and Hurt, 2004;
Pedersen and Jensen, 2009). This carbon exists in two forms: usually as coarse un-
burned carbon particles or as a deposit of soot on the surface of fly ash particles
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(Jolicoeur et al., 2009). Usually, it is easy to get rid of the coarse unburned particles of
coal by passing the fly ash in a cyclone. It is rather difficult to get rid of the soot.

It seems that the air-entraining agent is preferentially absorbed by the carbon par-
ticles and the soot present in the fly ash so that it is no more available to stabilize
the network of air bubbles. In such a case, it is necessary to double or triple the air-
entraining dosage to stabilize a satisfying network of air bubbles in the concrete. How-
ever, in some cases, there is no other solution than changing the fly ash.

Another problem with some fly ashes comes from the variability of their carbon con-
tent. At night, some power plants are reducing their production of electricity so that the
fly ash produced has a higher level of residual carbon as compared with the same power
plant when producing at full capacity. In such a case, it is necessary to homogenize the
fly ash or to use a cyclone to produce a fly ash having constant carbon content.

This is a very interesting research field but unfortunately it has not yet received all
the attention it needs. It is hoped that with the increasing use of fly ash to decrease the
carbon footprint of concrete structure, it will receive more attention.

6.6 Conclusion

The author is convinced that any concrete should contain some entrained air in order to
improve its rheology, decrease the risks of bleeding and segregation, as well as
improve the visual aspect of the surface of concrete elements. Only when concrete
is submitted to freezing and thawing cycles should the spacing factor of the bubbles
network be a concern.

Of course, when adding some air in an ordinary concrete its compressive strength
decreases, as well as the amount of mixing water due to the lubrication action of the
bubbles. Therefore, for a given workability, air-entrained concrete has a lower w/c
than a corresponding non-air-entrained concrete, which means that it will be more du-
rable. It is important to repeat that it is not the compressive strength of a concrete
that conditions its durability but rather its w/c. Therefore, an air-entrained concrete
made with the same cement dosage as a non-air-entrained concrete that has a lower
compressive strength will be more durable.

To date, nothing better than a good network of entrained air bubbles having a small
spacing factor has been found to make concrete freeze—thaw resistant in Canada, even
in the case of low w/c concretes. When these freeze—thaw cycles are occurring in the
presence of deicing salts, the specifications for the spacing factor are tougher than
when the freezing and thawing cycles are occurring in the absence of deicing salts.
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7.1 Introduction

This chapter presents an overview of the most important aspects of concrete rheology to
serve as a basis for the other chapters which discuss chemical admixtures that modify
rheological properties. Readers interested in a more detailed text about concrete
rheology are referred to Understanding the Rheology of Concrete (Roussel, 2012a).

Concrete can be considered as a multiscale material in which solid particles (coarse
aggregate) are suspended in a mortar matrix, while the mortar matrix can be viewed as
a suspension of sand particles in a finer matrix (cement paste). Concrete can also be
seen as a biphasic material, in which rigid sand and coarse aggregate particles are sus-
pended in a cement paste matrix. No matter the chosen picture, in the context of this
book it is important to mention that the action of chemical admixtures takes place at the
paste level and that their effects are felt at the concrete level. However, in absolute
terms we are interested in the rheological behaviour of concrete. This is why this chap-
ter aims at defining the general rheological characteristics of concrete, although several
of these cannot be directly impacted by chemical admixtures.

The rheology of concrete affects mixing, handling, transportation, pumping, cast-
ing, consolidation, finishing and surface quality after hardening. The facility with
which concrete is processed is an extremely important aspect of its successful use in
building economical structures presenting excellent long-term performance and dura-
bility, because the cost of the labour used to place concrete is quite significant.

For a long time the general term used to characterize the property of a concrete to be
placed more or less easily was ‘workability’. However, in a more refined vision, three
different ‘workability’ evaluations have been proposed (Table 7.1). The required level
of workability of concrete depends on the application in which it is used. For example,
high workability is required to cast concrete in heavily congested reinforced sections;
on the other hand, zero-slump concretes are slip-formed in pavement construction.

Measurements of workability are essential to guarantee a good quality of concrete,
and have been assessed for decades in various forms. Many of these assessments are,
however, subject to operator judgement and/or of very limited applicability. The slump
test (American Society for Testing Materials, ASTM C143/C143M-12, 2012) is the
most used method to evaluate the workability of fresh concrete. It is a very simple
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Table 7.1 Definition of workability based on different evaluations

Category Output

Qualitative Qualitative evaluation
Fluidity
Spread
Stability
Pumpability

Empirical evaluation Quantitative evaluation
Slump
Slump flow
V-funnel flow time
Vebe

Fundamental Fundamental rheological parameters
Viscosity
Yield stress
Thixotropy

Tattersall and Banfill (1983).

test that simulates adequately the flow behaviour of concrete in a quasi-static (low-
shear-rate) regime that directly relates to yield stress (Roussel, 2006a). However, it
does not represent behaviours at higher rates, such as those reached during mixing
and pumping. It is, for example, well known that two concrete mixtures can have
the same slump but different flow behaviours (Tattersall and Banfill, 1983).

Most tests used in practice to qualify the rheological behaviour of concrete are of
empirical origin, although many may also be related to real rheological properties
(Roussel, 2012a). However, often a combination of at least two properties is needed
to describe the rheological behaviour of concrete. This is becoming more important
with the growing need to exploit the behaviour of fresh concrete better. In this context,
different rheometers have been developed to measure the fundamental rheological
properties of concrete.

7.2 Definition of rheology

Rheology is defined as the science of deformation and flow of matter under the influ-
ence of stresses (Tattersall and Banfill, 1983; Barnes, 2000). It is a science at the inter-
section of solid and fluid mechanics that is used in different industries — for example
during the processing of medical, food and personal care products. Rheology deals
more specifically with the relationship between shear stress, shear rate and time.

7.2.1 Shear laminar flow

To understand rheology better, it is important to consider the effect of a simple shear
on a deformable material to define laminar shear flow, shear stress and shear rate.
When a material is subjected to external forces, it is deformed depending on the stress
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Figure 7.1 Schematic illustration of laminar shear flow.

distribution all over the material. A particular type of stress fields results in a laminar
shear flow. For example, let us consider a liquid contained between two parallel plates
at a distance y apart. The top plate slides in the x direction, while the bottom plate does
not move. Material deformation occurs by the relative deformation (i.e. slipping) of the
different layers without any transfer of material from one layer to the other. As can be
seen in Figure 7.1, the velocity varies only in the y direction and not at all in the two
directions perpendicular to y.

7.2.2 Shear stress

During a laminar flow, two layers move along each other. This relative displacement
results in friction forces acting tangentially to the layers, and these are called shear
forces (F'). Let us consider two consecutive layers, 1 and 2, moving at parallel speeds,

Vi and V, (Figure 7.2). Assuming that layer 1 is moving faster than layer 2 (i.e.

W> 72)), it is evident that layer 1 exerts on layer 2 a shear force that accelerates
layer 2. Reciprocally, layer 2 exerts on layer 1 a shearing force that tends to slow
down layer 1.

When reported to the unit areas (S) on which they are acting, these forces result in a
physical quantity of great importance in rheology, namely shear stress. Shear stress (t)
is defined by the following relationship:

(7.1)

Figure 7.2 Relative movement between two successive layers.
Reproduced from Couarraze and Grossiord (2000) with authorization.
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The shear stress 7 is a force per unit area, and is expressed in Pascal in the International
System of Units. It is a function defined at each point of the material, and varies from one
layer to another. Due to symmetry, 7 is usually considered constant at all points of the
same layer (Couarraze and Grossiord, 2000; Tattersall and Banfill, 1983).

7.2.3 Shear rate

Let us consider the particular case of a laminar shear flow with a planar symmetry, as in
the previous example where the material is sheared between two parallel planes, with
one moving while the other is fixed to define the shear deformation.

Let us also consider particles that at time ¢ = 0 belong to cross-sections located at
distances x and x + dx from the fixed plane (Figure 7.3). At a later time ¢, the particles
of the cross-sections located at x and x + dx have travelled the distances u(x, ) and
u(x + dx, 1), respectively, where x is the location of the particle relative to the lower
(fixed) plane. The shear deformation can be defined by the following relationship:

(1) u(x + dx,dt))c —u(x,1) _ dué))cc, 1)

(7.2)

It is noted that the shear deformation does not depend on the displacement u(x, f)
itself, but on its variation when passing from one layer to another infinitely close layer.
This relates to the shear rate y, which is the derivative with respect to time of the shear
strain 7y:

_

=5 (7.3)

Y
The shear rate therefore has an inverse dimension of time and is expressed in s~ .

7.2.4 Flow curve

The rheological behaviour of a material is described by the relationship between shear
stress and shear rate, referred to as the flow curve, and this can be measured with

Moving plane t=0 t

u(x+d)ﬁ/
X+ dx

. de u(x)/

Fixed plane

Figure 7.3 Definition of shear rate.
Reproduced Couarraze and Grossiord (2000) with authorization.
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Table 7.2 Shear rates applied in various concrete

processes

Approximate
maximum shear

Flow pattern rate (s~ 1)

Mixing truck 10

Pumping 20—40

Casting 10

Tattersall two-point device, MKIII 5

(Tattersall, 1991)
BML rheometer (Wallevik, 2003) 10

Roussel (2006b).

rheometers. Materials are subjected to various imposed shear rates (or shear stresses),
and the resulting shear stresses (or shear rates) are measured.

