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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 (Aïtcin 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.



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.

L
L

25 MPa 75 MPa

3A
A a

3a

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.

xx Preface



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 w/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. Aïtcin
Professeur Emeritus, Département de génie civil,

Université de Sherbrooke, QC, Canada

R.J. Flatt
Institute for Building Materials, ETH Z€urich,

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.



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. InChapter 23, shrinkagemodifiers 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. Aïtcin 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 ACI.

Cement, cementitious materials, binders, fillers

ACI 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 CO2 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.



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 “CO2 content of a binder” represents the amount of CO2 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 CO2, 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 m2/kg with no more than two significant digits. For example, the Blaine
specific surface area of a typical Portland cement is 420 m2/kg and the nitrogen (BET)
specific surface area of a typical silica fume is 18,000 m2/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 (C2S), as suggested by Thornborn in 1897 (Bogue, 1952).

Hemihydrate

We use the abbreviated expression hemihydrate to designate calcium sulfate hemihy-
drate (CaSO4 $

1/2H2O).

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, wherew 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 A1. 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 A1, 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. Aïtcin

Reference

Bogue, R.H., 1952. La chimie du ciment Portland. Eyrolles, Paris.

Terminology and definitions xxxv



This page intentionally left blank



Glossary

d0 Solvent layer thickness (half the minimum separation distance between particle surfaces)
dP Adsorbed layer thickness of a polymer (regardless of its type)
dz Distance between particle surface charge location
q Surface coverage (fraction of surface occupied by polymers)
s Standard deviation
c 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
C2S Bicalcium silicate, 2CaO$SiO2

C3A Tricalcium aluminate, 3CaO$Al2O3

C3S Tricalcium silicate, 3CaO$SiO2

C4AF Tetracalcium ferroaluminate, 4CaO$Al2O3$Fe2O3

CAC Critical aggregation concentration
CE Cellulose ether
CH Portlandite, calcium hydroxide, Ca(OH)2
Class C fly ash A fly ash containing at least 10% CaO
Class F fly ash A fly ash where SiO2 þ Al2O3 þ Fe2O3 > 70%
CMC Critical micelle concentration
CeSeH 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



EO Ethylene oxide (monomer)
FES Electrostatic force between particles
FSte Steric hinderance force between particles
FVDW 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 u-Hydroxy polyethylene glycol methacrylate macromonomer
HPG Hydroxypropyl guar
HPLC High-performance liquid chromatography
HPMC Hydroxypropyl methyl cellulose
kL1 Debye length
k or kB Boltzmann’s constant
kT Thermal energy (product of k and T)
LAS Linear alkylbenzenesulfonate
LNG Liquefied natural gas
LOI Loss on ignition
LS Lignosulfonate (plasticizer)
MA Methacrylic acid
MS Molar substitution
Na2Oequi Alkali equivalent Na2Oþ0,65 K2O
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-modifying 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 SecondWorldWar, 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 ofNewYork in themiddle of the nineteenth
century (Eckel and Burchard, 1913). These cements were produced frommarl 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,



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).
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Table 1 Concrete admixtures by classification

Desired effect Material

Accelerate setting and early-strength development Calcium chloride (ASTM D 98)

Triethanolamine, sodium thiocyanate, calcium formate, calcium nitrite, calcium nitrate

Decrease air content Tributyl phosphate, dibutyl phthalate, octyl alcohol, with insoluble esters of carbonic and boric
acid, silicones

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

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

Reduce alkali-aggregate reactivity expansion Barium salts, lithium nitrate, lithium carbonate, lithium hydroxide

Cohesive concrete for underwater placements Cellulose, acrylic polymer

Increase bond strength, styrene copolymers Polyvinyl chloride, polyvinyl acetate, acrylics, butadiene

Colored concrete Modified carbon black, iron oxide, phthalocyanine, chromium oxide, titanium oxide, cobalt blue

Reduce steel corrosion activity in a chloride environment Calcium nitrite, sodium nitrite, sodium benzoate, phosphates or fluosilicates, fluoaluminates

Retard moisture penetration into dry concrete Soaps of calcium or ammonium stearate or oleate butyl stearate

Petroleum products

Produce foamed concrete with low density Cationic and anionic surfactants

Hydrolyzed protein

Inhibit or control bacterial and fungal growth Polyhalogenated phenols

Dieldrin emulsions

Copper compounds

Cause expansion before setting Aluminum powder

Adjust grout properties for specific applications See air-entraining admixtures, accelerators, retarders, water reducers

Suspend and reactivate cement hydration with stabilizer and
activator

Carboxylic acids

Phosphorus-containing organic acid salts

Continued



Table 1 Continued

Desired effect Material

Decrease permeability Latex

Calcium stearate

Improve pumpability Organic and synthetic polymers

Organic flocculants

Organic emulsions of paraffin, coal tar, asphalt, acrylic

Bentonite and pyrogenic silica

Hydrated lime (ASTM C 141)

Retard setting time Lignin

Borax

Sugars

Tartaric acid and salts

Increase flowability of concrete reduce water-cementing ratio Sulfonated melamine formaldehyde condensates, sulfonated naphthalene formaldehyde
condensates, lignosulfonate materials, polycarboxylates

Increase flowability with retarded set, reduce water-cementing
materials ratio

See superplasticizers and also water reducers

Reduce water content at least 5% Lignosulfonates, hydroxylated carboxylic acids, carbohydrates (also tend to retard set so
accelerator is often added)

Reduce water content (minimum 5%) and accelerate set See water reducer, type A (accelerator is added)

Reduce water content (minimum 12%) See superplasticizers

Reduce water content (minimum 12%) and retard set See superplasticizers and also water reducers

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

Reprinted with permission from the “Canadian Edition of Design and Control of Concrete Mixtures” Portland Cement Association.



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 (ASTMC260) 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:

l 50 g of cement are placed in three 1-L graduated cylinder (or a common plastic bottle); two of
them are full of water. In the right graduated cylinder, 5 cm3 of superplasticizer is added.

l A rubber 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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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

Figure 1 Sedimentation of cement particles with and without a superplasticizer at time t ¼ 0.
The suspension is then left to settle.
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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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water) particles, such as TiO2, Al2O3, CaCO3, 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
waterecement and
waterebinder ratios

1
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

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 waterecement (w/c) and the
waterebinder (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/m3

• 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
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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 w/c

Using a sophisticated three-dimensional model, Bentz and Aïtcin (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 � 3a ¼ 9a2. The surface of the cement particles is 4 � 1/4 (3.14 � a2) ¼ 3.14a2.

The mass of the cement particles in this unit cell is equal to 3.14 (3.14 � a2)
because our theoretical cement has a specific gravity of 3.14. Because the value of
3.142 is close to 10 (9.86 exactly), we can assume that the mass of cement in the

2a

3a

a

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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unit cell is equal to 10a2. The volume (and mass) of water contained in the unit cell is
equal to 9a2 � 3.14a2 ¼ 5.86a2. Therefore, the w/c (mass ratio) of this unit cell is
w/c ¼ 5.86a2/10a2 ¼ 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 1/2(4.24a e 4a) ¼ 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).

Water

Cement

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

Figure 1.3 2D model of a more compact system.
Courtesy of William Wilson.
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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 C3A 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 waterecement and waterebinder 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

Figure 1.4 Hydration of cement particles in the previous system.
Courtesy of William Wilson.
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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

Supplementary
cementitious
material

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

Over the long term, when the supplementary cementitious particles will have
reacted with the lime liberated by the hydration of the Portland cement particles, the
system will be as strong as, or even stronger, than the one 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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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 andManmohan, 2006).

Of course, high-volume slag concrete can be produced in the sameway. 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

Supplementary
cemetitious

material

Figure 1.7 Hydration of the previous system.
Courtesy of William Wilson.
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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

Limestone
filler

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.

Limestone
filler

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 56e91 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 150e180 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 (Aïtcin and Wilson, 2015).
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Phenomenology of
cement hydration 2
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

2.1 Introduction

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

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

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

Curing under water

Curing in air

(a) (b)

(d) (e)

(c)

Figure 2.1 Schematic representation of the Le Chatelier’s experiment.
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hydration of the cement, that is, the fraction of the cement that has been hydrated. This
fraction varies between 0 at the beginning of mixing and 1 when full hydration is
reached. On 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 Hydrationof a cementpastehavingaw/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 2.2 A system of coordinates to represent schematically Powers’ work on hydration
(Jensen and Hansen, 2001).
Courtesy of Ole Jensen.
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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.
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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.
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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.

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.

Degree of hydration

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

R
el

at
iv

e 
vo

lu
m

e

Cement gel

Water

External water

Portland
cement

Gel
water

(1,0)

8% (0,1) (1,1)

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.
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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 2.6 Schematic representation of the hydration of an air-cured 0.60 cement paste.
Courtesy of Ole Jensen.
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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
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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.
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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 pastewhen 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

w/c ratio
Internal
curing Fogging Curing

Greater than 0.42 Not necessary Not necessary Curing
membrane

Lower than 0.42 No Mandatory Evaporation
retarder

Water curing

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 curingmem-
brane on the surface of a concrete having a w/c ratio lower than 0.42 because this curing
membranewill prevent thepenetrationof externalwater needed tofill 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.

References

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),
579e585.

24 Science and Technology of Concrete Admixtures



Granju, J.-L., Maso, J.-C., 1984. Hardened Portland cement pastes, modelisation of the
microstructure and evolution laws of mechanical properties II-compressive strength law.
Cement and Concrete Research 14 (3), 303e310.

Hoff, G., Elimov, R., 1995. Concrete Production for the Hibernia Platform. Supplementary
Papers, Second CANMET/ACI International Symposium on Advances in Concrete
Technology, Las Vegas, pp. 717e739.

Jensen, O.M., Hansen, H.W., 2001. Water-entrained cement based materials: principles and
theoretical background. Cement and Concrete Research 31 (4), 647e654.

Klieger, P., 1957. Early high-strength concrete for prestressing. In: Proceedings of the World
Conference on Prestressed Concrete, San Francisco, pp. A5(1)eA5(14).

Kovler, K., Jensen, O.M., 2005. Novel technique for concrete curing. Concrete International
27 (9), 39e42.

Le Chatelier, H., 1904. Recherches expérimentales sur la constitutions des mortiers hydrauli-
ques. Dunod, Paris.

Marchon, D., Flatt, R.J., 2016a. Mechanisms of cement hydration. In: Aïtcin, P.-C., Flatt, R.J.
(Eds.), Science and Technology of Concrete Admixtures. Elevier (Chapter 8),
pp. 129e146.

Marchon, D., Flatt, R.J., 2016b. Impact of chemical admixtures on cement hydration. In:
Aïtcin, P.-C., Flatt, R.J. (Eds.), Science and Technology of Concrete Admixtures. Elevier
(Chapter 12), pp. 279e304.

Powers, T.C., 1968. The Properties of Fresh Concrete. John Wiley & Sons, New York, 664 pp.
Powers, T.C., Brownyard, T.L., 1948. Studies of the Physical Properties of Hardened Portland

Cement Paste. Reprint from the Journal of the American Concrete Institute. Portland
Cement Association, Detroit, MI, USA. Bulletin 22.

Richardson, I.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, 1733e1777.

Weber, S., Reinhart, H.W., 1997. A new generation of high performance concrete: concrete
with autogenous curing. Advanced Cement Based Materials 6, 59e68.

Phenomenology of cement hydration 25



This page intentionally left blank



Portland cement 3
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

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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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 SiO2$3CaO (Figure 3.2)
• dicalcium silicate SiO2$2CaO (Figure 3.3)
• tricalcium aluminate Al2O3$3CaO (Figure 3.4)
• tetracalcicium ferroaluminate 4CaO$Al2O3$Fe2O3 (Figure 3.4(a)).

The first two minerals constitute the silicate phase of Portland cement, and the
tricalcium aluminate and tetracalcium ferroaluminate its aluminous phasee 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, SiO2

• C represents lime, CaO
• A represents alumina, Al2O3

• F represents iron oxide, Fe2O3.

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

• C3S for 3CaO$SiO2 (tricalcium silicate)
• C2S for 2CaO$SiO2 (dicalcium silicate)
• C3A for 3CaO$Al2O3 (tricalcium aluminate)
• C4AF for 4CaO$Al2O3$Fe2O3 (tetracalcium ferroaluminate).
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Figure 3.2 Tricalcium silicate crystals in two clinkers: (a) small crystals, smaller than 10 mm;
(b) coarse crystals, coarser than 10 mm.
Courtesy of Arezki Tagnit-HAMOU (Aïtcin, 2008).

Figure 3.3 Dicalcium silicate crystals: (a) typical crystal; (b) detail of a dicalcium silicate
crystal.
Courtesy of Arezki Tagnit-HAMOU (Aïtcin, 2008).



The words ‘alite’ and ‘belite’, suggested by Thorborn in 1897 (Bogue, 1952), are
still used to represent the impure forms of C3S and C2S 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

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 (Aïtcin, 2008).
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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
700e800 �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, C2S 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
C2S obtained at high temperature are stabilized. Looking at a CaOeSiO2 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 (Aïtcin, 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 C2S into C3S at a temperature much lower than the 2100 �C needed in the
absence of Al2O3 and Fe2O3. 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 C2S crystals. If the C2S 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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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 C2S 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 Aïtcin
(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, SiO2, Al2O3, Fe2O3, 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 SiO2. 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: 60e65% for grey cements, and close to
70% for white cement. The silica content (SiO2) varies between 20% and 24%. In
contrast, the Al2O3 and Fe2O3 contents are more variable. For example, the Fe2O3 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 Fe2O3 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 Na2O
equivalent that is equal to Na2O% þ 0.58 K2O%.

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

• magnesia MgO
• sulphates expressed as SO3

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

and the loss on ignition is expressed as LOI.
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Table 3.1 Average chemical and Bogue compositions of some Portland cements

Oxide

Cement type

CPA
32.5

CPA
52.5

US type I
without
limestone
filler

Canadian
type 10 with
limestone
filler

Type 20M
low
hydration
heat

US type V
sulphate
resisting

Low-alkali
cement White

CaO 64.4 66.2 63.92 63.21 63.42 61.29 65.44 69.5

SiO2 0 8 20.57 20.52 24.13 21.34 21.13 3

Al2O3 20.5 20.6 4.28 4.63 3.21 2.92 4.53 23.8

Fe2O3 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

K2O 2.93 3.54 0.52 0.82 0.68 0.68 0.21 0.33

Na2O 2.09 0.90 0.34 0.28 0.17 0.17 0.10 0.49

Na2O equiv. 0.90 0.69 0.63 0.74 0.30 0.56 0.22 0.06

SO3 0.20 0.30 3.44 3.20 0.84 4.29 2.65 0.03

L.O.I. 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 e 0.92 1.06

Insolubles e e 0.18 0.64 e e 0.16 1.60

1.50 e e

e e e

Bogue composition

C3S 61 70 63 54 43 50 63 70

C2S 13 6.1 12 18 37 24 13 20

C3A 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 þ C2S 74 76 75 72 80 74 76 90

C3A þ C4AF 17.8 19.5 13.8 16.1 15.0 13.4 17.0 12.8

Specific
surface
area m2/kg

350 570 480 360 340 390 400 460

P
ortland

cem
ent

35



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, C2S, 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 C2S 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 15e16% of the total mass of the cement. Here, too, the two
cements that had total C3S and C2S 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 Na2O 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 m2/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 C2S is transformed into C3S in the burning zone.

The more the C3S, C2S, 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 (450e500 m2/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 (350e400 m2/kg). When making mass concrete, it is better
to use an even coarser cement (300e350 m2/kg).

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 (Aïtcin and Mindess, 2011).

G1, G2 and G3 cement particles contain the same proportions of silicate and inter-
stitial phase, but particle G1 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 G2 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 G5 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 G2

G4

Silicate phase

Silicate phase

Interstitial phase

C3A C4AF

G5

G3

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

In the absence of calcium 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’ e 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 e 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
(Aïtcin 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.
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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, C2S, 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
C2S and C4AF hydrate essentially during Step V.

When C3S and C2S react with water they are transformed into calcium silicate
hydrate and hydrated lime (Ca(OH)2). 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 C2S, because C3S is richer in lime than C2S.

Time of hydration
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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 C2S can be represented schematically by the
following equation:

(C2S, C3S) þ water ¼ C-S-H þ portlandite.

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

(C3A, C4AF) þ calcium sulphate þ water ¼ ettringiteþ monosulphoaluminate.

Combining these two equations, the following equation is obtained:

(C3S, C2S, C3A, C4AF) þ calcium sulphate þ water ¼ C-S-H þ portlandite þ
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 3.8e3.12.

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.

Figure 3.8 Calcium silicate hydrate (external product).
Courtesy of Arezki Tagnit-HAMOU.
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Figure 3.10 Ettringite crystals (E).
Courtesy of Arezki Tagnit-HAMOU.

Figure 3.11 Hydrated tetracalciumaluminate crystals (Afm).
Courtesy of Arezki Tagnit-HAMOU.

Figure 3.9 Portlandite crystals (P).
Courtesy of Arezki Tagnit-HAMOU.
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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 e 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 dissolutioneprecipitation.

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.
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3.7 Hydrated lime (portlandite)

Portland cement hydration results in the formation of a large amount of portlandite:
20e30% of the hydrated mass of cement according to the respective amounts of C3S
and C2S 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 CO2 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 CO2 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 (Aïticin,
2016b).

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

Clinker þ pozzolan þ gypsum þ water ¼ C-S-H þ sulphoaluminates.

Such blended cement also has the advantage of improving the sustainability of con-
crete structures by decreasing their carbon footprint.

Figure 3.13 Hydrated cement paste of a very w/c concrete.
Courtesy of Arezki Tagnit-HAMOU.
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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 (Aïtcin 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 (Aïtcin, 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 C2S,
C3A 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.
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But in a cement kiln C3A traps Naþ ions very easily. This capture of Naþ ions in the
cubic structure generates distortions of the crystalline network, so that when Na2O
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 Na2O 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 Na2O trapped in the C3A network, the higher
the amount of cubic C3A and the more reactive is this C3A. In contrast, the higher
the Na2O 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 e 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 þ C4AF) represents
15e16% 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 e positive for the cement producer and
negative for the concrete producer and the owner of the structure e 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 (Aïtcin, 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 (Aïtcin, 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 6e6.5% 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 (Aïtcin, 2016a).

It is not necessary to create a new type of clinker: let us rely on the Type I/II
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 (CaSO4, 2H2O), 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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(CaSO4,
1/2H2O) 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 (CaSO4) 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 CaSO4,

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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Supplementary cementitious
materials and blended cements 4
P.-C. Aïtcin
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 CO2

• 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
SiO2eCaOeAl2O3 diagram to compare their composition to that of Portland cement
(Figure 4.1).
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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 (SiO2) is built
by assembling SiO4 tetrahedrons having at their summit four large O2� ions (1.32 nm in
diameter) that surround a small Si4þ 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.

Slag

Portland
cement

Class C
fly ash

Class F
fly ash

SiO2

SiO
2

Ca
O

CaO

Natural
pozzolans

Silicocalcic

Silicoaluminous

Al2O3

Al2O3

Silica fume
   Diatomaceous earth
      Rice husk ash

Glass

Clays

Metakaolin

Figure 4.1 Chemical composition of the principal cementitious materials.
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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.

(a)

(b)

Figure 4.2 Comparison of the structure of a glass and a mineral. (a) Disorganized structure of a
glass (2D). (b) Mineral (2D).
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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 (Aïtcin, 2008).
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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

10 15 20 25 30 35 40 45 50 55 60

Figure 4.4 X-ray diffractogram of a vitreous slag.

High
furnaceIron ore and

impurities

Coal and
impurities

Slag

Slag

Pig iron

Fluxing
agent

Figure 4.5 Schematic representation of a high furnace.
Aïtcin, 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 SiO2eCaOeAl2O3 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, E1 or E2, 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 SiO2eCaOeAl2O3, 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% SiO2, and 20% Al2O3.
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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$Al2O3$SiO2) and
ackermanite (2MgO$Al2O3$SiO2). 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 C2S 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).

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 Aïtcin, 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 e 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).

Chimney

Aspiration

Precipitators

Fly ash

Combustion 
zone

Bottom ash

Chimney

Precipitators

Combustion 
zone

Bottom ash

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

10 μm

Figure 4.10 Spherical particles of fly ashes.

1 μm

Figure 4.11 Plerosphere containing cenospheres in a fly ash.
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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).

20 KV
FLY   ASH

10 μm
Figure 4.12 Coarse crystallized fly ash particle.
Courtesy of I. Kelsey-Lévesque.
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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
SiO2 (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 a on a
short-range distance.

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

SiO2

Cristobalite α

(a)

SiO2

SiO2
SiO2

(b)

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

Clays are silicates composed of different layers of ions bonded by OHe ions. Pure
kaolinite (2SiO2$Al2O3$2H2O) is the clay used to make chinaware. It is an alumino-
silicate composed of a layer of tetrahedral SiO2 and octahedral Al(OH)3 ions where
the Al3 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 4.15 Silica fume as seen under an electronic microscope: (a) scanning electronic
microscope e silica fume particles are naturally agglomerated in an as-produced silica fume.
(b) Transmission electronic microscope e dispersed individual particles.

Figure 4.16 Metakaolin particles.
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The Siþ4 ions at the end of the tetrahedrons react with the lime liberated by the hydration
of the C3S and C2S 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 e 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
Itaïpu 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 SiO2 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

(a)

(b)

(c)

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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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 (Aïtcin, 2008).

4.9 Fillers

According to cement standards in several countries, it is possible to replace
15e35% 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.

Table 4.1 Chemical composition of some pozzolanic materials
(Bogue, 1952)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

Loss on
ignition

Santorin earth 63.2 13.2 4.9 4.0 2.1 2.6 3.9 0.7 4.9

Rhenan trass 55.2 16.4 4.6 2.6 1.3 5.0 4.3 0.1 10.1

Punice 72.3 13.3 1.4 0.7 0.4 5.4 1.6 tr.c 4.2

Calcined gaize 83.9 8.3 3.2 2.4 1.0 n.a.b n.a. 0.7 0.4

Calcinated clay 58.2 18.4 9.3 3.3 3.9 3.1 0.8 1.1 1.6

Calcined shale 51.7 22.4 11.2 4.3 1.1 2.5 1.2 2.1 3.2

Blast-furnace
slaga

33.9 13.1 1.7 45.3 2.0 n.a. n.a. tr. n.a.

aBlast-furnace slag is no longer considered as a pozzolan.
bn.a., Not available.
ctr., Trace.
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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 (Aïtcin 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.

(a)

(b)

10 μm

1 μm

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

Figure 4.19 (a) Perlite, (b) enlarged view.
Photos by I. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.
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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 Aïtcin, 1999).

(a)

(b)

100 μm

10 μm

Figure 4.20 (a) Rice husk ash, (b) enlarged view.
Photos by I. Kelsey-Lévesque; Courtesy of Arezki Tagnit-HAMOU.
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Figure 4.21 Typical diffractograms of various forms of amorphous silica used as
supplementary cementitious materials: (a) silica fume, (b) rice husk ash, (c) diatomaceous earth,
and (d) metakaolin.
Courtesy of I. 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 (1e3 days), these blended cements do not have very high
early strength except when their w/c ratio is lowered, as explained in Chapter 1 (Aïtcin,
2016) and by Aïtcin 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 CO2 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 (Aïtcin 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 5
P.-C. Aïtcin
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 (Aïtcin,
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 e the use of seawater
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and of wastewater collected in ready-mix plants e 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 rheology, 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 e 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 e this
is the case in very low w/c concrete;

• there is no more space for accepting the hydrated product e 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 e 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 e 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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5.4 Water and cement hydration

Hydration reaction is described in general terms in Chapters 2 and 8 (Aïtcin, 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 (Aïticn,
2016b). Usually, but not always, the apparent volume decreases: concrete shrinks.
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Figure 5.1 Electrical conductivity and heat release of a blended cement containing 8% silica
fume (Aïtcin, 2008).
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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:

DP ¼ RT

vW
lnðRHÞ

where

DP 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:

DP ¼ 2$g$cos q
r

where

DP is the pressure gradient between the liquid and gas phases
g is the surface tension of the liquid
q 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:

lnðRHÞw1
r

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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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

Figure 5.2 Fogging to prevent plastic shrinkage.
Courtesy of Richard Morin.

Figure 5.3 Application of saturated geotextiles 24 h after casting.
Courtesy of Richard Morin.
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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 (Aïtcin, 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 e 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 50e200 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 e 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 6
P.-C. Aïtcin
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 10e100 mm) 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 3e5% 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 (10e20 L per m3). 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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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 mm, 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 50e60 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 50e60 L filled with air at the center of 1 m3 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 50e60 L of air per cubic meter is
not as strong as a concrete having the same waterecement ratio (w/c) that contains
only 10e20 L of entrapped air. With such reasoning, it is forgotten that to reach the

Ca

Ca

Ca

Ca

Ca

Ca

Film of
air-entraining

agent

Figure 6.1 Air-entrained bubble (anionic type).
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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 30e60 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 8e10% 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 watere
binder ratio (w/b) concretes that contain a high dosage of cement or binder (Aïtcin,
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 50e60 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).

Raphaël 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

Figure 6.2 Ettringite needles formed in an air bubble of a concrete destroyed by freezing and
thawing cycles.
Courtesy of Arezki Tagnit-Hamou (Aïtcin, 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 50e60 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 þ15 �C in 6 h (from �18 to 9 �C in 4e6 h in France). In
Canada, like in France, usually to be considered as freezeethaw 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 freezeethaw 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 � 100 mm2 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 freezeethaw 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 freezeethaw cycles on the microstructure of the con-
crete, its ultrasonic resonance frequency is measured. A concrete is considered to be
freezeethaw 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:

• It is 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 mm 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 mm 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 mm 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 mm. 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 mm. 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
freezeethaw resistant (Pigeon and Pleau, 1995; Aïtcin 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 mm after its pumping. As the batching plant was producing only one
type of concretewhen the ice shieldswere 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 pumpwas 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; K€ulaots and Hsu, 2003; K€ulaots 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 problemwith 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 freezeethaw resistant in Canada, even
in the case of low w/c concretes. When these freezeethaw 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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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 e 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

Table 7.1 Definition of workability based on different evaluations

Category Output

Qualitative
Fluidity
Spread
Stability
Pumpability

Qualitative evaluation

Empirical evaluation
Slump
Slump flow
V-funnel flow time
Vebe

Quantitative evaluation

Fundamental
Viscosity
Yield stress
Thixotropy

Fundamental rheological parameters

Tattersall and Banfill (1983).
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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,

V1
�!

and V2
�!

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

V1
�!

> V2
�!

), 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 (s)
is defined by the following relationship:

s ¼ �F

S
(7.1)

Forces
Area A

y

x

Figure 7.1 Schematic illustration of laminar shear flow.

Layer 2

Layer 1

–F
F

V1
V2

Figure 7.2 Relative movement between two successive layers.
Reproduced from Couarraze and Grossiord (2000) with authorization.
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The shear stress s 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, s 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 t ¼ 0 belong to cross-sections located at
distances x and x þ dx from the fixed plane (Figure 7.3). At a later time t, the particles
of the cross-sections located at x and x þ dx have travelled the distances u(x, t) and
u(x þ dx, t), 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:

gðx; tÞ uðxþ dx; tÞ � uðx; tÞ
dx

¼ duðx; tÞ
dx

(7.2)

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

_g ¼ dg
dt

(7.3)

The shear rate therefore has an inverse dimension of time and is expressed in s�1.

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

Fixed plane

x + dx
u(x + dx)

x
u(x)

tt = 0

dx

x

Figure 7.3 Definition of shear rate.
Reproduced Couarraze and Grossiord (2000) with authorization.