In most concrete rheometers, shear stresses and shear rates are not directly imposed
or measured. As most of the rheometers are based on concentric cylinders or parallel
rotating plates, torque and angular velocities are usually measured. The torque and
rotational velocity values can be transformed into shear stresses and shear rates
(Murata, 1984; Wallevik, 2003; Yahia and Khayat, 2006; Wallevik and Ivar, 2011).
The relevant rate of shear to be used for concrete should take into account the appli-
cations where concrete is processed. Examples of shear rates in different rheometers
and processes are summarized in Table 7.2 (Roussel, 2006b).

The use of such rheological measurements reveals that, in the range of shear rates of
interest, concrete behaves in general as a Bingham material (Tattersall and Banfill,
1983). This model is defined by two fundamental parameters, namely yield stress
and plastic viscosity. In a Bingham material, the shear stresses vary linearly with shear
rate beyond the threshold shear stress, defined as yield stress.

7.3 Different rheological behaviours

Several rheological models have been proposed to describe the flow curve of materials.
These models are identified according to the macroscopic response of the material sub-
jected to various shear rates. The most common models are shown in Figure 7.4.

7.3.1 Newtonian fluids

Newtonian fluids, such as water or oil, are characterized by a viscosity (i.e. the ratio
between shear stress and shear rate) that is independent of shear rate. These fluids
display a linear relation between shear stress and shear rate. The only parameter needed
to describe the model is the slope of the shear stress—shear rate relationship
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3 Shear-thickening
Bingham

Shear-thinning
(pseudoplastic)

Shear stress, 7

Newtonian

) Viscosity
Yield stress

Shear rate, y

Figure 7.4 Illustration of different rheological behaviours — the cases of shear thinning and
shear thickening shown include a yield stress, which is not necessarily always the case.

(Figure 7.4). By definition, this slope corresponds to the viscosity, 1 (Pa-s). Newtonian
materials are characterized by a constant viscosity independent of shear rate. Newton’s
model is given by Eqn (7.4):

T =7y (7.4)
7.3.2 Bingham fluid

The most commonly used rheological model to describe the flow behaviour of fresh
cementitious materials is the Bingham model (Tattersall and Banfill, 1983; Tattersall,
1991; Wallevik and Nielsson, 2003). Unlike the Newtonian model, the Bingham
curve does not pass through the origin, although above the yield stress 7o (Pa) the
increment in shear stress is proportional to the increment in shear rate (Figure 7.5).

(a) A (b) A
© Bingham fluid — |
o o ||
Pl . < || =1,/ 7+
g | T=TotlpY Plastic S || HeT TV He
® viscosity, ‘@ '
£ g |\
(,) hY

Yield
stress, 7,

Newtonian fluid
"~ Newtonian fluid

v
Y

Shear rate (s-7) Shear rate (s-7)

Figure 7.5 Schematic illustration of a Newtonian (discontinuous line) and a Bingham
(continuous line) fluid. (a) Flow curve and (b) Viscosity curve.
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The proportionality factor is called plastic viscosity u, (Pa-s), as illustrated in
Figure 7.5. The Bingham model can be expressed as:

T =70+ MY (7.5)

A modified form of the Bingham model has also been proposed to take into account
the non-linearity sometimes observed with cement-based mixtures, especially at high
shear rate (Yahia and Khayat, 2001; Khayat and Yahia, 1997):

T =10+ pyY + i’ (7.6)

where c is a constant in Pa-s?.

Below the yield stress, the mixture does not flow and behaves as an elastic material.

A number of other materials apparently do not flow under gravity, and are thus
referred to as yield stress materials. The statement that a material does not flow is of
course associated with the time of observation. In suspensions such as cementitious ma-
terials, yield stress is a consequence of the attractive interparticle forces between cement
grains and other fine particles that may or not be in the mix (Barnes, 1997; Roussel et al.,
2012). An overview on these forces is given in Chapter 11 (Gelardi and Flatt, 2016).
This yield stress is then amplified by the presence of inclusions such as sand and coarse
aggregates (Mahaut et al., 2008; Yammine et al., 2008).

However, the existence of a yield stress has long been debated (Barnes and Walters,
1985; Yahia and Khayat, 2001; Moller et al., 2009), mainly because of the inherent
difficulty in measuring it. Indeed, yield stress is determined by the extrapolation of
the flow curve to zero shear rate. The accuracy in determining yield stress therefore
mainly relies on the choice of the rheological models used to describe shear stress/
shear rate flow curves, rheometer geometries (Lapasin et al., 1983; Nehdi and Rahman,
2004) and material behaviour (Roussel, 2012a). Among several models listed by
Banfill (2006), the linear Bingham and the non-linear Herschel-Bulkley models are
widely used to describe the rheological behaviour of cementitious systems.

Yield stress materials exhibit an elastic behaviour below the yield stress. Beyond
this value they behave like a liquid and flow, but are shear thinning, as illustrated in
Figure 7.5. It is widely accepted that cementitious suspensions, such as concrete,
mortar and cement pastes, belong to this category of materials.

7.3.3 Shear-thinning and shear-thickening fluids
with yield stress

Among the non-Newtonian fluids whose viscosity depends on shear rate or shear rate
history, two different behaviours can be observed: shear thinning and shear thick-
ening. Shear-thinning fluids are characterized by a decrease in the apparent viscosity
when shear rate increases. An example is the application of vibration or pumping
pressure that reduces the viscosity of concrete and enhances its flow performance.
On the other hand, shear-thickening fluids correspond to materials for which the vis-
cosity increases as the shear rate increases. The most commonly used model to
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describe the rheological behaviour of these fluids is the Herschel-Bulkley model
given in Eqn (7.7).

T =19+ K’S/" )

where K is the consistency factor (Pa-s), 7q is the yield stress in Pa, and » is the shear-
thinning index (shear thinning if n < 1, shear thickening if n > 1). We note however
that with n > 1, because of yield stress, the behavior will be shear thinning initially and
then turn to shear thickening at higher shear rates.

7.4 Micromechanical behaviour of suspensions

The rheological behaviour of concrete is profoundly affected by the properties of the
paste, and it is at this level that chemical admixtures act. Therefore, in the context of
this book we devote a special section to the micromechanical behaviour of pastes (sus-
pensions). This is influenced by various forces acting in the system, the most important
of which can be summarized as follows:

* Hydrodynamic forces arise from the relative motion of particles to the surrounding fluid,
but dominate for particles larger than =10 um (Genovese et al., 2007);

* Colloidal forces exist between suspended particles and can be attractive or repulsive.
Van-der-Waals, electrostatic and steric forces belong to this category, and are covered
in Chapter 11 (Gelardi and Flatt, 2016);

* Brownian motion arises from thermal randomizing forces causing constant translational and
rotational movements. However, this is of only secondary importance for the micrometre-
size particles found in cementitious systems (see below);

* Inertial forces become important as shear rates increase. They can play a role in shear thick-
ening of cementitious systems, even at relatively lower shear rates when the solids volume
fraction is high;

* Gravitational forces cause segregation of the suspensions unless the particle size and density
are balanced by adequate opposing forces (e.g. colloidal, browning or viscous).

We now discuss the behaviour of particle suspensions in relation to force balances,
placing a particular focus on indicating in which cases it may be influenced by chem-
ical admixtures.

7.4.1 Yield stress

The yield stress originates from the attractive interparticle forces at stake between par-
ticles in flocculated systems above the percolation threshold (¢perc). Electrostatic forces
are also present, but at high ionic strengths they are not sufficiently strong to prevent the
particles from agglomerating (Israelachvili, 1990; Flatt, 1999). Hence, a flow is observed
when the applied stress is sufficient to break down particle networks.

A detailed overview of interparticle forces and their relative importance in cemen-
titious materials is presented in Chapter 11 (Gelardi and Flatt, 2016). In a broader
context, Zhou et al. (1999, 2001) found that the yield stress increases when increasing
the volume fraction and decreasing the particle size for spherical monodispersed
alumina powders. They calculated that, without dispersant, the minimum distance
between adjacent particles is about 2 nm, independent of the particle size.
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Compared to conventional vibrated concrete, self-consolidating concrete, which is
proportioned with a relatively higher volume of powders to lower friction between
aggregates, has a relatively lower yield stress.

Establishing a quantitative relationship for all these parametric dependences is one of
the challenges in proposing a model for yield stress. The yield stress model (Flatt and
Bowen, 2006, 2007) deals with such challenges. It correctly accounts for interparticle
forces, the volume fraction of solids, particle sizes and their distribution, and can also
be extended to polydispersed powder mixes. It discriminates three main contributions
affecting the yield stress (Eqn (7.8)). The first accounts for the powder characteristics
as the particle size distribution (pre-factor m, particle average diameter d, and radius
of curvature a* among particles at contact points) and the Hamaker constant Ag. The
second contribution is & the interparticle distance, on which superplasticizers play a
major role. The third contribution accounts for the impact of volume fraction ¢, which
is affected by ¢,,, the maximum packing fraction and the percolation threshold ¢pe:

~ mAOa* ¢2 (¢ - d’perc)
A’ (¢ — @)

70 (7.8)

The adsorption of superplasticizers on cement surfaces increases the average sepa-
ration distance h, consequently reducing the maximum attractive interparticle forces,
the yield stress and the degree of flocculation.