100 Science and Technology of Concrete Admixtures



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 stresseshear rate relationship

Table 7.2 Shear rates applied in various concrete
processes

Flow pattern

Approximate
maximum shear
rate (sL1)

Mixing truck 10

Pumping 20e40

Casting 10

Tattersall two-point device, MKIII
(Tattersall, 1991)

5

BML rheometer (Wallevik, 2003) 10

Roussel (2006b).
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(Figure 7.4). By definition, this slope corresponds to the viscosity, h (Pa$s). Newtonian
materials are characterized by a constant viscosity independent of shear rate. Newton’s
model is given by Eqn (7.4):

s ¼ h _g (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 Níelsson, 2003). Unlike the Newtonian model, the Bingham
curve does not pass through the origin, although above the yield stress s0 (Pa) the
increment in shear stress is proportional to the increment in shear rate (Figure 7.5).

Yield stress
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Viscosity

Newtonian

Shear-thinning
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Bingham

Shear-thickeningτ

Shear rate, γ
. 

Figure 7.4 Illustration of different rheological behaviours e the cases of shear thinning and
shear thickening shown include a yield stress, which is not necessarily always the case.
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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 mp (Pa$s), as illustrated in
Figure 7.5. The Bingham model can be expressed as:

s ¼ s0 þ mp _g (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):

s ¼ s0 þ mp _gþ c _g2 (7.6)

where c is a constant in Pa$s2.
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).

s ¼ s0 þ K _gn (7.7)

where K is the consistency factor (Pa$s), s0 is the yield stress in Pa, and n 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 z10 mm (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 (fperc). 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 A0. The
second contribution is h the interparticle distance, on which superplasticizers play a
major role. The third contribution accounts for the impact of volume fraction f, which
is affected by fm, the maximum packing fraction and the percolation threshold fperc:

s0 y m
A0a�

d2h2
f2

�
f� fperc

�
fmðfm � fÞ (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
achievedbyadsorbed admixtures.Both of these relate to themolecular 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 ofmolec-
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; Bj€ornstr€om 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:

mres ¼ �
mapp � s0= _g

�
(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 _g ¼ h0d

3 _g=kBT , where h0 is the viscosity of the suspending liquid, d the particle
radius, kB the Boltzmann constant and T 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 mm 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
10�3 s�1, 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 ¼ r0d

2 _g=h0,
where r0 is the density of the suspending fluid, h0 the viscosity of the suspending
liquid and d the particle radius.

Comparing results from the literature (Rosquoët 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 f, 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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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

Completely structured - giving
elastic, solid-like response

Partly structured - giving
viscoelastic response

Completely unstructured
- giving viscous, shear

- thinning response

Figure 7.6 Breakdown and build-up of a 3D thixotropic structure.
Reproduced from Barnes (1997) with authorization.
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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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Figure 7.7 Relationship between slump and yield stress.
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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, 2006c). 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 f, 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 VMAs 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 e 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 fmax, 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)).

mðfÞ ¼ m0

�
1� f

fmax

��hfmax

(7.10)

where

m(f) is the (apparent) viscosity for a solid concentration of f
m0 is the (apparent) viscosity of fluid
f is the solid concentration, by volume
h is the intrinsic viscosity, which is a function of shape of particles (¼ 2.5 for spherical par-
ticles and between four and seven for cement particles (Struble and Sun, 1995)
fmax is 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 w/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).

μ
μ 0

maxφ φ

1

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 ai) that the impact of the fine particles is greater on the increase
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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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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 7.10 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.
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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 (Aïtcin,
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.
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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.

114 Science and Technology of Concrete Admixtures



S
he

ar
 s

tre
ss

Increasing
water

Yield stress
(Pa)

1000

100

10

0.3 0.3
1

0.50.4
Water/cement ratio Water/cement ratio

Plastic viscosity
(Pa.s)

0.6

1

0.1

0.01
0.50.4 0.6

Shear rate

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

C
oncrete

rheology:
a
basis

for
understanding

chem
ical

adm
ixtures

115



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 (Aïtcin, 2016b). However, exploiting the
possibility of using entrained air most probably depends on the mix design and pro-
cessing rates.

Recentwork 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 (Aïtcin, 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 thixotropy, 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 (si) 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 (se) corresponds to reaching a steady state
between network breakdown and build-up that is independent of the shear history.
The ‘breakdown area’ (Ab) 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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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 (Ab) in Figure 7.15 can be calculated
using Eqn (7.11):

Ab ¼
Z0:9
0:3

ðsiðNÞ � seðNÞÞdN (7.11)

where N is the applied shear rate (respectively rotation rate).
The value of Ab 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, Ab 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 7.15 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.
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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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Figure 7.16 Typical torqueetime profile for SCC submitted to a rotational speed of 0.03 rps.
Adapted from Assaad et al. (2003) with authorization.
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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 (Aïtcin 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 (mapp) 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 (mp) 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 ( _g) is the rate of change of the shear strain with
time; also known as rate of shear strain.

Shear stress (s) 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 (s0) 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 (Aïtcin, 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 (Aïtcin, 2016). These four main phases are: alite,
an impure form of C3S; belite, an impure form of C2S; 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 (CeSeH) 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 C3A

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, C4AH19 or C4AH13
(depending on the water activity) and C2AH8; both of them convert finally into a cubic
hydrogarnet, C3AH6 (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 þ 3C$H2 þ 26H / C6A$3H32 (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 þ C6A$3H32 þ 4H / 3C4A$H12 (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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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 systemhave 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 onC3A 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 lowdegree 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 (50e70%).
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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 ¼ 25).
Adapted from Minard et al. (2007) with authorization.
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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 CeSeH, 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:

C3S þ (3exen) H2O/ CxeSeHn þ (3ex) CH (8.3)

Here, n represents the water to silicate ratio in CeSeH. The CaO to SiO2 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 0 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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Figure 8.2 Illustration of the different stages of alite hydration following the Ca2þ

concentration evolution and the associated heat release.
Adapted from Gartner et al. (2001).
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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 CeSeH
with a higher solubility and protective properties precipitates on the C3S surface. This
metastable CeSeH would undergo a solid-state transformation into a more stable but
permeable CeSeH 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 CeSeH, 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

Mechanisms of cement hydration 133



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 CeSeH, renew C3S dissolution, and therefore offer a greater driving
force for CeSeH 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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(MacInnis and Brantley, 1992), crystal orientation (Zhang and L€uttge, 2009), fracture
surface, or damages coming from the grinding process (Mishra et al., in press).

8.3.3 Stage II: 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 CeSeH 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, CeSeH
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 CeSeH seeds added in hydrating C3S
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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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 III: 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 CeSeH 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 CeSeH surface area
(Gartner et al., 2001; Gartner and Gaidis, 1989; Zajac, 2007).

8.3.4.1 Structure of CeSeH

As mentioned above, CeSeH 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
CeSeH 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 CeSeH (Bonaccorsi
et al., 2005, 2004; Richardson, 2004; Nonat, 2004). Nevertheless, the growth mecha-
nism of CeSeH 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, CeSeH
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 CeSeH.

In the second case, Gartner (1997) assumed that the initially nucleated CeSeH
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 CeSeH as well as its lack of long range order.
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Besides the uncertainty about the way CeSeH 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 CeSeH. As mentioned
earlier, Thomas et al. (2009) showed that the addition of CeSeH 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 CeSeH 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 CeSeH 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 CeSeH 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,
CeSeHwould 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 CeSeH 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 CeSeH growth then only proceeds perpendicularly to the surface
(outwards) on previously formed CeSeH. 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
III), 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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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 Silicateealuminateesulfate 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 Sch€uppstuhl, 1981; Quennoz and Scrivener,
2013; Begarin et al., 2011; Suraneni and Flatt, 2015). A longer induction period
has been observed by Odler and Sch€uppstuhl (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 8.6 Schematic representation of the heat release and illustration of the different stages
during the hydration of an ordinary Portland cement.
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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 CeAeSeH particles, which cannot act as seeds for further CeSeH
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 CeAeSeH 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 aluminateesilicateesulfate balance (Marchon and Flatt, 2016).
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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).
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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:

• 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 CeSeH
• 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 modern 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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9.1 Introduction

Chemical admixtures are nowadays very important for concrete design, and are essen-
tial for the formulation of concrete with a low environmental impact (Flatt et al., 2012).

Chemical admixtures can modify the properties of fresh or hardened concrete or, in
some cases, both. Superplasticizers and viscosity-modifying admixtures, discussed in
more detail in Chapters 16 (Nkinamubanzi et al., 2016) and 20 (Palacios and Flatt,
2016) respectively, modify the rheological behaviour of fresh concrete. Retarders
and accelerators modify cement hydration, with implications for concrete placing,
and are discussed in Chapters 18 and 19 (Aïtcin, 2016b,c). Admixtures such as air en-
trainers and shrinkage reducers enhance durability; these are dealt with in Chapters 17
and 23 (Gagn�e, 2016a,b).

Besides their main effect, many admixtures have secondary effects. For example,
most compounds used as water reducers or high-range water reducers can cause
some retardation of cement hydration, depending on factors such as dosage and
molecular structure. In some circumstances these secondary effects can be beneficial,
while in others they are undesired. The influence that chemical admixtures have on
cement hydration (Marchon and Flatt, 2016a, Chapter 8) is dealt with in Chapter 12
(Marchon and Flatt, 2016b).

Many chemical admixtures are effective at low or very low dosages, and the reason
for this is that they act at the interface, either solideliquid (as for superplasticizers) or
liquidevapour (as for shrinkage-reducing and air-entraining admixtures). The adsorp-
tion of chemical admixtures at an interface is discussed in Chapter 10 (Marchon et al.,
2016). The working mechanisms of admixtures are discussed in various chapters of
this book, requiring in many cases a good knowledge of their chemical structure.

The main objective of this chapter is to regroup the information about molecular
structure of chemical admixtures to make it easier to compare compounds among
each other. It also serves as a source of chemical structures that may be consulted if
this information is needed for any other chapters.

In preparing this chapter we decided to focus our presentation on organic chemical
admixtures. This choice was guided by the fact that this is where the real added value
of molecular structure comes into play in terms of design of new or modified chemical
admixtures. It is therefore our hope that the chapter may serve not only as a general
reference for people wanting to know about chemical admixtures, but also that it
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may give chemists a comprehensive overview of molecular structures used in practice
and inspire them to design new and/or improved compounds.

9.2 Water reducers and superplasticizers

9.2.1 Introduction

In this section the chemistry of the main types of superplasticizers (SPs), also called
high-range water-reducing admixtures, is presented.

The first part is dedicated to natural polymers, which are rather plasticizers or mid-
range water-reducing admixtures. The use of such dispersants dates back to the 1930s.
Although the performance of natural polymers is limited compared to synthetic ones, it
is worth mentioning them as they are still widely used in the concrete industryemainly
because of their low cost of production.

Next, synthetic linear polymers are described. This category includes some of the
most commonly used SPs, such as polynaphthalene sulphonates (PNS), polymelamine
sulphonates (PMS) and vinyl copolymers. The higher dispersing ability of these com-
pounds qualifies them as true SPs or high-range water reducers (in contrast to ligno-
sulphonates or other low- or mid-range water reducers). They were introduced during
the 1960s and are generally referred to as electrostatic dispersants, although some
show predominant steric effects. They made it possible to develop high-performance
concrete as a reliable form now used in numerous structures. The practical use of
SPs is dealt with in Chapter 16 (Nkinamubanzi et al., 2016).

Finally, the new generation of SPs, namely comb-shaped copolymers, is introduced.
The development of comb-shaped SPs in the 1980s represented a breakthrough in con-
crete technology, as they allow use of a very lowwater/cement ratio (w/c of 0.20 or less)
while keeping good workability. In this regard, one should in particular acknowledge
that the formulation and large-scale use of self-compacting concrete (Okamura and
Ouchi, 1999) have greatly benefited from the introduction of such admixtures. But these
polymers have also found a place in ultra-high-strength concrete (Mitsui et al., 1994).
Comb-shaped copolymers are steric admixtures, meaning that their dispersing ability
is due to steric effects rather than electrostatic repulsion (even if, as mentioned previ-
ously, linear polymers often also work via steric hindrance, this terminology persists
and it would be better to qualify comb-copolymer as “more effective” steric dispersants).
The successful use of these SPs comes mainly from the possibility of tailoring their
design, in terms of both chemical groups and molecular structure, to obtain SPs with
different performance and applications (ready-mix concrete, pre-cast concrete, etc.).

9.2.2 Natural polymers

9.2.2.1 Lignosulphonates

Lignosulphonates (LSs) were the first dispersants added as water-reducing admixtures
to concrete. LSs have been used since the 1930s as plasticizers and water reducers
(Scripture, 1937) and ready-mix concrete represents their largest application.
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LSs are obtained as by-products of bisulphite pulping of wood, which is used to
separate pure cellulose fibres by dissolution of hemicellulose and lignin. Lignin is a
natural and renewable biopolymer present in wood and is, after cellulose, the second
most abundant organic molecule on Earth. The lignin content depends on the wood
species: it is higher in softwood (27e37%) than in hardwood (16e29%). The produc-
tion of extracted lignin amounts to 70 million tons per year: the majority is burnt
for energy recovery and regeneration of pulping chemicals, and only 5% is used
as a chemical product. Native lignin is water-insoluble, and presents a complex
three-dimensional network built from randomly cross-linked monolignols, such as
coumaryl, conyferil and synapyl alcohols.

The chemical process of sulphite pulping (delignification) involves the use of
sulphite (SO3

2�) or bisulphite (HSO3
�) salts (typically sodium, magnesium, ammonium

or calcium) at high temperatures (140e170 �C). During this process, lignin with a
reduced molecular weight is formed because of the breaking of ester bonds that inter-
connect lignin units (fragmentation). At the same time the introduction of sulphonic
groups on the aliphatic chains makes the lignin water-soluble (sulphonation). The
insoluble cellulose fibres are separated from LSs by filtration. The resulting
by-product, called ‘spent liquor’, contains poorly sulphonated lignins of different
molecular size, inorganic salts, extracts from wood and pentose and hexose sugars
coming from the acidic hydrolysis of the hemicellulose. LSs for concrete applications
are further modified to achieve the desired properties.