This average separation distance varies with the conformation and surface coverage
achieved by adsorbed admixtures. Both of these relate to the molecular structure of admix-
tures in different ways. These relations and their impact on rheology are discussed in
Chapter 11 (Gelardi and Flatt, 2016). The extent of adsorption also plays an important
role and can be related to molecular structure (Marchon et al., 2013). The range of molec-
ular structures of superplasticizers is covered in Chapter 9 (Gelardi et al., 2016), and their
adsorption behaviour in Chapter 10 (Marchon et al., 2016).

7.4.2 Viscosity

Shear-thinning behaviour in superplasticized systems has been reported in literature
(Asaga and Roy, 1980; Struble and Sun, 1995; Bjomnstrom and Chandra, 2003;
Papo and Piani, 2004). To examine the origin of this phenomenon better, Hot et al.
(2014) introduced the concept of residual viscosity. This isolates the hydrodynamic
contribution from the yield stress by defining the residual viscosity in Eqn (7.9) as:

Hres = (Mapp —T0/7) (7.9)

They confirmed that at low shear rates, viscous dissipation decreases with
increasing polymer dosage. This occurs mainly in the interstitial fluid between cement
particles, and its extent relates to the conformation of either adsorbed or non-adsorbed
polymer, as discussed in Chapter 16 (Nkinamubanzi et al., 2016).

At higher shear rates cement suspensions become shear thickening (increase of
apparent viscosity at high shear rates), often observed in the presence of superplasti-
cizers (Roussel et al., 2010). This is mostly detrimental, since more energy is needed
to increase the material flow rate, impacting mainly on mixing, pumping and extrusion
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processes (see Table 7.2). The origin of this phenomenon is still debated. Two main
theories are considered here.

The first theory states that the hydrodynamic viscous forces promoting the forma-
tion of hydro-clusters overcome Brownian motions, tending to distribute particles
evenly in the fluid. This relation is expressed by the Peclet number defined as
Pe;, = nod>¥ /kgT, where 1 is the viscosity of the suspending liquid, d the particle
radius, kg the Boltzmann constant and 7 the absolute temperature.

It is worth noting here that Brownian motions are negligible when compared to
attractive forces of particles in the size range of 10-50 pm in flocculated systems
(Roussel et al., 2010). In turn, this contribution becomes important when decreasing
the particle size, and might compete with reduced colloidal forces (Neubauer et al.,
1998). To examine this transition in cement pastes, Roussel et al. (2010) calculated
that the critical shear rate at which shear thickening occurs should be in the order of
1073 s7!, far below realistic conditions. This theory seems to contradict results
showing a decrease in the critical shear rate and an increase of shear-thickening inten-
sity when the dosage of the polymer is increased (Feys et al., 2009; Hot et al., 2014).

The alternative theory proposes the dominance of particle inertia over the viscous
contributions (Feys et al., 2009; Roussel et al., 2010). The critical shear rate decreases
with increasing particle size, as implied by the Reynold number Re = podz'y/ Nos
where pg is the density of the suspending fluid, 1o the viscosity of the suspending
liquid and d the particle radius.

Comparing results from the literature (Rosquoét et al., 2003; Lootens et al., 2003;
Phan et al., 2006), the shear rate at which shear thickening occurs is observed to
decrease with the increase of ¢, where the gap between particles becomes smaller.
Also, if one considers the residual viscosity discussed above, at a given volume frac-
tion the intensity of the shear thickening is independent on the dosage of polymers, and
seems to be promoted only by either collisions or sustained frictional contacts between
particles under vigorous agitation (Hot et al., 2014).

This observation would tend to exclude a possible reduction in surface coverage at
high shear rates, earlier proposed by Cyr et al. (2000). This reduction might occur if
polymers cannot disentangle fast enough, so part of the polymer is pulled out of the sur-
face, leading to higher interparticle forces. However, with increasing polymer dosage
these sites would be very rapidly reoccupied. From this point of view, shear thickening
should not directly depend on the nature of the superplasticizers, but appears more in
highly dispersed systems because of lower volume fractions that can be accessed.

Additionally, it should be mentioned that shear thickening may take place progres-
sively as the shear rate is increased (continuous shear thickening) or discontinuously
(discontinuous shear thickening) (Fernandez, 2014). Recently, the transition between
both modes has been related to a change in the lubrication regimes at particle contacts
(Fernandez et al., 2013).

7.4.3 Thixotropy

Thixotropy is a phenomenon by which the structure of a fluid is broken down
under shear and rebuilt at rest (Barnes, 1997; Roussel, 2006b; Roussel et al., 2012).
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Figure 7.6 Breakdown and build-up of a 3D thixotropic structure.
Reproduced from Barnes (1997) with authorization.

Thixotropy is therefore a reversible process, and a schematic representation of this
can be seen in Figure 7.6.

A well-known thixotropic material is ‘ketchup’. Stirring ketchup turns it from
solid-like state to liquid-like state, and if left at rest it recovers its original viscosity.
In particulate systems, the mechanism of thixotropy (i.e. deflocculation under shear
and flocculation at rest) relies mainly on the interactions between suspended parti-
cles, as explained in Chapter 11 (Gelardi and Flatt, 2016).

In cementitious materials, thixotropy can be present in addition to irreversible struc-
tural breakdown. Thus, these materials can exhibit a combination of both reversible
and irreversible structural breakdown, only the first of which is associated with
thixotropy.

It is worth emphasizing that thixotropy is time-dependent. Immediately after mix-
ing, cement particles are dispersed. At rest, cement particles flocculate due to the
colloidal attractive forces, and form a percolated network of interacting particles.
At a given shear rate, the viscosity evolves towards a steady-state value. A non-
thixotropic shear-thinning fluid, in contrast, would (almost) immediately reach its
steady-state viscosity in response to a change in shear rate.

Cementitious materials are rather complex, and lend themselves to easy mislabel-
ling of their properties. Indeed, they combine both thixotropy and irreversible struc-
tural breakdown. The latter term was introduced by Tattersall and Banfill (1983) to
emphasize the fact that cementitious materials exhibit shear-dependent behaviour. In
particular, when exposed to high shear, as in a concrete mixer, they do not fully
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recover their previous yield stress. However, the ‘residual’ yield stress is associated
with a microstructure that can be broken down under shear and recovered at rest (or
at lower shear rates), which corresponds to true thixotropic behaviour.

Furthermore, because of the ongoing chemical reactions, the yield stress increases
over time. This contributes as an additional irreversible workability loss and the irre-
versible formation of additional hydrates that can contribute to the cohesion of the floc-
culated structure.

In summary, there are many factors that explain the time-dependent rheological
properties of cementitious systems: irreversible structural breakdown, thixotropy and
hydration. Chemical admixtures (including superplasticizers) can profoundly modify
the time-dependent behaviour of cementitious systems, as explained in Chapter 12
(Marchon and Flatt, 2016b). They can affect any of these properties on the basis of their
chemical nature, structure and dosage. To the best of our knowledge, this has not been
systematically investigated, but we report later on some results concerning flow
retention.

7.4.4 Concrete: A visco-elasto-plastic material

Concrete exhibits a visco-elasto-plastic behaviour, because it deforms elastically
below the plastic yield stress and flows only once the yield stress is overcome. As
explained above, in a majority of cases the most important parameter is yield stress,
and this can be obtained from simple stoppage tests (Roussel, 2012b), as illustrated
in Figure 7.7. Yield stress determines the ease of filling forms, and explains why con-
struction was successful (enough) during the decades when only a slump test was used
to characterize concrete rheology.

For some applications plastic viscosity is also important, but in many cases high
accuracy is not needed and some simple tests may again be sufficient (Roussel,
2012a). If a more refined characterization of concrete rheology is needed, concrete
rheometers may be used.
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7.4.5 Bleeding and segregation

Bleeding is a form of segregation driven by gravitational forces that causes the consol-
idation of particles at the bottom and the migration of water to the surface. It has a ma-
jor implication for the long-term permeability and strength of concrete, since this
displacement implies a gradient of density that renders the matrix non-uniform.

Segregation is a more general term for the development of a non-uniform compo-
sition, but not necessarily with a migration of water upwards. It can be induced during
flow by shear forces (Ovarlez, 2012), or at rest by gravity. The stability of aggregates
in a paste can be expressed through a quantitative relation between aggregate size and
yield stress of the paste (Roussel, 2006¢). If aggregates are large enough to segregate,
the extent to which they do so then depends on their volume fraction and maximum
packing (Roussel, 2006c).

Both bleeding and segregation become more probable and ultimately more exten-
sive as the superplasticizer efficiency and/or dosage is increased. This may, however,
be countered by various adjustments to the mix design and/or the use of viscosity
modifying admixtures (VMAS), described in Chapter 20 (Palacios and Flatt, 2016).

Bleeding is influenced by the size and volume fraction of the particles in the sus-
pension, as well as their degree of flocculation. Above a critical concentration of super-
plasticizer, defined as saturation dosage, the attractive forces are so drastically reduced
that the gravitational contribution becomes predominant (Perrot et al., 2012). Conse-
quently, the rheological behaviour becomes essentially Newtonian and particles
have a tendency to settle (Neubauer et al., 1998). For example, in the case of self-
consolidating concrete, which is characterized by very low yield stress compared to
conventional concrete, the stability of aggregates must be given some attention and
ensured by changes in the mix design. When doing so, it is important to remember
that segregation in concrete depends on the yield stress of its matrix, namely the mortar
and not on the yield stress of the concrete itself (Roussel, 2006a).

Yield stress increases with the volume fraction of solids, and a critical volume frac-
tion ¢, above which bleeding does not occur, can be defined. In pastes, this is found to
increase with the dosage of polymer (Flatt et al., 1998), but Perrot et al. (2012) showed
that there is no direct correlation between yield stress and bleeding. Although both
properties depend on interparticle forces, one does not result from the other. In partic-
ular, they do not have the same dependence on solid volume fraction. This implies that
bleeding can be prevented by a combination of adjustments to the mix design, such as
reducing water-to-cement ratio (w/c), increasing the content of fines or adjusting the
superplasticizer type and/or dosage, without compromising the yield stress of the mix.

Furthermore, the use of VMASs can also reduce the bleeding rate (see Chapter 20)
(Palacios and Flatt, 2016). While initially proposed to act by increasing the viscosity of
the continuous phase (Khayat, 1998), there is now evidence that bridging flocculation
(Brumaud, 2011; Brumaud et al., 2014) or dispersion forces may be at play (Palacios
et al., 2012). The latter cases are supported by the observation of increases in yield
stress and critical deformation when using VMAs (Brumaud, 2011; Brumaud et al.,
2014). How superplasticizers and VMAS interact is a subject of ongoing research in
which conflicting statements still remain to be elucidated.
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7.5 Factors affecting concrete rheology

7.5.1 General considerations

The notion of the particulate nature of concrete distinguishes it from many other fluids,
such as water and oil. Indeed, concrete is made of a wide variety of particles whose
diameters vary from a few micrometres (cement and mineral admixtures) or even
sub-micrometre (if silica fume is present) to several tens of millimetres (sand, coarse
aggregate, fibres, etc.). Furthermore, the rheology of concrete changes with time, due
to reversible physical phenomena (flocculation of its fine particles) and irreversible
chemical reactions due to cement hydration described in Chapter 8 (Marchon and Flatt,
2016a).

In addition to mix design, concrete rheology is strongly influenced by the synergic
effect of several parameters — these factors are briefly outlined below. The funda-
mental behaviour of cement pastes was dealt with in the previous section, so here
we only address specific issues in the role of cement composition.

7.5.2 Effect of processing energy on concrete rheology

In every production step, fresh concretes are subject to changes and are deformed to
different extents depending on the energy applied. The typical shear rate values corre-
sponding to each step are given in Table 7.2 (Roussel, 2006b).

As already discussed, the fact that mixing intensity (or more generally the flow his-
tory) affects rheological properties (Tattersall and Banfill, 1983; Williams et al., 1999;
Juilland et al., 2012) and hydration kinetics (Juilland et al., 2012; Oblak et al., 2013) of
cementitious materials is well documented in the literature. This most probably occurs
because changes in ion concentrations (or boundary layer thickness) can for example
modify surface reaction rates, etch pit formation (Juilland et al., 2012) and polymer
adsorption. Consequently, if rheological studies are to be downscaled from concrete
to paste or upscaled from paste to concrete, it is important that the paste is exposed
to the same mixing energy and/or flow history, otherwise its behaviour will not be
the same. In particular, one must keep in mind that aggregates and sand, because
they cannot be deformed, lead to some shear rate concentration and amplification in
the paste located in the gap between these rigid grains. This is why sample preparation
and pre-shear protocols are particularly important when studying cementitious systems.

7.5.3 Effect of solid concentration on viscosity and yield stress

The rheological behaviour of particulate systems depends strongly on the volume of
particles. For Bingham fluids, this holds both for yield stress and plastic viscosity.
Analytical expressions relating viscosity of dispersed suspensions to their volume
fraction exist, but only hold at low volume fraction (<12%) and are therefore not
discussed here.

When the particle concentration is near the maximum ¢, the viscosity of
suspension can be estimated using the empirical Krieger-Dougherty model
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(Krieger and Dougherty, 1959). This model takes into account the effect of the form
of particles (Eqn (7.10)).

— NP max
w(p) = Mo(l —¢i> (7.10)

where

u(¢) is the (apparent) viscosity for a solid concentration of ¢

Lo is the (apparent) viscosity of fluid

¢ is the solid concentration, by volume

7 is the intrinsic viscosity, which is a function of shape of particles (= 2.5 for spherical par-
ticles and between four and seven for cement particles (Struble and Sun, 1995)

¢Pmax 1S the maximum solid concentration, by volume.

As can be seen in Figure 7.8, the viscosity increases with the volume fraction of
solid particles, corresponding to lower w/c ratios. It also diverges to infinity as the
maximum volume fraction is approached. This represents a strength of this model.
Another is the fact that it recovers the correct analytical expression at the limit of
low volume fractions. However, the behaviour in between these two limits is not
necessarily well matched.

The yield stress of concrete increases with the decrease of wi/c ratio, the fineness
of the cement, the coarse aggregate content, etc. The most significant effect, however,
comes from the flocculation of the paste, which results from attractive interparticle
forces. The strength of the flocculated network increases with the number of particle
contacts, and therefore decreases with particle size. This contribution to yield stress
can only be changed by modifying the concentration of the solids. However, the
strength of the individual interparticle forces can be reduced using a high-range
water-reducer, as explained in Chapter 11 (Gelardi and Flatt, 2016).

>

o e

& max ‘;¢

Figure 7.8 Relationship between solid concentration and relative viscosity.
Reproduced from Roussel (2012a) with authorization.
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7.5.4 Effect of paste/aggregate and mortar/aggregate ratio
on the rheology of concrete

In much research the behaviour of concrete is studied using a two-phase approach in
which the concrete is represented by a solid phase (aggregate) suspended in a cement
paste. In this approach, the volume of the liquid phase can be divided into two parts as
shown in Figure 7.9:

* the volume of paste necessary to fill the interparticle voids;
* the volume of paste in excess, which serves as a lubricating layer around the aggregates and
facilitates the flow of concrete.

From this perspective, the rheological behaviour of concrete is influenced by the
rheology of the paste as well as the thickness of excess paste.

The packing density of the granular skeleton is one of the most influential factors in
the rheological parameters of concrete. Indeed, a well-graded skeleton leads to a higher
thickness of excess paste, thus maximizing the beneficial lubricating effect of the paste.
In the case of yield stress, Ferraris and de Larrard (1998) have shown that it is neces-
sary to consider the impact of each of the granular classes on the threshold value
through a model calculating the shear threshold. The results of this model show
(via the coefficients «;) that the impact of the fine particles is greater on the increase

. Volume of
excess paste/mortar

L. Compacted volume

—— Compacted paste/mortar

Volume of concrete
I\

Aggregate

Excess
paste/mortar

Compact
paste/mortar

Figure 7.9 Excess paste/mortar approach. Compacted aggregates leave a certain porosity
among each other that must be filled by paste. Additional paste serves to keep aggregates away
from each other and facilitate flow (excess paste/mortar).

Adapted from Oh et al. (1999) with authorization.
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Figure 7.10 Effect of shape and aggregate content on the rheological diagram, S stands for Sand
and Cagg for Coarse Aggregate.
Adapted from Wallevik and Wallevik (2011) with authorization.

in the yield stress than that of the larger particles. Some parameters that characterize
aggregates and have a direct influence on the rheology of concrete are described in
the following sections.

Crushed aggregates have a surface area greater than rolled aggregates, which results
in a higher wettable surface. Furthermore, because of their shape and greater rough-
ness, use of crushed aggregates results in higher internal friction than using rolled
aggregates. The use of crushed aggregates therefore leads to a simultaneous increase
of the yield stress and viscosity (Figure 7.10).

7.5.5 Effect of paste composition

Not only the volume but also the properties of the paste have an important impact on
the rheology of concrete. The rheology of the paste is influenced by the cement type
and its chemical composition, the w/c used, supplementary cementitious materials,
temperature chemical admixtures and their interactions. The effect of these various
mixture parameters on rheological parameters of the paste are shown schematically
in Figure 7.11.

7.5.5.1 Effect of water content

The volume of water, usually expressed in terms of w/c or water-to-binder ratios, has a
significant influence on both yield stress and plastic viscosity (Figure 7.12). Increased
water content decreases both yield stress and plastic viscosity.

7.5.5.2 Effect of cement

The physical properties (size distribution and fineness) and chemical composition of
the cement have a great influence on the rheology of concrete. In relation to admixture
performance, the most important factors are type and amount of the C3A phase,
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Figure 7.11 Influence of paste formulation parameters on the rheology of concrete.
Reproduced from Newman and Choo (2003) with authorization.

calcium sulphate and soluble alkali. A more detailed account of the reasons for this is
given in Chapter 16 (Nkinamubanzi et al., 2016).

7.5.5.3 Effect of mineral admixtures

A great variety of mineral admixtures can be used as replacement for cement in
concrete to improve certain properties of concrete, as explained in Chapter 1 (Aitcin,
2016a). As for any powder, their particle size distribution, specific gravity, morphology
and interparticle forces are the major factors affecting their rheological behaviour.

Also, the change of the granular packing due to a variation of the concrete mix
design should be taken into account. The choice of mineral admixtures should there-
fore be made by taking into account the mix design, the type and fineness of the cement
and the packing density of the aggregates.

Partial replacement of cement with fly ash generally decreases both yield stress and
plastic viscosity (Tattersall and Banfill, 1983). However, Kim et al. (2012) reported that,
although replacing cement with fly ash in self-consolidating concrete reduces the yield
stress, it may either increase or decrease viscosity, depending on the properties of the fly
ash and its interaction with cement.

The effect of blast-furnace slag on rheology is generally much less apparent than
that of fly ash. Tattersall (1991) reported that it is strongly dependent on the cement
content and slag type.