Earlier presented as a spherical microgel unit, the structure of LSs has now been
described as randomly branched polyelectrolyte macromolecules (Myrvold, 2008).
The structure is formed by phenyl propane units connected in a non-regular manner
by ether or CeC bonds, the latter between the aromatic rings. To optimize both water
solubility and plasticizing effect, the degree of sulphonation is increased, typically up
to 0.5e0.7 per phenyl propane unit, by sulphomethylation with sodium sulphite and
formaldehyde. The sulphonate groups are distributed foremost on the surface of LS
molecules.

LSs contain numerous functional groups, such as carboxylic acid, phenolic hydroxyl,
cathechol, methoxyl, sulphonic acid and various combinations of these. The structure of
a commercial LS is shown in Figure 9.1.

The solubility in water is influenced not only by the degree of sulphonation and
polymerization, but also by the cation, usually sodium or calcium, used in the admix-
ture production. Unlike calcium LSs, sodium LSs are generally more soluble, even at
low temperatures (below �10 �C), preventing precipitation under cold conditions.
Moreover, at constant concentration of counterion, the degree of ionization is higher
in sodium LSs. However, calcium LSs are typically cheaper than sodium LSs, offset-
ting the cost of the extra dosage used to achieve a comparable dispersion.

Approximately 25% of the total solids in spent liquor is sugars, which can have a
strong retarding effect on concrete setting time (see Marchon and Flatt, 2016b,
Chapter 12). LSs can be purified and sugar content reduced by precipitation, alka-
line heat treatment, ultrafiltration or amine extraction. However also sugar-free LSs
show very pronounced retardation, so that the role of sugars is often stated as either
secondary or complimentary. (Reknes and Gustafsson, 2000).
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The molecular weight of commercial LSs ranges from a few thousand to
150,000 Da, showing a much greater polydispersity than synthetic polymers. Ultrafil-
tration can be applied to narrow the molar mass distribution.

The degree of sulphonation increases with decreasing molecular weight, but it does
not depend on the type of wood. Additionally, it was demonstrated that hardwood LSs
have significantly lower molecular weights than softwood LSs (Fredheim et al., 2002).

The molecular weight of LSs and their fractions was typically characterized by size
exclusion chromatography combined with either ultraviolet (UV) or multi-angle laser
light-scattering detectors, but more techniques are available nowadays (Fredheim
et al., 2002; Brudin and Schoenmakers, 2010). The study of LS adsorption on cement
can be carried out by UV absorption at 280 nm prior to a calibration with the LS under
investigation (Gustafsson and Reknes, 2000).

LSs as dispersants in concrete show a limited water reduction capability
(8e10%), with an averaged dosage of about 0.1e0.3% by weight of cement. For
this reason, although LS is the most used material for the formulation of water-
reducing admixtures, it is hardly used in the design of high-performance concrete.
To improve their water-reducing effect, many efforts and studies have been made
to modify the structure of lignins and LSs. Oxidation, hydroxymethylation, sulpho-
methylation processes (Pang et al., 2008; Yu et al., 2013), graft copolymerization of
LS with carbonyl aliphatics (Chen et al., 2011) and modification of lignin by the
introduction of epoxylated polyethylene glycol (PEG) derivatives (Aso et al.,
2013) seem to be effective in enhancing the hydrophilicity of LSs, promoting the
dispersion of cement particles.

Tests with LSs with different molecular weights have shown that higher-molecular-
weight fractions (>80 kDa) cause better plasticizing effects, enabling water reduction
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Figure 9.1 Chemical structure of a lignosulphonate.
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of up to 20% with moderate retardation. Moreover, high-molecular-weight LSs also
improve the workability retention (Reknes and Gustafsson, 2000; Reknes and
Petersen, 2003).

In concrete, commercial LSs show a low content of entrapped air, of about 2%.
This is basically the same as the 1e2% found in ordinary non-admixed concrete.
More details are given in Chapter 6 (Aïtcin, 2016a). However, the air entrainment
can rise to 8% in the presence of high-molecular-weight fractions (Reknes and
Gustafsson, 2000; Ouyang et al., 2006).

LSs are among the cheapest concrete admixtures available on the market, costing
about five times less than a commercial polycarboxylate-ether (PCE)-based polymer
(Kaprielov et al., 2000). In 2005 the annual worldwide production of LSs was
estimated at 1.8 million tons with a commercial value of about US$500 million
(Will and Yokose, 2005). In 2007 up to 90% of total LS production was used in
concrete constructions (Tejado et al., 2007).

9.2.2.2 Casein

Casein is a phosphoprotein found in bovine milk, and makes up to approximately
80% of the total milk protein. Casein is obtained by acid precipitation from milk,
and is easily available in powder with high purity at a low cost.

The casein constituents, a, b, and k-casein, exist in proportions of approximately 5:
4:1 by weight. They differ in the amount of phosphate groups, which are linked to the
amino acid serine through esterification. A proposed model for casein structure is
shown in Figure 9.2.

Casein solubility is pH-dependent. In aqueous solution at neutral pH, casein is
water-insoluble and forms spherical micelles with an average diameter of 150 nm.
When dissolved in alkaline solution (pH 12e13), casein micelles dissociate to form

Submicelle

Protruding
peptide chain

Calcium phosphate

50 nm

Figure 9.2 Model of a casein micelle (cross-section).
Reproduced from Walstra (1999) with authorization.
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negatively charged water-soluble submicelles of about 20 nm (Bian and Plank, 2012).
Caseins possess high anionic charge density in alkaline media, because of the depro-
tonation of the amino acid residues.

Casein has been used as a dispersant and stiffening agent for a long time, but has
only recently been developed for modern construction applications. When used with
an appropriate cement composition, the casein reduces fluidity loss and has minimal
effects on thickening time (Vijn, 2001). In self-levelling underlayments, the addition
of casein provides good dispersing properties at dosages of 0.1e0.4% and shows a
self-healing effect on the surface of the grout. Furthermore, it shows good compati-
bility with a-hydroxy carboxylic acid-based retarders, such as citric and tartaric acids
(Plank and Winter, 2008).

Plank et al. (2008) and Winter et al. (2008) isolated the casein constituents and
found that the a-casein has the highest negative net charge (�24 at pH 6.7) with
respect to the other fractions, concluding that a-casein is the main fraction responsible
for the dispersing effect, adsorbing on cement particles in large amounts. These results
are supported by the fact that a-casein barely intercalates into layered double hydrox-
ides. In this way, a-casein should be more available in solution than b-, and k-caseins
for cement dispersion (Yu et al., 2010). Furthermore, it has been observed that the
unique self-healing property of casein derives from a-casein (Bian and Plank,
2013a). The plasticizing effect of caseins also depends on the content of k-casein. A
high proportion of k-casein promotes the formation of submicelles smaller than
10 nm at alkaline pH, leading to an increased negatively charged surface in contact
with the cement (Plank and Bian, 2010).

As observed for other biopolymers, casein-based water reducers show some disad-
vantages related to variability and storage. Indeed, the quality of casein varies depending
on the species of animal, sampling season, manufacturing process, etc. Moreover,
prolonged exposure to high temperatures (80e100 �C) during its production causes
the denaturation of proteins, resulting in reduced plasticizing effectiveness (Bian and
Plank, 2013b). A further limitation in using casein in cementitious systems is the
unpleasant smell of ammonia due to the biodegradation of proteins under alkaline con-
ditions and the proliferation of pH-tolerant moulds (Karlsson and Albertsson, 1990).

9.2.3 Linear synthetic polymers

9.2.3.1 Polynaphthalene sulphonates (PNS)

PNSs, also known as sulphonated naphthalene formaldehyde condensates (SNFC),
were first developed in the 1930s and originally used in textile chemicals and the
development of synthetic rubber. In the late 1960s PNSs were introduced into the con-
crete admixtures market in Japan as the first synthetized high-range water-reducing
admixture, more commonly called superplasticizer.

The first step of PNS synthesis is the sulphonation of naphthalene with sulphuric
acid, as shown in Figure 9.3(a).

Due to the symmetry of the naphthalene, the substitution of the hydrogen by the
sulphonate can take place in two positions, a or b (Figure 9.4).
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The a-substitution occurs mostly below a temperature of 100 �C, whereas at temper-
atures higher than 150 �C the b-isomer represents the most thermodynamicaly stable
compound (Piotte, 1993). The quality and type of sulphonation are of great importance,
as significant residual amounts of a-naphthalene sulphonic acid, naphthalene and
sulphuric acid may influence the condensation of PNS. Furthermore, only PNSs
polymerized with b-naphthalene sulphonic acid show the expected dispersing effect
(Piotte, 1993). Aïtcin et al. (2001) mentioned that in a well-controlled synthesis of
PNS, the sulphonation degree is about 90%. Furthermore, Piotte (1993) and Piotte
et al. (1995) showed in a study of the quality of a non-purified batch of sulphonated
naphthalene produced in typical conditions, as described in Hattori and Tanino (1963)
and Miller (1985), that about 10% of the sulphonated functions were in position a.

The second step of PNS production (Figure 9.3(b)) is the condensation reaction of
b-naphthalene sulphonic acid with formaldehyde, producing polymethylene naphtha-
lene sulphonic acid. This polycondensation has been described as being similar to the
reaction of phenol-formaldehyde resins (Piotte, 1993): first, after the protonation of its
carbonyl function, the formaldehyde in its reactive form is added to the aromatic ring
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Figure 9.3 Synthetic route for preparation of PNSs. (a) Sulphonation of naphthalene with
sulphuric acid and (b) polycondensation in the presence of formaldehyde.

SO3H

SO3H

Figure 9.4 Chemical structure of naphthalene with a sulphonate group in a and b positions.
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by electrophilic addition. Then, after condensation, the methylol function of this new
compound reacts with a second molecule of naphthalene and forms a methylene bridge
between these two naphthalene molecules.

Once the desired degree of polymerization has been obtained (the molecular weight
being time-dependent), the third and last step of PNS production consists of neutral-
izing the polymethylene naphthalene sulphonic acid with sodium hydroxide. When
it is necessary to obtain a polymer free of alkalis, lime can be used, but filtration
becomes mandatory to remove excess of lime and gypsum.

The conditions of reaction, such as the ratio between the reagents, the steric
hindrance and the conformation changing during the polymerization, have a strong ef-
fect on the final structure of the PNS molecules and their molecular weight. The struc-
ture can be classified into three groups: linear, branched and cross-linked molecules. In
a study of characterization of PNSs by ultrafiltration and high-performance liquid
chromatography (HPLC), Piotte et al. (1995) showed that commercial products gener-
ally exhibit a high degree of polydispersity. They contain up to 10% of oligomers with
a degree of polymerization between one and four, the monomers being the most abun-
dant species. Some 20e30% of the polymers are linear molecules with a maximum
degree of polymerization equal to 20 (which represents a molar mass of about
5000 g/mol) and a maximum population of around 10 (2500 g/mol). Finally, 35%
of the polymers have a degree of polymerization between 20 and 40 (10,000 g/mol),
and about 25% of species have a higher degree that can exceed 200 (50,000 g/mol),
probably due to strong cross-linking. This indicates that commercial PNSs can contain
a large amount of non-linear molecules with a more or less stiff three-dimensional
conformation.

The structural composition of PNSs is an important factor in their dispersing prop-
erties. For example, the monomers and oligomers (degree of polymerization smaller
than four) as well as the cross-linked molecules with a high molar mass do not disperse
cement suspensions. PNS molecules show a dispersing ability when the degree of
polymerization is between 5 and 80, with an optimum around 10 (Aïtcin et al.,
2001). This optimum comes from the fact that at higher degrees of polymerization
highly branched and, in the worst cases, cross-linked molecules cannot be completely
avoided during the reaction, although the branching degree can be controlled by the
amount of formaldehyde used in the condensation process (Miller, 1985). As the
mode of action of these polymers involves adsorption on the solid particles, and
thus the degree of particles coverage, these large molecules with high stiffness prevent
a good covering of the particle surface and therefore lead to a low dispersing effect.

As seen above, characterization of the composition, structure and molar masses of
PNSs is of great importance for determining and approaching the expected dispersing
ability. As for other types of SPs, HPLC has shown its advantage in providing detailed
profiles of the structural composition of commercial PNSs. Furthermore, the amount of
molecules with a low degree of polymerization can be determined by UV spectroscopy
(Piotte, 1993). These two methods can be applied to monitor the evolution of conden-
sation reactions. Besides ultrafiltration to separate the polymeric fractions by molecular
weight, selective precipitation allows the removal of oligomers with alcohols, as the sol-
ubility of the polymer changes with its polymerization degree and the type of alcohol.
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The effect of PNSs on concrete fluidity has been intensively studied, as they were the
most used SPs until the beginning of 2000. These studies include, for example, the effect
of molar masse on adsorption and dispersing effect (Pieh, 1987; Pagé et al., 2000; Kim
et al., 2000; Aïtcin et al., 2001), as discussed earlier, and the effect of the counterions on
the performance of PNS in cement paste (Piotte, 1993), as well as their impact on hy-
dration of cement phases (Singh et al., 1992; Uchikawa et al., 1992; Mollah et al.,
2000). One of the great advantages of PNS is that their use does not alter the stability
of the pore network in air-entrained concrete with freezeethaw resistance, which
explains their wide use in North America (Nkinamubanzi et al., 2016, Chapter 16).
One of the most reported limitations of PNSs as concrete dispersants has been their
incompatibility with low-alkali cement; but here PNSs containing a significant amount
of residual sulphate can improve the situation.

9.2.3.2 Polymelamine sulphonates

The dispersing properties of another family of sulphonate-based SPs, called poly-
melamine sulphonates (PMSs) or sulphonated melamine formaldehyde condensates
(SMFC), were discovered in the 1970s, and they are nowadays still widely used in
the concrete industry.

As for PNSs, the synthesis of PMSs involves several steps. First, formaldehydes
react with the amino groups of the melamine under alkaline conditions, leading to a
methylolated melamine. Under the same alkaline conditions, sodium bisulphite is
used to sulphonate one of the methylol groups (Figure 9.5).

Finally, polymerization by polycondensation is performed under acidic conditions.
Increasing the pH to basic values stops the reaction.