As mentioned, silica fume can improve rheology when used at low replacement
rates, but alters rheology at relatively higher contents. Due to the small size of its par-
ticles, a small volume of silica fume may enhance the powder particle size distribution.
However, the use of silica fume should always be accompanied by the incorporation of
a dispersant.



Yield stress
(Pa)
Increasing 1000 4
water
?
2 100 § :
k7
3 /” .
7 10 3 i
Shear rate 1 d " " .
0.3 0.4 0.5

Water/cement ratio

Figure 7.12 Influence of the volume of water on rheology.
Reproduced from Wallevik and Wallevik (2011) and Domone (2003) with authorization.
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7.5.5.4 Clays

The presence of impurities, such as clay minerals, may alter concrete rheology or
increase the water and admixture demands. This is discussed in more detail in Chapters
10 and 16 (Marchon et al., 2016; Nkinamubanzi et al., 2016).

7.5.6 Effect of air content on rheology of concrete

As mentioned in Chapter 6, the entrained air in concrete can be beneficial to the work-
ability as well as to the stability of aggregates (Aitcin, 2016b). However, exploiting the
possibility of using entrained air most probably depends on the mix design and pro-
cessing rates.

Recent work suggests that the deformability of entrained air under shear plays a crucial
role (Hot, 2013). At low shear rates (and therefore low levels of stress), surface tension
would prevent entrained air bubbles from deforming and they would behave as solid in-
clusions, apparently increasing the solid volume fraction. This clearly should increase the
plastic viscosity. However, the effect on yield stress is less clear, as it would depend on
the cohesion of the air bubbles in the paste microstructure, which is not known.

At higher shear rates (and therefore high levels of stresses), surface tension would not
be able to prevent entrained air bubbles from deforming, and concentration of shear into
these deformable air bubbles should reduce the plastic viscosity. This shear rate depen-
dence of air is, a priori, an advantage for processing concrete because flow is easier, but
segregation is hindered when concrete is at rest. Examples of practical situations in
which this has been exploited are provided in Chapter 6 (Aitcin, 2016b).

7.6 Thixotropy of concrete

As previously explained, thixotropy is defined as a continuous decrease of viscosity
with time when flow is applied to a sample that has been previously at rest, and the
subsequent recovery of viscosity when the flow is discontinued (Barnes, 1997).

The origin of thixotropy of cement paste was investigated by Roussel et al. (2012),
and short-, medium- and long-term evolutions of fresh cement pastes were described.
Hydrates start to nucleate at the pseudo-contact points between particles within
the network, resulting in formation of bridges between cement particles. Basics of
hydration processes are covered in Chapter 8 (Marchon and Flatt, 2016a), and the
impact of chemicals admixtures on hydration is detailed in Chapter 12 (Marchon
and Flatt, 2016b). In this section, we focus on explaining the consequences in terms
of concrete processing, as well as providing an overview of methods that can be used
to characterize thixotropic behaviour.

7.6.1 Consequences of thixotropy on concrete processing

Studies on thixotropy of concrete are gaining much attention in relation to the use of
self-consolidating concrete (SCC), because it can have either positive or negative
technological consequences (Roussel, 2006b; ACI 237 Committee Report, 2007).
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For example, high thixotropy in SCC is useful to reduce the lateral pressure exerted
by SCC on formwork. However, in the case of multilayer casting, relatively low
thixotropy is preferable to allow good adhesion of a layer of concrete deposited on
a previous layer in a discontinuous placement. In the case of high thixotropys, it is abso-
lutely necessary to use vibrating needles to penetrate substantially into the previous
layer to avoid the formation of a cold joint.

7.6.2 Experimental methods to quantify thixotropy

As mentioned earlier, the study of thixotropy of cement suspensions is complicated, as
it originates from a combined effect of colloidal interactions and cement hydration,
which are influenced by cement composition, fineness, grain size distribution and
chemical and/or mineral admixtures. Thus, there is no broadly accepted method to
measure thixotropy of cementitious materials, but rather a number of test protocols,
some of which are discussed in the following subsections.

7.6.2.1 Hysteresis curves

Ish-Shalom and Greenberg (1960) used hysteresis measurements to characterize
thixotropy of cement pastes. In such tests, the shear rate is increased from zero to
some pre-defined maximum value and then decreased back to zero. When shear stress
is plotted as a function of shear rate, the up (loading) and down (unloading) curves do
not overlap in thixotropic materials, as illustrated in Figure 7.13.

The enclosed area between the up and down curves (i.e. hysteresis) provides a
measure of the degree of thixotropy (Tattersall and Banfill, 1983). However, several
researchers have criticized the use of this hysteresis loop. For example, it was shown
that two suspensions of quite different thixotropic properties could give similar
hysteresis loops (Banfill and Saunders, 1981). Also, Roussel (2006b) stated that
flocculation and deflocculation cannot be separated. Consequently, the measured
area (i.e. thixotropy index) can be the same for a mix displaying fast flocculation
and fast deflocculation as for a mix displaying slow flocculation and slow defloccula-
tion, although the two mixes will behave very differently in practice. Barnes (1997)
also reported that hysteresis loop tests are not recommended because the evaluated
thixotropy is a function of both shear rate and time.

7.6.2.2 Structural breakdown curves

Thixotropy of cement-based systems can be measured using the steady state or equilib-
rium approach. This involves measuring the variation of shear stress with time under a
constant shear rate, as illustrated in Figure 7.14. The shear stress (t;) necessary to
initiate flow at the shear rate is generally related to the initial suspension microstructure
(Shaughnessy and Clark, 1988). On the other hand, the shear stress that decays with
time towards an equilibrium shear stress (t,) corresponds to reaching a steady state
between network breakdown and build-up that is independent of the shear history.
The ‘breakdown area’ (A;) determined at different shear rates between the initial and
equilibrium shear stresses allows to quantify the energy per unit time and volume neces-
sary to break down the initial structure until reaching equilibrium (steady) state.
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Figure 7.13 Example of thixotropic loop obtained with a cement paste submitted successively
to increasing and decreasing shear rate ramps.
Reproduced from Roussel (2006b) with authorization.
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Figure 7.14 Structural breakdown curves at different rotational speeds (expressed in rps)
for a ternary SCC system containing fly ash (FA), silica fume (SF), and set-retarding
admixture (RET).

Adapted from Assaad et al. (2003) with authorization.
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Figure 7.15 Calculation of the structural breakdown area for a ternary SCC system containing
fly ash (FA), silica fume (SF), and set-retarding admixture (RET).
Adapted from Assaad et al. (2003) with authorization.

An example of such results is given in Figure 7.15 for SCC mixtures made with
ternary cement containing silica fume (SF), fly ash (FA) and a set-retarding admixture
(RET) (Assaad et al., 2003). The breakdown area (Ap) in Figure 7.15 can be calculated
using Eqn (7.11):

0.9
Ap = | (T(N) = te(N))dN (7.11)
0.3

where N is the applied shear rate (respectively rotation rate).

The value of A, depends on the measuring procedure, including the time of rest
before the test, the differences between the applied and recorded rotational speeds
and the accuracy of the torque sensor. By fixing these experimental conditions, A, pro-
vides a quantitative mean for comparing the thixotropy of different materials in a more
rigorous way than thixotropy loops.

7.6.2.3 Structural build-up at rest

Another approach for measuring thixotropy involves the determination of the rate at
which structural build-up takes place at rest. This can be done destructively many
times on the same sample, giving it enough recovery time in between measurements.
This procedure is not adequate for chemically reactive systems, which limits its appli-
cability to cementitious systems. However, it is possible to prepare multiple samples
and measure them at different times, which reduces the total time during which
hydration can modify the system behaviour. Non-destructive methods may also be
considered, and may include ultrasound spectroscopy and oscillation rheometry.
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Figure 7.16 Typical torque—time profile for SCC submitted to a rotational speed of 0.03 rps.
Adapted from Assaad et al. (2003) with authorization.

As static yield stress measurements are gaining interest in concrete research, we
present a brief overview of the experimental approach. The measurement of static yield
stress (also referred to as shear-growth yield stress) consists in subjecting the sample to
stress at low and constant rotational speed. This allows the determination of the stress
beyond which the sample starts flowing. As can be seen in Figure 7.16, data show a
first linear elastic region domain, at the end of which yielding occurs when the torque
(respectively the shear stress) reaches a maximum value. This corresponds to the
beginning of microscopic destruction of the internal network due to the presence of
bonds between flocculated particles. The torque, then, decreases to reach a plateau
(equilibrium) value, representing the steady-state yield stress at the applied shear
rate. The yielding torque is taken as a measure of yield stress. Plotting it as a function
of resting time provides a fingerprint of thixotropic recovery at rest after shearing.

7.7 Conclusions

The main objective of this chapter was to give an overview of the most important
factors that affect the rheology of concrete, providing insight into their physical origin.
In the context of this book, it is essential to emphasize that the effect of admixtures
takes place at the paste level, and propagates through length scales to be felt at the
macroscopic level of concrete. Thus, properly conducted studies on paste can provide
correct relative properties at the concrete level for different admixed concretes
(Chapter 16, Nkinamubanzi et al., 2016). However, they cannot directly give the
absolute rheological properties of concrete.
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For this reason, in this chapter we have extended our coverage of concrete rheology
beyond the strict impact of chemical admixtures. In particular, we highlighted the
following.

*  Most of the test methods existing to characterize workability of concrete are empirical. How-
ever, recent research makes it possible to extract real rheological parameters, although the
full shear rate dependence cannot be (easily) obtained without a proper rheometer.

» Concrete behaves as a yield stress fluid, and the yield stress plays an essential role in many
applications. Its viscosity and possible shear thickening must also be taken into account in a
significant number of cases, particularly in formulations with low w/c ratios.

» Concrete exhibits a thixotropic behaviour. Depending on the rate of structural build-up, this
must be taken into account (and possibly also exploited).

Over the past years much progress has been made in understanding concrete
rheology from a practical and a fundamental point of view. Thanks to the remarkable
progress that has been made in processing concrete, for example, pumping concrete
up to 600 m in Dubai (Aitcin and Wilson, 2015). More generally, SCC is increasingly
used to build floors, slabs on the ground and bridge decks, because concrete pouring
can be achieved without any external vibration and with higher productivity.

Terminology and definitions

This section provides the definition of the most important terms and expressions
related to rheology.

Apparent viscosity (iapp) is the ratio between the shear stress and corre-
sponding shear rate. The apparent viscosity is
a function of the shear rate.

Flow curve is the graphical representation of the relation-
ship between shear stress and shear rate.

Newtonian materials correspond to materials in which a linear rela-
tionship exists between shear stress and shear
rate. The coefficient of viscosity is the con-
stant of proportionality between shear stress
and shear rate.

Non-Newtonian materials correspond to materials in which a non-linear
relationship exists between shear stress and
shear rate.

Plastic viscosity (u,) corresponds to the coefficient of proportional-

ity between an increment in shear stress and
the corresponding increment in shear rate
beyond the yield stress.

Rheology is the science of the deformation and flow of
matter.
Rheometer is an instrument used to measure rheological

properties.
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Shear rate (7y) is the rate of change of the shear strain with
time; also known as rate of shear strain.

Shear stress (t) is the component of a stress that causes suc-
cessive parallel layers of a material to move
relative to each other.

Shear thickening corresponds to the behaviour of a material
presenting an increase of its apparent viscos-
ity when the shear rate increases.

Shear thinning (pseudoplastic behaviour) corresponds to the behaviour of a material
presenting a decrease in viscosity when shear
rate increases.

Thixotropy is a reversible time-dependent property of
some materials; it consists of a continuous
decrease of viscosity with time when flow is
initiated, and the subsequent recovery of vis-
cosity after a sufficient period of rest.

Yield stress (1) is the minimum shear stress that should be
applied to initiate the flow of a material. Below
the yield stress, a plastic material behaves as
an ideal elastic solid (it does not flow).
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8.1 Introduction

To better understand the influence of some concrete admixtures on the properties of
the fresh and hardened concrete, it is important to have a good comprehension of
the physical and chemical consequences of hydration. The physical consequences
of cement hydration were discussed in Chapter 3 (Aitcin, 2016). In this chapter,
the chemical background knowledge of cement hydration is presented so that it
will be easier to understand the modification of cement hydration when using con-
crete admixtures (Marchon and Flatt, 2016), as discussed in Chapter 12.

In Chapter 3, it was shown that ordinary Portland cement (OPC) is a material
composed of four main phases, to which a small amount of calcium sulfate
(formerly essentially gypsum but presently as a mixture of different forms of cal-
cium sulfate) has been added (Aitcin, 2016). These four main phases are: alite,
an impure form of C3S; belite, an impure form of C,S; and an interstitial phase
composed itself of two phases, namely tricalcium aluminate (C3A) and tetracalcium
aluminoferrite (C4AF) that are more or less crystallized, depending essentially on
the composition of the raw meal, the maximum temperature in the firing zone,
and its final quenching after its passage in the firing zone. Depending on the
type of final grinding, some gypsum can be partially dehydrated into calcium hemi-
hydrate or even totally dehydrated to form a calcium sulfate, improperly called
anhydrite in the industry.

OPC hydration involves processes of dissolution and precipitation in a complex
chemical system, resulting in the formation of different hydrates. This leads to the
setting and the hardening of the cement. The products of silicate hydration are a gel
of calcium silicate hydrate (C—S—H) and a crystalline phase, calcium hydroxide,
also called portlandite (CH). The hydration reactions between aluminates and cal-
cium sulfate lead to the formation of two different families of phases that are called
trisulfoaluminoferrite hydrates (AFt), in which the most important phase is ettrin-
gite, and monosulfoaluminoferrite hydrates (AFm), composed of positively charged
platelets of calcium and aluminum on octahedral coordination with oxygen. The
AFm phases differ among each other by their counter-ions intercalated between
the platelets: sulfate (the phase is called monosulfoaluminate), hydroxide (hydroca-
lumite), carbonate (monocarboaluminate), carbonate and hydroxyl (hemicarboalu-
minate), and chloride (Friedel’s salt).
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8.2 Hydration of CGA

As C3A is the most reactive phase in cement, its role in (very) early hydration is impor-
tant and concerns both mechanical properties as well as rheological performances. In
the absence of sulfates, C3A reacts quickly with water and leads to a rapid and unin-
tended setting called “flash set.” This is due to the precipitation on the clinker surface
of irregular hexagonal platelets of calcium aluminate hydrates, C4AH 9 or C4AH 3
(depending on the water activity) and C,AHg; both of them convert finally into a cubic
hydrogarnet, C3AHg (Taylor, 1997; Corstanje et al., 1973; Breval, 1976).

To avoid this rapid setting and therefore to keep a needed period of workability
before the setting, calcium sulfate is added to and co-ground with the clinker during
production to control C3A hydration. In the presence of sulfates (here gypsum), the
hydration of C3A leads to the precipitation of ettringite:

C3A + 3C$H, + 26H — CgA$3H3, 8.1)

Depending on the degree of supersaturation, ettringite presents different morphol-
ogies. These can vary from short hexagonal prisms to long needles (Mehta, 1969;
Meredith et al., 2004). Ettringite is stable as long as sulfates are still available in the
system. Provided that ettringite is forming, the concentration of aluminum in the
pore solution is kept at low levels, which has important implications on the hydration
of C3S, as discussed later.

Once the sulfate depletion point is reached, ettringite reacts with the remaining C3A
to form monosulfoaluminate:

2C3A + C¢A$3H3, + 4H — 3C4A$H |, (8.2)

The hydration of C3A in the presence of sulfates is exothermic and isothermal calo-
rimetry allows following the process and dividing it into three main stages (Figure 8.1)
(Minard et al., 2007; Minard, 2003).

The high heat release in stage I represents the dissolution of anhydrous phases and
the rapid precipitation of ettringite. This reaction is quite short and directly followed by
a deceleration, which is not yet fully understood. This could be due to either the for-
mation of a protective membrane of ettringite or AFm phases (Taylor, 1997; Gaidis
and Gartner, 1989; Collepardi et al., 1978; Brown et al., 1984; Gupta et al., 1973),
but more likely to the adsorption of sulfates on active sites of C3A, with the effect
of slowing down its dissolution (Minard et al., 2007; Skalny and Tadros, 1977;
Feldman and Ramachandran, 1966; Manzano et al., 2009). Both hypotheses are the
subject of debate. In the case of the protective membrane, Scrivener and Pratt
(1984) mentioned that the ettringite morphology in needles could not provide a dense
barrier layer that would slow down in a sufficient way hydration of cement (Bullard
et al.,, 2011). Furthermore, AFm precipitation has been observed in both systems
with or without calcium sulfates (Quennoz, 2011; Scrivener and Nonat, 2011). The
fact that only the system with sulfates shows a rapid deceleration is therefore in contra-
diction with the protective layer composed of AFm.
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Figure 8.1 Heat release and conductivity measurements during hydration of C3A with gypsum

in saturated solution with respect to portlandite (L/S = 25).
Adapted from Minard et al. (2007) with authorization.

During stage II (Figure 8.1), although the heat release demonstrates that the reaction
rate is low, a decrease in the conductivity in the middle of this stage (consequence
of a consumption of sulfate and calcium ions) shows that ettringite is still forming
(Minard, 2003).

Stage III starts when sulfate ions are no longer present in solution. At this point, a
second sharp exothermic peak occurs, which is attributed to C3A dissolution as well as
to a faster precipitation of ettringite. During stage III, monosulfoaluminate precipitates
from the reaction between ettringite and C3A.

The source and the content of sulfates in the system have their importance, as they con-
trol the time of occurrence of the depletion point and therefore the length of stage II, the
nature of the aluminate phases forming, as well as their morphology. For a low content of
gypsum, an amorphous coating on C3A particles has been observed and is attributed to an
AFm type phase (Meredith et al., 2004). These reportedly form because normal hydration
of aluminates cannot be totally prevented by a too low degree of sulfatation. In contrast, at
high gypsum content, only ettringite formation has been reported (Hampson and Bailey,
1983). At intermediate gypsum content, at early age, normal precipitation of ettringite
as well as formation of hydrocalumite (which converts slowly into a solid solution
with monosulfoaluminate) have been observed (Minard et al., 2007; Scrivener and Pratt,
1984; Hampson and Bailey, 1983). However, when hemihydrate is used as sulfate
carrier, the initial precipitation of hydroxy-AFm is not observed due to the higher solubi-
lity of hemihydrate, which releases sulfate ions faster (Pourchet et al., 2009).