As for PNSs, molecular weight distributions of PMSs are broad. Cunningham et al.
(1989) measured by high-performance size exclusion chromatography a distribution
between 1200 and 44,000 g/mol, with an average molecular weight of 7900 g/mol.
Pojana et al. (2003) mentioned that a PMS exhibits a much higher average number
of oligomeric units (around 50e60) with respect to a PNS (with its average number
around 10). This would imply that PMSs can exhibit a more complex structure with
possibly branched molecules.

As PNSs and PMSs are produced in the same way and were developed and used
in the same period, there is a certain number of comparative studies on use, stability
and toxicity of both admixtures. For example, they have the same water reduction
or plasticizing ability, but cement pastes with a PMS show a higher slump loss.
However, PMSs retard cement hydration less, which is why they are often preferred
in the pre-cast industry (Flatt and Schober, 2012). It should be noted that the use of
PMSs can be limited due to the probable presence in the solution of free formalde-
hydes, which have been listed since 1981 as a human carcinogen (Report on
Carcinogens, 2011).

Another important aspect in toxicity is the impact on the environment when these
SPs are used in concrete at construction sites (Redín et al., 1999; Ruckstuhl and Suter,
2003; Pojana et al., 2003). Ruckstuhl and Suter (2003) showed that oligomers of PNSs
(up to a polymerization degree of four) were found in groundwater close to a tunnel
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being constructed in Switzerland. Similarly, Pojana et al. (2003) observed that released
components of a PMS solution from leaching tests were composed only by shorter
molecules. It seems that in both cases larger molecules that are strongly adsorbed
on cement particles could not be washed out of the cement.

9.2.3.3 Phosphonate-terminated PEG brushes

Polyoxyethylene phosphonates or diphosphonates were developed at the beginning of
the 1990s (Guicquero et al., 1999). These polymers are composed of one PEG chain
with one or two phosphonate groups on one end (Figure 9.6).

The objective of developing such a molecule was to use a functional group with
a higher affinity for cement surface than carboxylic or sulphonate groups. Indeed,
phosphonates are known to have strong complexing ability for calcium, which means
that they have a strong affinity for cement particles owing to the high calcium concen-
tration in cement suspensions. The steric stabilization of these polymers then arises
from the polyethylene glycol chain, which does not adsorb onto the surface and forms
a layer on the particle surface from which other polymer-coated particles are expelled.
The high adsorption and dispersion efficiency in CaCO3 suspensions were shown by
Mosquet et al. (1997) and Chevalier et al. (1997).

Polyoxyethylene phosphonates are polymerized in two steps, as shown in
Figure 9.7.

First, the primary or secondary amino-terminated PEG is produced by anionic poly-
merization of ethylene oxide, initiated by potassium aminoalcoholates. The presence
of the primary or secondary amine group at one end of the chain allows obtaining
the mono- or diphosphonate end group, more specifically called the aminomethylene-
phosphonate group, by Moedritzer reaction with orthophosphorous acid and formalde-
hyde (Moedritzer and Irani, 1966).

The structure of the adsorbed polymer layer on particles consists of free end-anchored
chains, and depends on the polymer molecular weight, solvent quality and the density of
molecules adsorbed on the surface. Two regimes have been observed (Figure 9.8).
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Figure 9.6 Chemical structure of a polyoxyethylene diphosphonate.
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At low coverage, adsorbed macromolecules are independent of each other and have
an unperturbed coil conformation similar to that of non-functional PEG chains in bulk
water. This is the ‘mushroom’ regime (Chevalier et al., 1997; Mosquet et al., 1997),
where the thickness of the polymer layer, L, has been shown to be equal to the polymer
radius of gyration. When the density of adsorbed polymers increases such that the
adsorbed macromolecules cannot be considered as dilute and start to influence each
other, a ‘brush’ regime is reached where the polymer chains stretch away radially
from the surface, increasing the thickness of the adsorbed polymer layer and enhancing
the steric repulsion.

Beside high dispersing ability, this type of SP has important advantages. They show
an increased slump life (Guicquero et al., 1999) and a good resistance to soluble alkali
sulphates due to their specific mode of adsorption and dispersion. Nevertheless, they
induce strong retardation of hydration of C3S, as Comparet et al. (2000) showed. This
is discussed further in Chapter 12 dealing with the retardation of hydration by chemical
admixtures (Marchon and Flatt, 2016b). Due to these properties, the phosphonates are
particularly adapted to extreme conditions, such as hot weather, long slump require-
ment, long-distance pumping or oil-well cementing (Mosquet et al., 2003).

9.2.3.4 Vinyl copolymers

With the development of new concrete technologies, requirements for synthetic SPs
with mixed functionality became more demanding to fulfil the expected performance.
PNSs and PMSs already showed improved properties when polymerized with other
chemical functionalities (Pagé et al., 2000; Shendy et al., 2002). However, the specific
conditions of the condensation reactions limit the number and type of functional
monomers, and thus the development of PNS- or PMS-based polymers with novel
structures. Under these circumstances, a new type of linear polyacrylate-based
polymers, first developed in the 1970s, found its place in the admixtures market in
the 1980s and 1990s.

These polymers are produced by radical copolymerization, which allows greater
possibilities in structural design due to the large number of monomers compatible
with this type of reaction. For example, the monomers can bear sulphonate, carboxylate

Mushroom regime 

L 
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L 

Figure 9.8 Schematic illustration of the change in conformation of end-anchored chains from
a mushroom to a brush regime as a result of an increase in the density of surface occupancy.
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or phosphonate groups as anionic functional groups, as well as ether, amide or amine
groups as bridging functions. This leads to a large variety of copolymers designed
for specific applications and thus expected performance (Bradley and Szymanski,
1984; Jeknavorian et al., 1997; B€urge et al., 1994). Two examples are illustrated in
Figure 9.9.

Unlike a PNS, which shows a molecular weight depending on reaction time, the
molecular weight of these vinyl copolymers depends on the conditions of the radical
polymerization, such as the quantity of initiator, the chain transfer agent and the type
and reactivity of the monomers. In general, these molecules show a higher dispersing
efficiency than PNSs and a significantly longer slump life (M€ader et al., 1999), but
induce higher hydration retardation.

Vinyl copolymers represent the first step towards a new type of copolymers with
side chains, called polycarboxylate ethers and developed later in the 1990s. These
polymers, described below, mostly replaced vinyl copolymers in the 2000s as they
showed a greater variety of structural design for better performance.

9.2.4 Comb-shaped copolymers

Comb-shaped copolymers are the last-generation SPs and were introduced in the
mid-1980s (Tsubakimoto et al., 1984). This category includes many types of SPs
exhibiting the same common comb-like structure.

The structure of comb-shaped SPs generally consists of a main chain, the so-called
backbone, bearing carboxylic groups, to which non-ionic side chains made of
polyethers are attached (Figure 9.10). These SPs are also called polycarboxylate ethers,
polycarboxylate esters or polycarboxylates (PCEs).

The carboxylic groups, dissociated in water, confer a negative charge to the
backbone. The negatively charged backbone is responsible for the adsorption of the
SP onto the positively charged cement particles. The resulting charge of cement particles
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Figure 9.9 Chemical structure of two vinyl copolymers.
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is lower compared to that induced by LSs, PNSs and PMSs. The dispersing ability of
PCEs comes from the non-adsorbing side chains, which are responsible for the steric
hindrance effect. While the adsorption depends strongly on the number of free carbox-
ylic groups, the steric stabilization depends on the amount and length of the side chains
of the adsorbed polymer (Flatt et al., 2009; Nawa et al., 2000). More precisely however,
adsorption is affected by all structural parameters of the polymer, but to different extents
(Marchon et al., 2013, 2016). More details about the dispersion mechanism of comb-
shaped SPs are given in Chapter 11 (Gelardi and Flatt, 2016).

The key to the success of PCE SPs lies in the fact that they offer a broad range of
possible molecular structures. Since the molecular structure greatly affects the perfor-
mance of PCEs, tailoring their molecular structures enables the production of SPs with
quite different properties that can be used in a broader range of applications.

The main factors determining the performance of polycarboxylates are:

• length of the backbone
• chemical nature of the backbone (acrylic, methacrylic, maleic, etc.)
• length of the side chains
• chemical nature of the side chains (PEG, polypropylene oxide, etc.)
• distribution of the side chains along the backbone (random, gradient)
• anionic charge density
• linkage between backbone functionalities and side chain (ester, ether, amide, etc.).

Two main synthetic approaches are used for producing PCEs. One is the free radical
copolymerization of a monomer bearing carboxylic groups and a monomer bearing the
side chain. This route is the most common, especially in industry, as it has a simpler
experimental procedure and is cost-effective. Moreover, radical copolymerization is
ideal for the incorporation of different kinds of monomer into the main chain. This pro-
cedure leads to a gradient distribution of the side chains along the backbone. It also
gives rise to PCEs with a high degree of polydispersity, in terms of both statistical dis-
tribution of the monomers and size of the polymers. Since the reactivity of the two
monomers can be different, PCEs synthesized by free radical copolymerization may
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Figure 9.10 Schematic drawing of the comb-like structure of a PCE.
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have a gradient distribution of side chains along the backbone. The typical polydisper-
sity index (PDI) for such PCEs is between two and three.

The other approach is the polymer analogous esterification or amidation of a
preformed backbone bearing carboxylic groups with monofunctional PEG. This
procedure can lead to PCEs with a narrower distribution of structures and molecular
weights, due to the fact that the length of the backbone is fixed, and also the side chains
introduced this way are more uniformly distributed along the backbone.

A schematic representation of the two main synthetic routes is shown in
Figure 9.11.

Recently, controlled radical polymerization techniques, such as reversible
addition-fragmentation chain-transfer or RAFT polymerization, have been used for
the production of methacrylic-based PCEs with a well-controlled structure (Rinaldi
et al., 2009). These approaches should provide relatively monodisperse SPs that
can serve as models for fundamental studies on the working mechanism of PCEs.
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Figure 9.11 Schematic representation of the two main routes for synthesizing an acrylic or a
methacrylic-based PCE (R ¼ H, CH3).
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9.2.4.1 Chemical nature of the backbone

In acrylic-based copolymers the monomer unit of the backbone is acrylic acid, while
the bond between these units and the side chains is an ester or amide bond
(Figure 9.12).

The ester bond of acrylic-based as well as maleic-based SPs is prone to undergo
hydrolysis in an alkaline medium, such as the aqueous phase of a cementitious system.
The cleavage (detachment) of some of the side chains leads to an increase in the
number of free carboxylic groups. Thus PCEs with higher charge density, and there-
fore adsorption ability, are formed over time. The change of adsorption ability can
compensate for the flow loss of cement paste. Indeed, this feature has been exploited
for the production of cement dispersants with improved slump-retention ability.

Cross-linked acrylic-based SPs show similar retention ability. A recent example of
such dispersants is the PCE with a hyperbranched structure described by Miao et al.
(2013). In this case the hydrolysis of the ester bond provides a continuous supply of
SPs for adsorption on cement grains (Figure 9.13).

If methacrylic acid is used instead of acrylic acid, the resulting PCEs will be more
stable towards hydrolysis of their side chains.

The hydrolysis of the ester bond can be overcome by substitution with more stable
bonds. Amide, imide and ether bonds are examples, and are frequently introduced in
the structure of PCEs for this purpose (Figure 9.14).

Allyl ether macromonomers are also frequently copolymerized with acrylic acid,
maleic acid or maleic anhydride to produce PCEs. Compared to methacrylic-based
PCEs, allyl ether-based SPs show generally a lower adsorption but better slump reten-
tion (Liu et al., 2013). Moreover, it has been demonstrated that they are more effective
with silica fume (Schr€ofl et al., 2012). Plank and Sachsenhauser (2006) synthesized
a-allyl-u-methoxypolyethylene glycol-maleic anhydride copolymers with a well-
defined primary structure of alternating monomer units. This was possible because
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Figure 9.12 Structure of a PCE with an acrylic backbone and PEG side chains.
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neither maleic anhydride nor allyl ether monomer undergoes homopolymerization.
Isoprenyl oxypoly(ethylene glycol) macromonomers have been copolymerized with
acrylic acid to produce PCEs with side chains connected by ether bonds (Yamamoto
et al., 2004).

The type of monomer constituting the backbone of a PCE affects its performance as
an SP. For instance, although the chemistry of the backbone of acrylic- and maleic-
based SPs may look the same, such PCEs show different adsorption behaviour. This
is due mainly to the additional chelating ability of the vicinal carboxylic groups of
the maleic units. Methyl groups in a-position with respect to the carbonyl, as for meth-
acrylic- and methallylic-based SPs, reduce the mobility of the main chain and can thus
change the adsorption behaviour of the polymer. The flexibility of the backbone can be
modified by the introduction of so-called spacer molecules, like for example styrene
monomers (Figure 9.15).

The adjustment of the SP chemistry allows tailoring polymers with peculiar
properties e for instance sulphate tolerance, as for allyl ether-based PCEs containing
a five-membered lactone ring (Habbaba et al., 2013), or clay tolerance, as for terpoly-
mers made of methacrylic acid-monoalkyl maleate-HBVE (Lei and Plank, 2014).

Recently, silyl functionalities were introduced in the methacrylate backbone of
PCEs (Witt and Plank, 2012). The incorporation of such groups into the main chain
of methacrylic-based SPs with a high grafting degree was found to increase the

=Sulfhydryl-containing macromonomer

Figure 9.13 Possible structure of a hyperbranched PCE.
Adapted from Miao et al. (2013).
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adsorption of such SPs. Fan et al. (2012) showed that incorporation of organosilane
(trimethoxysilane) functionalities leads to SPs with high sulphate tolerance
(Figure 9.16).

Methallyl sulphonic acid has been copolymerized in the acrylic backbone chain
(Yamada et al., 2000).
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Amphoteric PCEs have been synthesized with the aim of improving the adsorption
of the SP onto the negatively charged compounds, such as silica and calcium silicate
hydrate, depending on the calcium concentration. These amphotheric PCEs were
produced by polymerizing monomers bearing carboxylic groups with quaternary
ammonium groups in the main chain, and showed significant performance benefits
(Miao et al., 2011).