8.3 Hydration of alite

Although C3A is the most reactive phase, OPC hydration kinetics is dominated by alite
hydration, as it is the main component of cement (50—70%).
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8.3.1 Chemistry and stages of alite hydration

As stated, alite is a tricalcium silicate with impurities, such as aluminum, magnesium,
iron, or sodium. Its hydration leads to the precipitation of C—S—H, an amorphous or
poorly crystalline phase with variable stoichiometry, which is responsible for the
strong development of the cement, and portlandite (CH), a crystalline phase:

C5S + (3—x—n) H,0 — C,—S—H, + 3—x) CH (8.3)

Here, n represents the water to silicate ratio in C—S—H. The CaO to SiO, ratio varies
between 1.2 and 2.1.

The hydration of alite can be divided into five to six periods, as described by
Gartner et al. (2001) and shown in Figure 8.2. These stages are interpreted in relation
to different rate-limiting mechanisms that are discussed in the following sections.
Many of their aspects are still being debated and this does not make the task of
understanding the impact of chemical admixtures on hydration easier. Therefore, we
have attempted to summarize the main points of view present in the literature to
provide a broader base for interpreting the retardation from chemical admixtures. In
particular, we dedicate a special effort to the dissolution stage, which is of particular
importance to chemical admixtures.

8.3.2 Stages 0 and I: initial dissolution

The first peak during stage O is due to the dissolution of alite, which is highly
exothermic. This period lasts only a few minutes and is followed by a first deceleration
in stage I and by a period of low reaction rates in stage II, which is called the induction
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period. The reasons for the first deceleration are not fully understood and various
controversial hypotheses are discussed.

8.3.2.1 Protective membrane

The first hypothesis involves a protective membrane of hydrates on alite surface that
prevents further dissolution and therefore slows down hydration reactions. This layer
of metastable hydrates would either convert into a more permeable stable hydrate
(Stein and Stevels, 1964; Kantro et al., 1962) or would break due to osmotic pressure,
explaining the end of the induction period. By comparing solution concentrations of
pore solutions, Gartner and Jennings (1987) proposed that a first metastable C—S—H
with a higher solubility and protective properties precipitates on the C3S surface. This
metastable C—S—H would undergo a solid-state transformation into a more stable but
permeable C—S—H with a lower solubility, causing the end of the induction period.
Although nuclear magnetic resonance and X-ray photoelectron spectroscopy (XPS)
measurements (Bellmann et al., 2010, 2012; Rodger et al., 1988) show the formation
of an intermediate phase with different characteristics than the final C—S—H, no direct
and visual evidence of such a continuous and impermeable layer has been observed.

8.3.2.2 Dissolution control

A theory based on crystal dissolution from geochemistry and applied on C3S hydration
has been used to explain the first deceleration and the induction period (Lasaga and
Luttge, 2001; Juilland et al., 2010). This theory implies that the dissolution mecha-
nisms depend on the solution concentrations and thus the degree of saturation. Three
regimes of dissolution can be observed. At a very high undersaturation level, two-
dimensional vacancy islands can nucleate on the surface with or without the help of
impurities. This mechanism has a high activation energy barrier; as undersaturation
decreases, it is not possible anymore to create etch pits on plain surfaces but on defects
such as dislocations intersecting with the surface, which have an excess of energy.
Close to equilibrium (at a low level of undersaturation), etch pit openings cannot be
activated anymore, or at least only at a much lower frequency, and slow dissolution
occurs by step retreat at pre-existing roughness. The rate of dissolution will therefore
depend on the density of previously created etch pits. In support of this theory, it can be
mentioned that an extensive pitting has been observed by Juilland et al. (2010) on alite
surface in deionized water, whereas alite hydrated in saturated lime solution presents
smoother surfaces. Additionally, calorimetric measurements performed on treated alite
at 650 °C to remove defects on the surface have shown a quite long induction period.

Dissolution experiments performed by Nicoleau et al. (2013) on the C3S dissolution
rate in the function of undersaturation have shown similarities with the schematic
representation of Juilland et al. (2010): dissolution kinetics of alite changes according
to the solution concentration (Figure 8.3).

The change of dissolution mechanism from the creation of etch pits to the slow
release of ions from preformed steps provides a satisfying explanation for the deceler-
ation and the induction period, where the building up of calcium and silicate in solution
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Reproduced from Juilland et al. (2010) with permission.

increases the saturation degree. Following this hypothesis, the onset of the acceleration
period (i.e., the end of the induction period) would occur when reaching a high enough
concentration for a critical event to occur, possibly the supersaturation needed to pre-
cipitate portlandite. Portlandite formation would increase the degree of undersaturation
with respect to C—S—H, renew C3S dissolution, and therefore offer a greater driving
force for C—S—H precipitation (Bullard and Flatt, 2010; Young et al., 1977). However,
limitations of the slow dissolution step hypothesis have been mentioned by Gartner
(2011) because of a discrepancy between the effective solution concentration when
the dissolution rate decreases and the theoretical values of C3S solubility calculated
from thermodynamics. But, as explained by Scrivener and Nonat (2011), this probably
comes from the solubility of alite, determined by its bulk surface, which is different in
its hydrolyzed state in water. More recently, it was proposed that dissolution kinetics
alone are sufficient to explain hydration kinetics, provided its non-isotropic nature is
taken into account (Nicoleau and Bertolim, 2015). In the same work it was also indi-
cated that etch pits may be opened at a low frequency during the induction period
with possibly important consequences on the overall hydration kinetics.

Physical parameters of the surface have a great importance regarding the dissolution
process and kinetics. The most important ones are the particle size distribution and the
specific surface area. The finer the cement powder, the higher is the specific surface
and the higher is its reactivity. Other parameters include the density of defects
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(MaclInnis and Brantley, 1992), crystal orientation (Zhang and Liittge, 2009), fracture
surface, or damages coming from the grinding process (Mishra et al., in press).

8.3.3 Stage IlI: the induction period

For some authors, the induction period (stage II in Figure 8.2) corresponds to a latent
time until a critical event as nucleation or polymerization of silicates takes place. The
event would mark the end of the period of low chemical activity and the onset of the
acceleration period. For others, the induction period is just the time in which a process
of reducing rate (dissolution) is matched by a process of increasing rate (growth).

From this last perspective, the fast drop of silicate concentration already at the
beginning of hydration proves that C—S—H nuclei form in the very first minutes after
immersion in water and control the hydration kinetics (Garrault et al., 2005a,b;
Garrault and Nonat, 2001; Thomas et al., 2009). During the induction period, C—S—H
nuclei still form and, once they reach a certain critical size, start to grow, which rep-
resents the start of the acceleration period. The importance of the available surfaces
provided initially by the nuclei for further growth has been shown in the study of
Thomas et al. (2009), where stable C—S—H seeds added in hydrating Cs3S
accelerate notably the hydration by shifting the onset of the acceleration period to
earlier times and increasing the slope of the main peak (Figure 8.4).
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Reproduced from Thomas et al. (2009) with permission.
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This means that a certain amount of surface has to be reached to observe the
significant precipitation of hydrates linked to the onset. This would imply that the
induction and the acceleration periods are controlled by the nucleation and growth
of hydrates, which is of course coupled with C3S dissolution through ionic concentra-
tions in the aqueous phase. Although this hypothesis can explain what is going on
during the induction period and the start of the acceleration period, it does not explain
the first rapid deceleration.

8.3.4 Stage lli: the acceleration period

As seen above, during these first periods, concentrations of calcium and silicate
increase until reaching a critical supersaturation level at which hydrates can nucleate
and then grow. Stage III in Figure 8.2 represents the acceleration period, where the
main peak of the heat release corresponds to a massive precipitation of C—S—H and
CH responsible for setting and hardening. This is coupled with an increased dissolu-
tion of C3S, which is mainly responsible for the heat release measured. It is generally
agreed that in this period a heterogeneous nucleation and growth of hydrated controls
the rate of hydration, which is assumed to be dependent on the C—S—H surface area
(Gartner et al., 2001; Gartner and Gaidis, 1989; Zajac, 2007).

8.3.4.1 Structure of C—S—H

As mentioned above, C—S—H is poorly crystalline and is composed of sheets of
calcium and oxygen surrounded by chains of tetrahedral silica, forming the main layers
that are separated by water interlayers (Taylor, 1997). It is generally accepted that the
C—S—H atomic structure is close to the ones of tobermorite and/or jennite—two crys-
talline phases that have a lower calcium-to-silicon ratio than C—S—H (Bonaccorsi
et al., 2005, 2004; Richardson, 2004; Nonat, 2004). Nevertheless, the growth mecha-
nism of C—S—H and its morphology are still a subject of much debate.

Two structural developments have been described: aggregation of nanoparticles
(Jennings, 2000; Allen et al., 1987, 2007; Jennings et al., 2008) and large and defective
sheets of silicate (Gartner, 1997; Gartner et al., 2000). In the first case, C—S—H
particles would grow until reaching a maximum size of some nanometers. These nano-
particles would also provide new surfaces for further heterogeneous nucleation or
agglomerate with other previously formed nanoparticles. This would explain the
lack of long range order in C—S—H.

In the second case, Gartner (1997) assumed that the initially nucleated C—S—H
particles have a tobermorite-like structure mostly consisting of only one layer, which
grows as a two-dimensional product by the addition of silicate chains with regularly
crystallized regions and others containing defects that present a certain curvature. A
second sheet is assumed to nucleate on the perfect region of the first sheet. This second
layer grows along the perfect region until reaching the curvature caused by the defects,
where it separates and continues growing in an independent way. This process leads to
well-organized nanocrystalline tobermorite-like structures surrounded by amorphous
regions. This type of growth with branched nanoparticles might explain the cohesive
characteristics of C—S—H as well as its lack of long range order.
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Besides the uncertainty about the way C—S—H develops on a nanoscale, it also
presents two types of more macroscopic morphology depending on where they develop.
The first one is the outer product that develops from the boundary of the initial grain to
wards the pore space and presents a fibrillar and directional morphology. The second
one is the inner product, which forms in the volume originally filled by the anhydrous
phase and presents a more compact and homogeneous morphology (Richardson, 1999,
2000; Bazzoni, 2014).

Concrete durability is dependent on the microstructure of the hydrated cement
paste, and thus on the development and growth process of C—S—H. As mentioned
earlier, Thomas et al. (2009) showed that the addition of C—S—H seeds not only
increases the C3S or cement hydration rate by providing more surface, but it also
promotes hydrate precipitation in the capillary pore space, which is usually not
possible in nonseeded systems (Figure 8.5). According to the authors, evidence of
the occurrence of these two different processes can be observed on the calorimetric
curves of Figure 8.4, where a shoulder appears before the main hydration peak of
seeded systems and increases with the amount of added seeds. In the same study,
scanning electron microscopy images performed on 28-days-old hydrated C3S clearly
show that the seeding provides a more uniform microstructure with a better distribution
of C—S—H and less pores. This means that promoting a more homogeneous growth of
hydrates impacts positively the microstructure by decreasing the capillary porosity. We
can therefore expect that this should lead to better durability properties at equivalent
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Figure 8.5 Schematic illustration of hydration process a few minutes (a) or several hours

(b) after mixing a paste without seeding. The hydration product nucleates on the surface of the
particles and grows toward the pore space. After some hours, the thickness of the hydration
product limits further grows, which leads to a high volume of capillary porosity. With the
seeding, hydration products precipitate on the surface of the particles and on C—S—H seeds after
some minutes (c), which leads to less porosity after some hours (d).

Reproduced from Thomas et al. (2009) with permission.
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mechanical strengths. Experimental investigation of this hypothesis would be an
interesting subject to examine with important possible practical implications.

8.3.5 The deceleration period

Scanning transmission electron microscopy (STEM) images of early hydrated C3S
have confirmed that C—S—H grows as needles with a well-defined shape outside
the grains (Bazzoni, 2014). The needles form on the C3S surface until reaching a com-
plete coverage that always corresponds to the maximum of the heat release, regardless
of the impingement degree (and therefore the water content and the volume still free of
hydrates). In the same study, to explain the deceleration of hydration leading to stage
IV in Figure 8.2, Bazzoni proposed a transition from outer product to inner product
growth. Instead of having new needles precipitating on previously formed ones,
C—S—H would precipitate at the interface between anhydrous grains and the originally
formed needles, leading to another slower growth mechanism.

This hypothesis shows a similarity with the model developed in Dijon (Garrault and
Nonat, 2001; Garrault et al., 2005a,b), where the authors proposed that C—S—H precip-
itates and grows both parallel and perpendicular to the surface of the particles until full
coverage is reached. At that point, the main hydration peak is reached and the model of
Dijon assumes that C—S—H growth then only proceeds perpendicularly to the surface
(outwards) on previously formed C—S—H. In this case, the lower rate of hydration is
explained by a slower diffusion of ions through the hydrates. A transition to a diffusion
regime because of denser hydrate layer has always been proposed for the deceleration
but has never met all the conditions to explain the experimental observations.

Finally, the lower heat release of stage V corresponds to a limited transport process
through the densifying microstructure.

8.4 Hydration of ordinary Portland cement

8.4.1 Stages of cement hydration

As already mentioned, Portland cement is composed mainly of silicates and a small
amount of aluminates. Therefore, its heat release presents characteristics from the
hydration of those anhydrous phases and can also be divided into five steps corre-
sponding mainly to alite (or C3S) hydration (Figure 8.6).

As for alite, the first exothermic peak in stage I is due to the wetting of the cement
surface and to a fast dissolution of the anhydrous phases. Furthermore, in the very first
minutes, ettringite precipitates due to the high reactivity of the aluminates and the avail-
ability of calcium sulfate. This sharp peak is followed by the sudden slowdown of the
reaction and the induction period (stage II). As discussed earlier, the second main peak
corresponds to the precipitation of the main products of the silicates hydration (stage
IIT), with the increase in heat release mainly being due to the associated simultaneous in-
crease in dissolution of C3S. The reaction then slows down. This second deceleration can
be seen in period 4. During this deceleration, a second peak occurs that represents the sul-
fate depletion point and, as explained earlier, corresponds to a faster precipitation of
ettringite and a higher dissolution of C3A. The last stage (V) is a period of low activity
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Figure 8.6 Schematic representation of the heat release and illustration of the different stages
during the hydration of an ordinary Portland cement.

due to the slow diffusion of species in the hardened material and includes a third peak
corresponding to the formation of AFm from the reaction between ettringite and C3A.

8.4.2 Silicate—aluminate—sulfate balance

To understand all the mechanisms involved during cement hydration, studying the
fundamental mechanisms with pure phases is a first step. However, it is also necessary
to study the interaction between the different phases that might lead to other reactions
or modify kinetics with respect to those observed in pure phase systems. Lerch (1946)
and later Tenoutasse (1968) illustrated, in particular, the importance of the balance
between the silicates, the aluminates, and the sulfates (Figure 8.7).

In a system with 80 wt% of pure C3S and 20 wt% of C3A, Tenoutasse showed that in
the absence of sulfates, the aluminate hydration largely suppresses the silicate hydration.
However, as gypsum is added, the extent of C3S hydration also increases. This addition
also delays the sulfate depletion point. At a certain dosage (about 4% in the case shown
in Figure 8.7), there is an inversion of both peaks, so that the sulfate depletion point oc-
curs right after the main silicate peak. From this dosage on, adding more sulfates further
delays the sulfate depletion point but does not influence the silicate peak.

The explanation for this is thought to lie in the availability of aluminum ions in the
pore solution. Several studies have indeed shown that they negatively impact C3S
hydration (Quennoz, 2011; Odler and Schiippstuhl, 1981; Quennoz and Scrivener,
2013; Begarin et al., 2011; Suraneni and Flatt, 2015). A longer induction period
has been observed by Odler and Schiippstuhl (1981) after the addition of aluminum
in the system. More recently, Minard (2003) and Quennoz (2011) observed that the
extent of C3S hydration can be decreased either by the addition of aluminum ions
in the aqueous phase or by the release of ions from the dissolution of aluminum
containing alite (Quennoz and Scrivener, 2013).
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Figure 8.7 Isothermal calorimetry obtained on mixtures of 80% alite and 20% C3A in the

presence of variable amounts of gypsum (given in the insert).
Adapted from Tenoutasse (1968).

The addition of sulfates results in the consumption of free aluminum ions through
the precipitation of ettringite. The low solubility of this mineral further contributes to
reducing the concentration of aluminum ions in the aqueous phase, thereby preventing
them from negatively affecting alite hydration. Here again, a number of open questions
subsist. For example, the detailed mechanism through which aluminum affects alite
hydration is still debated. One of the explanations proposed is that released aluminum
ions precipitate as C—A—S—H particles, which cannot act as seeds for further C—S—H
growth (Begarin et al., 2011).

Studies performed on silica-containing materials such as quartz or amorphous
silicates showed that the adsorption of aluminum on their surface prevents their
dissolution (Lewin, 1961; Bickmore et al., 2006; Iler, 1973; Chappex and Scrivener,
2012). Therefore, we must also consider that in cement it may be aluminum adsorp-
tion rather than C—A—S—H formation that is responsible for reduced dissolution.
In fact, Nicoleau et al. (2014) showed that aluminate ions do not physically adsorb
but covalently bind onto the surface of the silicate, which strongly inhibits C3S disso-
lution. Although the condensation of these alumino-silicate species is favored at
moderate alkaline conditions, which can be met only in the very first minutes of
cement hydration, the authors mentioned that their stabilization is possible at higher
pH thanks to the presence of calcium ions.

Most importantly, in the context of this book, the role of aluminum on cement
hydration cannot be neglected. Moreover, its significance increases as more and
more supplementary cementitious materials (which generally involve a high content
of aluminum) are used in modern and more environment-friendly concrete. In Chapter
12, we discuss the consequences that admixtures can have on hydration if they perturb
the aluminate—silicate—sulfate balance (Marchon and Flatt, 2016).
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8.5 Conclusions

Although fundamental steps have been made in the comprehension of the different
hydration mechanisms, important points are still subjects of debate. The main
unresolved questions can be summarized as follows:

e Determining the rate-controlling steps for each period (this is a complex task because the
different hydration processes cannot be easily isolated)

* Describing the growth mechanism and the exact structure of C—S—H

* Quantifying the impact of the balance between the silicates, sulfates, and aluminates (in
particular, the exact role that aluminum plays during silicate hydration should be better
defined, something that is highly relevant for many supplementary cementitious materials)

Another level of complexity is added with the use of different types of chemical
admixtures that are known to disturb individually the overall hydration mechanism
by interacting with these different aspects (see Chapter 12: Marchon and Flatt, 2016).
This makes for modermn concrete containing supplementary cementitious materials
and chemical admixtures, a particularly complex system to master. It has therefore
been a main objective of this chapter to present the mechanistic basis of cement hydra-
tion, which Chapter 12 will rely on to discuss mechanisms of retardation (Marchon and
Flatt, 2016). We consider that this issue has become more important since low clinker
concrete formulations tend to have limited early strength, so retardation will become
increasingly less acceptable than it was in the past.
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