A new type of comb-shaped SPs is based on polyphosphonic acids. The structure is
similar to that of PCEs, but the backbone is made of phosphonic groups (Bellotto and
Zevnik, 2013). These SPs were found to be effective in self-consolidating concretes
and more robust with regard to minor variations in the constituents of concrete.
However, they have been reported to induce substantial retardation.

9.2.4.2 Chemical nature of side chains

Side chains used in the production of PCEs are usually made of PEG, also inaccurately
called polyethylene oxide (PEO), with molar masses from 750 to 5000 g/mol. PEG
with different masses, and therefore lengths, can be incorporated in the same polymer
to balance the charge density.

PEG side chains confer high hydrophilicity to the PCE. The hydrophilic character
of such PCEs can be reduced by using polypropylene oxide (PPO) side chains instead
of PEG. They can also be copolymerized to produce mixed side chains of varying
water solubility. PCEs with PPO side chains give a different performance; for instance,
they were found to reduce air entrainment (Hirata et al., 2000).

PEG is usually introduced, in both polymer analogous esterification and synthesis
of the macromonomer for radical copolymerization, as a monofunctional PEG. Its
form is typically methoxy-PEG. The presence of PEG, a bifunctional molecule, during
esterification would lead to cross-linking of polymer chains and formation of a
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Figure 9.16 Structure of comb-shaped copolymers also carrying silyl functions.
Adapted from Fan et al. (2012).
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water-insoluble gel. However, PCEs with hydroxyl-terminated PEG side chains can be
prepared by radical copolymerization of methacrylic acid and u-hydroxy PEG meth-
acrylate macromonomer (Plank et al., 2008). In terms of performance these PCEs
behave similarly to methoxy-terminated PCEs.

The market for comb-shaped copolymers is dominated by PCEs with PEG or PEG/
PPO as side chains. However, some attempts have been made to use other types of side
chains. For instance, it has been demonstrated that PCEs with ethoxylated polyamides
and PEG as side chains can be very effective as dispersants and allow use of a w/c ratio
as low as 0.12 (Amaya et al., 2003).

9.2.4.3 Characterization of comb-shaped superplasticizers

Comb-shaped SPs, like polymers in general, are not monodisperse. PCEs are charac-
terized by a high degree of polydispersity, as they can differ in the length of both back-
bone and side chains, as well as in the grafting degree. With respect to other SPs, PCEs
are more complex than linear ones, such as PNSs or PMSs; but their polydispersity is
limited compared to that of LSs.

The first step of the characterization of such complex polymers is the determination
of their average properties. The anionic charge density of comb-shaped SPs can
be easily determined by acidebase titration or titration with cationic polyelectrolytes,
such as polydiallyldimethylammonium chloride (Plank and Sachsenhauser, 2009).
The grafting degree of a comb-shaped acrylic-based SP, as well as the number average
molecular weight of the PEG side chains, can be estimated by proton nuclear magnetic
resonance (NMR). The 1H-NMR spectrum of an acrylic-based PCE is shown in
Figure 9.17.

Carbon-13 NMR has been shown to be a powerful tool to investigate the micro-
structure of these polymers, in particular in studying the repartition of the comonomers
along the backbone (Borget et al., 2005). Moreover, the conformation in solution of
comb-shaped SPs can be studied by static and dynamic light scattering, which provide
average gyration and hydrodynamic radii, respectively. However, in many cases
PCEs are on the lower end of the detection level, so these results must be treated
with care.

Besides the determination of average properties, there is a need to consider the
distributed properties. The role of the molar mass distribution of PCEs in adsorption
behaviour has already been pointed out (Winnefeld et al., 2007). Furthermore, it has
been shown that the distribution of the side chains along the backbone also plays an
important role. For instance, for a same average grafting degree, polymers with a sta-
tistical and a gradient distribution of side chains do not show the same adsorption
(Pourchet et al., 2012).

HPLC has been successfully used to distinguish between adsorption of different
polymeric fractions (Flatt et al., 1998). However, understanding of the structuree
activity relationships requires the use of more advanced techniques. Two-
dimensional chromatography is a promising technique for this purpose (Adler
et al., 2005).
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9.2.4.4 Conformation of PCEs in solution

Conformation of comb-shaped copolymers in solution can be derived from the model
by Gay and Raphaël (2001) for comb-shaped homopolymers in a good solvent.
According to this model, comb-shaped homopolymers can be seen as an assemblage
of n repeating units, each containing N monomers along the backbone and one side
chain of P monomers (Figure 9.18).

Depending on the relative magnitude of these three structural parameters, the
homopolymers can assume five different conformations (Figure 9.19). The possible
conformations, shown in the phase diagram in Figure 9.19, are as follows.

1. Decorated chain (DC).
2. Flexible backbone worm (FBW).
3. Stretched backbone worm (SBW).
4. Stretched backbone star (SBS).
5. Flexible backbone star (FBS).

The PCEs used as dispersing agents most often belong to the FBW regime. This
regime is typical of comb-shaped polymers whose side chains are short compared to
the backbone. In this conformation, the comb-shaped homopolymer can be seen as
a chain of cores, each having a radius of gyration RC. Both the radius of gyration of
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Figure 9.17 1H-NMR spectrum of a PCE made of an acrylic backbone and methoxy-PEG side
chains.
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the core and the overall chain follow a Flory scaling law. By minimizing the Flory free
energy, the following expression for the overall radius of gyration of a comb-shaped
homopolymer in the FBW conformation can be derived:

R ¼ RC

�
n

nC

�3=5

¼ ð1� 2cÞ1=5aP2=5N1=5n3=5 (9.1)

n 

1

1

2

P

2 N

Figure 9.18 Schematic notation of the structure of a comb-shaped copolymer or homopolymer
made of n repeat units each carrying one side chain made of P monomers and a backbone
segment of N monomers.
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Figure 9.19 Phase diagram for comb-shaped homopolymers with the structure defined in
Figure 9.18.
Reproduced from Gay and Raphaël (2001) with authorization.
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where

nC ¼ number of side chains per core
c ¼ Flory parameter
a ¼ monomer size.

Flatt et al. (2009) extended this equation to comb-shaped copolymers having
monomers of different size along the backbone and in the side chains. Equation
(9.2) can be rewritten as:

R ¼
 �

aN
aP

�2 ð1� 2cÞ
2

!1=5

aPP
2=5N1=5n3=5 (9.2)

with aN and aP being the size of the backbone and side-chain monomers, respectively.
For methacrylic backbones aN ¼ 0.25 nm, and for PEG side chains aP ¼ 0.36 nm and
c ¼ 0.37.

9.3 Retarders

9.3.1 Introduction

There are a very large number of compounds that may be used as retarders. Examples of
these and their applications are given in Chapters 12 (Marchon and Flatt, 2016b) and 18
(Aïtcin, 2016b). Many retarders also have a water-reducing action, and many water re-
ducers also have a retarding action on cement hydration e as stated by Collepardi
(1996), who chose to treat retarders and water reducers together in a single chapter of
a handbook of chemical admixtures. In this chapter we give only a very brief overview
of the chemistry of retarders, and then focus more extensively on the case of sugars.

LSs (discussed earlier) may be considered as retarders that additionally have a
decent water-reducing ability, or vice versa. Other compounds, such as hydroxycar-
boxylic acids or salts thereof, as well as carbohydrates lean more clearly towards
the role of retarders that may additionally offer some (small) water-reducing ability.

Various inorganic salts are also known to retard cement hydration (see Aïtcin,
2016b, Chapter 18). However, as they are higher priced than organic alternatives,
they are not used much in practice (Collepardi, 1996). This contrasts with LSs
and sugar derivatives that can offer powerful retardation. For even longer retarda-
tion, phosphonates that have been described as superretarders may be considered
(Ramachandran et al., 1993).

In this section we mainly examine the chemistry of sugars and their derivatives.
Indeed, this is where a large range of controllable variations in chemistry can be
achieved, giving a greater flexibility in design and a powerful tool for better under-
standing cement hydration. The information presented here constitutes a basis for
Chapter 12, which discusses the retarding action of chemical admixtures on cement
hydration (Marchon and Flatt, 2016b).
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9.3.2 Carbohydrates

The terminology of carbohydrates comes from their average composition, which is
analogous to a hydrate of carbon, Cm(H2O)n, where m and n can be different and
m is typically equal to or larger than three. Carbohydrates offer a very large spectrum
of structural variations, including, but not limited to, functionalization and polymer-
ization. As a result, many criteria may be used to classify carbohydrates.

One criterion concerns the number of basic sugar units they contain. Only in a case
where the units are identical, this does correspond to a degree of polymerization. This
classification contains four groups: monosaccharides (e.g. glucose), disaccharides
(e.g. sucrose), oligosaccharides (e.g. raffinose) and polysaccharides (e.g. starch).

9.3.2.1 Monosaccharides

Monosaccharides are the basic building groups for the higher-order saccharides
(di, oligo and poly). Their general formula is He(CHOH)x(C]O)e(CHOH)yeH.
If either x or y is zero they are aldehydes, otherwise they are ketones. Another charac-
teristic is that all other carbon atoms carry a hydroxyl group.

Let us consider the open form of the monosaccharide D-glucose illustrated in the
centre of Figure 9.20. It contains four chiral centres, and therefore is one compound
of a family of 16 (24) stereoisomers. Additionally, it may self-react to form a
six-member ring, leaving the hydroxyl closest to the oxygen in the ring either on
the opposite or the same side of the eCH2OH group with respect to the ring plane
(noted a and b, respectively) (Vollhardt and Schore, 2010). Figure 9.20 illustrates
this, in addition to how both ring forms are in equilibrium with D-glucose and there-
fore also with each other. Resulting from these equilibria, D-glucose is found
mainly in ring forms, with about 38% a-D-glucose and about 62% b-D-glucose
(Robyt, 1998).

The stereochemistry of sugars plays a very important role in their chemical behav-
iour. In particular, in the cases we are interested in, it affects their ability to complex
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metal cations in solution (Angyal, 1980; Pannetier et al., 2001), and can be expected to
do so on surfaces for which such cations have an affinity. As explained in Chapter 12,
complexation can be viewed as a necessary but not sufficient condition for retardation
(Marchon and Flatt, 2016b).

The complexing ability of aldehyde sugars can be increased if they are partially
oxidized to the corresponding carboxylic acids. Reducing sugars are subject to this,
as they can suffer ring opening, forming an aldehyde group that can then be oxidized
to an acid. Although this reaction is spontaneous, it is slow unless a catalyst is used.
However, alkaline conditions such as those that prevail in cementitious systems can
catalyse this process (de Bruijn et al., 1986, 1987a,b,c; Yang and Montgomery,
1996). This can lead to many different degradation products carrying carboxylate
functions.

One must therefore consider that reducing sugars will be converted to salts of their
corresponding acids, or even to smaller fragments (Thomas and Birchall, 1983; Smith
et al., 2012). In contrast, non-reducing sugars such as sucrose, which is discussed
below in the disaccharides section, are stable. This difference in behaviour has recently
been evidenced in cementitious systems using NMR, showing explicitly that glucose
degrades at 95 �C but sucrose does not (Smith et al., 2011, 2012). Earlier work also
established by chromatography that sucrose is stable in alkaline solutions up to pH
13.5 at ambient temperature (Luke and Luke, 2000). From a structural point of
view, reducing sugars are differentiated from non-reducing ones in that they have a
free anomeric carbon (one that carries a hydroxyl group).

9.3.2.2 Disaccharides

Two monosaccharides can bond together in a reaction involving the elimination of
water and the formation of a eCeOeCe bond between them. In polymer chemistry
this is referred to as condensation, while in carbohydrate chemistry it would rather be
called dehydration.

The bond between saccharides is part of a broader family of chemical bonds
called glycosidic. They cover covalent bonds that link a chemical group to a
saccharide, regardless of the nature of this chemical group (here another saccha-
ride). If the formation of a glycosidic bond involves the hydroxyl on an anomeric
carbon, then the associated ring is stabilized against ring opening. The formation of
such bonds consequently influences the redox reactivity of sugars, including their
stability in alkaline solutions, which is of particular interest for cementitious
systems.

To illustrate this, let us consider two examples of disaccharide: maltose and sucrose
(Figure 9.21). In both cases the aldehyde group of the left glucose ring is stabilized by
the glycosidic bond. In maltose the right ring is not stabilized, as it has a free aldehyde,
but in sucrose it is stabilized. This explains why maltose (and glucose) degrades in
the alkaline aqueous phase of cementitious materials, but not sucrose (Thomas and
Birchall, 1983; Smith et al., 2012).

It has also been found that sucrose can lose a proton in aqueous solutions above
pH 11 without reacting further (Popov et al., 2006). Probable important implications
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of this in terms of complexation and cement hydration are discussed in Chapter 12
(Marchon and Flatt, 2016b).

9.3.2.3 Oligosaccharides

Oligosaccharides are molecules containing a small number of monosaccharides, typi-
cally from three to nine. With respect to cement chemistry, the case of raffinose is of
particular interest as it acts as a very powerful retarder (Thomas and Birchall, 1983).

As can be seen in Figure 9.22, raffinose can be considered as a derivative of sucrose
(Figure 9.21, right). It additionally has a a-D-galactose unit connected to the pendant
eCH2OH of the glucose unit. As with sucrose, this sugar is non-reducing.

9.3.2.4 Polysaccharides

Polysaccharides are saccharides that have a higher number of monosaccharide units
than oligosaccharides. They are very abundant components in natural products for
energy storage (e.g. starch) or structural functions (e.g. cellulose). Their solubility
decreases with molecular weight, which is further driven by an increasing number
of intermolecular hydrogen bonds.

The most important use of polysaccharides in concrete technology is for viscosity-
modifying admixtures, which are discussed in further detail below.
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9.4 Viscosity-modifying admixtures

9.4.1 Introduction

Viscosity-modifying admixtures (VMAs) are widely used to increase the stability,
cohesion and robustness of self-compacting concrete, underwater concrete, shotcrete
and cement grouts. These applications require highly fluid mixes to enable pouring
but at the same time segregation and bleeding must be avoided. SPs are commonly
used in these mixes to reach high flowability with low w/c ratio, while the use of
VMAs increases stability. VMAs are also used to reduce the water loss of mortars
due to evaporation or capillary suction when they are placed on a porous support
(Cappellari et al., 2013; Khayat, 1998).

VMAs, specifically Xanthan gum, were introduced in the construction field in the
1960s (Plank, 2005), and since then their use has progressively increased. VMAs are
also known as water-retaining or anti-washout admixtures. Most are hydrophilic,
water-soluble organic polymers, although inorganic compounds such as nano-silica
are also used as VMAs.

Table 9.1 shows a classification of the organic VMAs proposed by Kawai (1987)
according to their nature. The most commonly used VMAs in cementitious systems
are cellulose-ether derivatives and welan gum, although the use of starch has been
progressively increasing in recent years. A more detailed explanation of the most
relevant VMAs is given later in this chapter.

Table 9.1 Classification of VMAs

Natural polymers Starch

Welan gum

Diutan gum

Guar gum

Xanthan gum

Alginates

Agar

Semi-synthetic polymers Cellulose-ether derivatives

Guar gum derivatives

Modified starch

Alginates derivatives

Synthetic polymers Polyethylene oxide

Polyvinyl alcohol, etc.

Adapted from Khayat and Mikanovic (2012).
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9.4.2 Natural polymers

9.4.2.1 Welan gum and diutan gum

Welan gum and diutan gum are high-molecular-weight microbial polysaccharides
produced by aerobic fermentation (Khayat and Mikanovic, 2012). They both belong
to the sphingans group.

Welan gum is synthesized by the fermentation process of the Alcaligenes sp. ATCC
3155. It contains a tetrasaccharide backbone chain with L-mannose, L-rhamnose,
D-glucose and D-glucuronic acid. The side chains contain a single unit of either
L-mannose or L-rhamnose substituted in C3 of every 1,4-linked glucose molecule
(Kaur et al., 2014). This polysaccharide has an approximate molecular weight of
106 g/mol.

Diutan gum has a similar structure to welan gum, but the side chains of the former
consist of two units of L-rhamnose. In addition, diutan gum has a molecular weight
up to three times higher than welan gum, of about 3e5 � 106 g/mol (Khayat and
Mikanovic, 2012).

Figure 9.23 shows the structure of both polysaccharides. The presence of
D-glucuronic acid in both gums gives them anionic charges and the ability to adsorb
onto the surface of cement particles. Welan and diutan gum exhibit good rheological
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Figure 9.23 Chemical structure of welan gum and diutan gum.
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properties and are stable at extreme temperature and pH. In aqueous solution, both
gums adopt a double-helical conformation where the side chains screen the carbox-
ylate groups of the backbone and prevent cross-linking by calcium ions. The shield-
ing might be higher in the case of diutan gum due to its longer side chains compared
to welan gum (Sonebi, 2006). This screening gives both gums high stability in media
with high Ca2þ concentrations, as in cement pore solutions (Campana et al., 1990).
With all these properties, welan and diutan gums are suitable VMAs for application
in cementitious systems. However, their production is still rather expensive, so new
and less costly synthesis methods need to be developed (Kaur et al., 2014).

9.4.3 Semi-synthetic polymers

9.4.3.1 Cellulose-ether derivatives

Cellulose-ether (CE) derivatives are the most widely used and effective water-retaining
admixtures. It has been estimated that around 100,000 tons of cellulose derivatives are
annually consumed by the construction industry (Plank, 2005), mainly for producing
rendering mortars.

Cellulose is a uniform, linear glucose polymer and the most abundant of all natural
substances (Khayat and Mikanovic, 2012). Cellulose consists of several hundreds to
many thousands of b-1,4-linked D-glucose units, as shown in Figure 9.24. It is insol-
uble in water: to make it soluble, it is normally modified by attachment of small
substituents in the hydroxyl groups of C2, C3 and C6.

In the case of CE derivatives, etherification occurs in alkaline conditions. The most
widely used CE derivatives in building materials are hydroxypropyl methyl cellulose,
hydroxyethyl methyl cellulose and hydroxyethyl cellulose (Figure 9.25). These admix-
tures have proved to be stable in the highly alkaline conditions of cementitious systems
(Pourchez et al., 2006).

The behaviour of CE derivatives depends on its degree of substitution (DS), the
nature of the substituent group and its structural parameters, such as molecular mass
and amount of substitution groups (Brumaud et al., 2013). In general, the molecular
weight is between 105 and 106 g/mol.

The DS is the number of substituted hydroxyl groups per glucose molecule, and
ranges between zero and three. The solubility of cellulose derivatives will depend
on the DS. Derivatives of cellulose with a DS lower than 0.1 are generally insoluble.
Those with a DS between 0.2 and 0.5 are soluble in aqueous alkaline solutions.
Cellulose derivatives with a DS between 1.2 and 2.4 are soluble in cold water
(Richardson and Gorton, 2003; Brumaud, 2011; Khayat and Mikanovic, 2012). The
substitution of hydroxyl groups in glucose molecules by chemical groups with
additional free hydroxyl groups for further substitution is quantified by the molar
substitution and has no theoretical upper limit.

9.4.3.2 Guar gum derivatives

Guar gum is a polysaccharide extracted from the seeds of Cyamopsis tetragonolobus.
Its structure is based on a b-1,4-linked D-mannopyranose backbone with random
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branch points of galactose via an a-1,6-linkage (Poinot et al., 2014) (Figure 9.26).
Guar gum has a molecular weight in the order of 1 � 106 to 2 � 106 g/mol.

Guar gum is soluble in water, but its use causes problems such as solution clarity,
alcohol solubility, uncontrolled rate of hydration, decrease of viscosity with time and
microbial contamination susceptibility. To overcome this limitation, derivatives are
produced (Iqbal and Hussain, 2013; Risica et al., 2005).

Hydroxypropylguar is the most commonly used derivative of guar gum
(Figure 9.27). It is obtained from the guar gum by an irreversible nucleophilic sub-
stitution, using propylene oxide in the presence of an alkaline catalyst (Pourchez
et al., 2006). It is highly soluble and shows high thermal stability. Functional
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Figure 9.25 Chemical structure of cellulose ethers: (a) hydroxypropyl methyl cellulose;
(b) hydroxyethyl methyl cellulose; (c) hydroxyethyl cellulose.
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properties of hydroxypropylguar depend on its DS. As in the case of cellulose, the
maximum DS is three, as three hydroxyl groups are available in each sugar unit
for derivatization. As substituents are introduced in the molecule, additional hydrox-
yl groups can be also included for possible further derivatizations. The primary
hydroxyl group at C6 is more susceptible to reacting than C2 and C3 (Brumaud
et al., 2013).

9.4.3.3 Modified starch

After cellulose and hemicellulose, starch is the principal carbohydrate found in nature
(Richardson and Gorton, 2003). Starch is a polysaccharide composed of two homopol-
ymers of D-glucose: amylose and amylopectin (Figure 9.28). Amylose consists mainly
of long linear chains of a-1,4-linked glucose, although a low degree of branching has
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been identified. Amylopectin is a highly branched molecule (about once every 20 to 25
glucose units) with shorter a-1,4-linked glucose molecules and more frequent a-1,6
branches. The molecular weight of amylose is around 150,000e600,000 g/mol, while
that of amylopectin is 107e109 g/mol. The percentage of amylose and amylopectin
varies with the source of starch, ranging from 10% to 30% of amylose and 70e90%
of amylopectin (Banks and Muir, 1980; Vollhardt and Schore, 2010). The main raw
materials used for the extraction of starch are maize, potato, tapioca and wheat
(Khayat, 1998).

Native starch is insoluble in cold water. For application in concrete, starches are
normally modified through etherification or esterification to become soluble in cold
water and stable at the high pH of cementitious systems. During etherification
and esterification, hydroxyl groups of amylose and amylopectin are generally
substituted (Khayat and Mikanovic, 2012). In construction, carboxymethyl and
hydroxypropyl starch are the most used modified starches (Plank, 2005; Khayat
and Mikanovic, 2012).

9.4.4 Synthetic polymers

9.4.4.1 Polyethylene oxide

PEO is a high-molecular-weight and non-ionic polymer. It is hydrophilic, linear and
not cross-linked, and highly soluble in both aqueous and organic solvents.

Figure 9.29 shows the chemical structure of the repeating unit of ethylene oxide.
This repeating unit contains a hydrophobic ethylene group and hydrophilic oxygen,
which is also a hydrogen bond site (Zhang, 2011).
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Figure 9.28 Chemical structures: (a) amylopectin and (b) amylose.
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PEOs are synthesized by polymerization of ethylene oxide using a metallic catalyst.
They are available in a very wide molecular weight range, from 200 to 7.0 � 106 g/mol,
and the low-molecular-weight PEOs are called PEGs. They are completely soluble in
cold and warm water.

9.4.4.2 Polyacrylamides

Polyacrylamides are a family of high molecular weight, water-soluble polymers.
Anionic polyacrylamides (aPAMs) are used in the construction field as a thickener
or flocculent. Their chemical structure is shown in Figure 9.30. APAMs are synthe-
sized by free radical polymerization of acrylamide and acrylic acid salts or by partial
hydrolysis of non-ionic polyacrylamide (Cheng 2004; Bessaies-Bey et al., 2015).
Their molecular weight ranges from 103 to 20 � 106 g/mol.

APAMs can vary in molecular weight, structure (linear or branched) and charge
density providing them different properties. At the high pH of cement pore solutions,
aPMAs are susceptible to hydrolysis (Cheng 2004).

9.4.5 Inorganic powders

The stability of highly flowable concrete mix designs can be increased by the addition
of high specific surface area inorganic powders such as colloidal silica, fine calcium
carbonate, silica fume or fly ash. In addition, swelling powders such as bentonite
can increase the water retention in cement mixes.

9.5 Air-entraining admixtures

9.5.1 Introduction

In this section the chemistry of air-entraining admixtures (AEAs), also called air
entrainers, is presented. These molecules are surfactants, and understanding their

* CH2 CH2 O *
n

Figure 9.29 Structure of the repetitive unit in polyethylene glycol.
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Figure 9.30 Structure of anionic polyacrylamide
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working mechanisms therefore requires introducing some concepts about surfactant
science. In particular, the parameter known as the hydrophile-lipophile balance
(HLB), which gives an indication of the hydrophilic character of a surfactant, is intro-
duced. While this concept has serious limitations, it is used in this chapter to show how
this balance can be influenced through surfactant molecule architecture.

A first categorization of commercial AEAs dates back to 1954 (Torrans and Ivey,
1968), and distinguishes them into:

• salts of wood resins (pinewood stumps)
• synthetic detergents (petroleum fractions)
• salts of sulphonated lignin (paper pulp industry)
• salts of petroleum acids (petroleum refining)
• salts of proteinaceous materials (processing of animal hides)
• fatty and resinous acids and their salts (paper pulp and animal hide processing)
• salts of sulphonated hydrocarbons (petroleum refining).

The list indicates that the initial classification of AEAs was mainly based on the
source of the raw materials and their treatment. A more recent screening conducted
in the USA (Nagi et al., 2007) subdivided 41 commercially available AEAs into
five categories based on infrared analysis:

• alpha olefin sulphonate (six admixtures)
• benzenesulphonate (four admixtures)
• resin/rosin and fatty acids (13 admixtures)
• vinsol resin (14 admixtures)
• combination (surfactants, urea, tall oil, and others).

Concrete Admixtures and the Environment; State-of-the-Art Report (2011),
published by Deutsche Bauchemie, distinguishes two main categories: soaps made
from natural resins (root resins, tall resins, gum resins and derivatives) and synthetic
surfactants (alkyl polyglycol ethers, alkyl sulphates and alkyl sulphonates). The use
of synthetic surfactants has increased due to a scarcity of natural sources, in particular
wood resin/rosin. However, the classification of AEAs still contains terms relating to
sources as well as types of synthetic surfactants in use.

There is abundant literature in which air entrainers are selected, named in one or
another form and applied to concrete. However, few give a direct indication of the
nature and properties of the surfactants or AEAs used.

In this section, a way to classify AEAs according to their surfactant nature is pro-
posed. In doing this, we try to bridge a gap in surfactant science that has unfortunately
grown since air entrainers have been introduced in concrete. First, a brief overview of
the main characteristics of surfactants is provided.

9.5.2 General features of surfactants

9.5.2.1 Basic structural features

This subsection summarizes general features of surfactants, taken from Rosen (2004),
that are of concern considering their use as AEAs for concrete.
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Surfactants are surface-active amphiphilic molecules that consist of a hydrophobic
‘tail’, usually a long alkyl chain, and a hydrophilic ‘head’, ionic or polar. When a
surfactant is in an aqueous environment, the tail tends to minimize its contact with
the solvent. As a result, at the liquidevapour interface a monolayer of surfactant
molecules is formed, in which the tails are away from the solvent and oriented towards
the air (non-polar). The presence of the hydrophilic group prevents the surfactant from
being expelled completely from the solvent as a separate phase.

Based on the chemical nature of the hydrophilic head, surfactants can be distin-
guished into:

• anionic
• cationic
• amphoteric
• non-ionic.

Many changes can be brought to the hydrophobic portion of surfactants to tailor
its properties. These modifications can include:

• Increasing the length of the hydrophobic chain. This decreases solubility in water and
increases solubility in oil or organic solvents; can cause a closer packing of molecules at
the interface; increases the tendency to adsorb from solution at an interface or to self-
associate into micelles; and increases precipitation from water by counterions in case of ionic
surfactants.

• The introduction of branching or unsaturated bonds that increase solubility in water or
organic solvents with respect to the corresponding linear or saturated ones; and decrease
the tendency towards self-association into liquid crystal (a process that can reduce the sur-
factant availability and therefore performance).

• The presence of an aromatic nucleus will increase the adsorption of the surfactant onto the
positively charged substrates, e.g. cement surfaces; and may cause looser packing at the
liquidevapour interface.

9.5.2.2 The concept of hydrophile-lipophile balance

The HLB was introduced by Griffin (1949) and indicates the emulsification behaviour
of a surfactant. It quantitatively expresses the balance between the hydrophilic and
lipophilic (hydrophobic) parts of the molecule. The larger the HLB, the more hydro-
philic the surfactant.

The HLB value determines the most appropriate use for a given surfactant. Table 9.2
shows the main applications of surfactants with the corresponding HLB range.

Davies (1957) developed a cumulative concept in which the HLB value can be
obtained from the individual contributions of the hydrophilic and hydrophobic
portions of the molecule defined by group numbers (Table 9.3). While the first method
used to calculate the HLB was strictly limited to non-ionic surfactants, Davies’s
method of individual group contributions broadened the applicability of the HLB
concept to ionic surfactants.

The HLB of a surfactant calculated using group numbers according to Davies is:

HLB ¼
Xn
k¼ 0

ðik GNkÞ (9.3)
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where:

k: 0, ., n individual groups (hydrophilic and lipophilic)
i: quantity of group k
GN: group number according to Table 9.3.

Further development of this method includes the concept of effective chain length
and leads to the values shown in Table 9.3 (Guo et al., 2006).

In Table 9.3 it can be seen that anionic head groups make a relatively high contri-
bution to hydrophilicity (high group numbers). This contrasts with the individual
contribution of an ethylene oxide (EO) group. Therefore to reach the same hydrophi-
licity as when using ionic groups, one must use very large head groups of non-ionic
ethoxylated surfactants.

Tables 9.2 and 9.3 show that modifications of the molecular architecture of a
surfactant, whether ionic or not, affect the HLB and the corresponding application range.

9.5.3 Sources for air-entraining admixtures

Traditional sources for AEAs are acids from wood resins and animal and vegetable fats
and oils. The main compounds found in wood resins are abietic acid, pimaric acid
(Figure 9.31) and their isomers, whereas natural fats and oils are sources of glycerides
from which fatty acids can be derived by hydrolysis. Natural fatty acids are medium- to
long-chain carboxylic acids with an even number of carbon atoms between 4 and 26
(Black, 1955). The structure of a saturated fatty acid is shown in Figure 9.32.

Another source of acids for AEAs is crude tall oil, a by-product of the Kraft process
for paper manufacture. Among other compounds, it contains resin acids (see above)
and fatty acids, mainly palmitic acid (C16, saturated), oleic acid (C18, unsaturated;

Table 9.2 Examples of surfactant applications with the corresponding
most adapted HLB range and dispersability in water

HLB-range Application HLB range for dispersion in water

3e6 Water in oil emulsifier <4 No dispersion

3 < Poor dispersion < 6

7e9 Wetting agent 6 <Milky dispersion after vigorous
agitation < 8

8e18 Oil in water emulsifier 8 < Stable milky dispersion <10;

10 < Translucent to clear
dispersion <12

>13 Clear solution

13e15 Detergent Clear solution

15e18 Solubilizer Clear solution

Adapted from Tadros (2005).
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Table 9.3 HLB group numbers

Hydrophilic groups

Group number

Lipophilic groups

Group number

According to Davies
According to Guo
et al. According to Davies

According to Guo
et al.

eSO4
�Naþ 38.7 38.4 eCHe; eCH2e;

CH3e; ]CHe
�0.475 �0.475

eCOO�Kþ 21.1 20.8 eCF2e e �0.87

eCOO�Naþ 19.1 18.8 eCF3 e �0.87

eSO3Na
þ e 10.7 Phenyl e �1.601

N (tertiary amine) 9.4 2.4 eCH2CH2CH2Oe
(PO)

�0.15 �0.15

Ester (free) 2.4 2.316 eCH(CH3)CH2Oe e �0.15

eCOOH 2.1 1.852 eCH2CH(CH3)Oe e �0.15

eOH (free) 1.9 2.255 Sorbitan ring e �20.565

eCH2OHe e 0.724

eCH2CH2OHe e 0.479

eCH2CH2CH2OHe e 0.382

eOe 1.3 1.3

eCH2CH2Oe (EO) 0.33 0.33

eCH2CH2OOCe e 3.557

OH (sorbitan ring) 0.5 5.148

Ester (sorbitan ring) 6.8 11.062

From Davies (1957) and Guo et al. (2006).
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one double bond; (9Z)-Octadec-9-enoic acid) and linoleic acid (C18, unsaturated; two
double bonds; (9Z,12Z)-9,12-Octadecadienoic acid). Through further fractional distil-
lation and reduction of the tall oil, fatty acids, mostly consisting of oleic acid
(Figure 9.33), can be obtained.

Salts of petroleum acids are gained through alkaline extraction from crude oil
containing naphtenic acids. Naphtenic acids are mostly mixtures of cyclopentyl
and cyclohexyl carboxylic acids. An example of a naphtenic acid is shown in
Figure 9.34.

H

H

HO

O

H

H

COOH

(a)

(b)

Figure 9.31 Chemical structures: (a) abietic acid and (b) pimaric acid.

OH

O

Figure 9.32 Chemical structure of lauric acid or dodecanoic (C12) acid.
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9.5.4 Anionic surfactants

The hydrophilic portion of anionic surfactants has a negative charge. According to
Tadros (2005), the most used head groups of anionic surfactants are carboxylates, sul-
phates, sulphonates and phosphates. Table 9.4 shows general formulae and character-
istics for such anionic surfactants.

The presence of a negatively charged head renders the surfactant water-soluble, but
is also responsible for its tendencies to adsorb onto cement particles and precipitate in

O

OH

Figure 9.33 Chemical structure of oleic acid, or (9Z)-Octadec-9-enoic acid.

OH

O

H3C

Figure 9.34 Chemical structure of a naphthenic acid.

Table 9.4 Types of anionic surfactant and HLB group numbers

Surfactant type
Group and group

number

HLB ApplicationHead group Formula
Sodium
head group C12-alkyl

Carboxylates CnH2nþ1COO
�X 18.8 �5.7 20.1 Oil in water

emulsifier

Sulphates CnH2nþ1OSO3
�X 38.4 39.7 Wetting

agent

Sulphonates CnH2nþ1SO3 X 10.7 12.0 Oil in water
emulsifier

Phosphates CnH2nþ1OPO
(OH)O�X

e e e

According to Guo et al. (2006).
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cement pore solutions due to the presence of di- or trivalent cations. This has advan-
tages and disadvantages.

Surfactants anchored or aggregated onto particle surfaces can catch and stabilize
entrained air bubbles through hydrophobic interactions. However, early adsorp-
tion leads to some extent to a loss of active admixture and the consequent increase
of the specific dosage needed for entrainment of a certain volume of air into concrete.

The same is true for surfactant precipitation in cement pore solutions. Indeed, while
there is wide agreement in the scientific community that precipitation, or salting out, of
anionic surfactants stabilizes air bubbles, it is also clear that early precipitation, prior
to air bubble formation, results in an undesired loss of surfactant.

In general, one can consider that anionic surfactants from natural sources are rather
robust admixtures that allow controllable adjustments of air content. However, this is
at a rather high dosage compared to their synthetic competitors.

The influence of the hydrophobic group was summarized by Rosen (2004). In
particular, it is stated that while the charged head of anionic surfactants used in cemen-
titious material determines adsorption onto solids, changes in the length of the hydro-
phobic group increase adsorption efficiency from the aqueous solution.

Examples of anionic surfactants, whether from natural resources or synthetic, are
given in the next subsections.

9.5.4.1 Carboxylic acid salts

From a categorization of commercial products in Torrans and Ivey (1968), carboxylic
acid-based surfactants can be grouped as:

• salts of wood resins (abietic acid and pimaric acid)
• salts of petroleum acids (petroleum refining)
• fatty and resinous acids and their salts (paper pulp and animal hide processing).

According to Rosen (2004), such compounds are easily prepared by neutralization
of the acids or saponification of triglycerides found in natural fats or vegetable oil. The
surfactants obtained are soaps (RCOO�Mþ), and can be seen as a very early type of
AEA. As previously stated, in cementitious systems they have the disadvantage of
forming water-insoluble soaps with di- and trivalent metallic ions and are insolubilized
readily by electrolytes.

However, experience teaches us that the advantage of such admixtures can be seen
in their relative robustness and ease of controlling air entrainment. Furthermore,
according to Mayer and Axmann (2006), this gives air void contents that are relatively
independent of external conditions, such as agitation intensity and stirring time.
Moreover, precipitation in the presence of Ca-ions of soaps prepared from wood resins
is less significant than that of soaps obtained from other raw materials.

The issue of precipitation can be overcome by including additional SO3H-groups in
the oleoresin acid skeleton of anionic surfactants based on abietic acid (Mayer and
Axmann, 2006). Another solution is to add lime soap-dispersing agents, i.e. sulpho-
nates and sulphates (compatible anionic surfactants, discusssed later in this section)
(Rosen, 2004).

One specific compound in anionic AEAs is based on the neutralization of resin
acid and fatty acids using amines, in particular triethanolamine and diethanolamine,
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a process well known to lead to surfactants (McCorkle and Brow, 1955). Through this
process, quasi-synthetic soaps can be produced with the robustness of metal salts of
anionic surfactants but better efficiency and less tendency to precipitate or be adsorbed
on solid surfaces (Sychra and Steindl, 1998).

9.5.4.2 Sulphonic acid salts

In sulphonates, the sulphur atom is directly attached to the carbon atom of the
alkyl group. This renders the molecule stable against hydrolysis, also in alkaline me-
dia, when compared with sulphates (described in the next subsection) (Tadros, 2005).

An example of such a surfactant used as an AEA is linear alkylbenzenesulphonate
of the generic structure RC6H4SO3

�Mþ. The chain length of the alkyl portions is about
12 carbons in most cases. Linear alkylbenzenesulphonate is relatively cheap.

Regarding the hydrophilic head, salts with different cations have different charac-
teristics. Calcium and magnesium salts are water-soluble, and therefore not affected
by hard water. Sodium salts are sufficiently soluble in the presence of electrolytes
for most uses.

A commercially available surfactant for AEAs is linear sodium dodecylbenzene-
sulphonate, shown in Figure 9.35.

Other surfactants, with HLB values ranging from about 11 to 14, are also used in
commercial products:

• Sodium C10e16 benzenesulphonate
• Triethanolamine dodecylbenzenesulphonate.

a-Olefin sulphonates are produced by reacting a linear a-olefin with sulphur
trioxide. This typically yields a mixture of alkene sulphonates (60e70%), hydrox-
yalkane sulphonates (w30%) and some disulphonates and other species (Tadros,
2005).

S
ONa

O O

CH3(CH2)10CH2

Figure 9.35 Chemical structure of sodium dodecylbenzenesulphonate.

1. 3,4 Olefin sulphonate: ReCH]CH(CH2)2SO3
�

2. 4-Hydroxy alkane sulphonate: ReCHOHe(CH2)3SO3
�

3. Disulphonate
(sulphatosulphonate):

R-CH2-CH-CH2-SO3
–

I
OSO3

–
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Such surfactants are commercially available for concrete AEAs with C14 or C16
hydroxy alkane sulphonate (even numbered and C14e16 olefin sulphonate, respec-
tively; 10 < HLBcalculated < 11).

9.5.4.3 Sulphuric acid ester salts

Sulphates are synthetic anionic surfactants that are produced by reaction of an alcohol
with sulphuric acid, and are therefore esters of sulphuric acid. Sulphates carrying alkali
metals counterions show good solubility in water, but tend to be affected by the pres-
ence of electrolytes (Tadros, 2005). Ammonium alkyl sulphates can also be found.

Sulphates are usually prepared using alcohols with chain lengths ranging from
dodecyl to hexadecyl (Rosen, 2004). The presence of a methyl branch in the hydropho-
bic group gives the surfactant a higher tolerance towards calcium ions in water.

An important sulphate surfactant is sodium dodecyl sulphate (or sodium lauryl
sulphate), shown in Figure 9.36. It is extensively used for fundamental studies and
in many industrial applications, as well as in air entrainers for concrete and gypsum.
Sodium alkyl sulphates with chains of 8 and 10 carbons also have application in air
entrainers.

Through modification of the hydrophobic group by introducing some EO units,
better solubility and less sensitivity compared to straight alcohols are achieved, and
the surfactant becomes more compatible with electrolytes in aqueous solution. These
sulphates are then referred to as alcohol ether sulphates or sulphated polyoxyethylated
straight-chain alcohols (Tadros, 2005). Commercial products mostly include C12 and
EO units with a broad range of distribution in polyoxyethylated chain length (Rosen,
2004; Tadros, 2005). Recent products have a narrow range of chain lengths and
contain fewer unreacted (non-ethoxylated) hydrophobic residues, making them more
tolerant towards hard water (Rosen, 2004).

To the authors’ knowledge, commercially available sodium alkyl ether sulphates
for air entrainment of concrete include:

• sodium alkyl ether sulphate with two EO units and C12e14 chain
• sodium alkyl ether sulphate with three EO units and C12e15 chain.

Commercial ammonium alkyl ether sulphates can be found as:

• ammonium alkyl ether sulphate with 2.2 EO units and C8e10 chain
• ammonium alkyl ether sulphate with 2.5 EO units and C9e11 chain
• ammonium lauryl (C12) ether sulphate with three EO units.

It is important to note that in the above cases the HLB of the surfactant can be
adjusted through modifications to both the hydrophilic head, via the salt type, and
the hydrophobicity of the chain by the addition of certain number of EO units.

O
S

O

O O

Na–

Figure 9.36 Chemical structure of sodium lauryl sulphate.
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The advantages of alkyl ether sulphates over alkyl sulphates were summarized by
Rosen (2004) as being:

• more water-soluble
• more electrolyte-resistant
• much better lime soap-dispersing agents
• foam is more resistant to water hardness and protein soil.

Of these four advantages, the second and the third are the most important for use as
air entrainers in concrete.

9.5.4.4 Taurates

Surfactants of the group of taurates (taurides) are rather mild anionic surfactants. They
show good compatibility with non-ionic and other anionic surfactants, and provide
good stability against hydrolysis as well as good lime soap-dispersing power. Because
of this, they find application in air entrainers as ‘cosurfactants’ to support the efficiency
of the main active surfactant.

A general representation of taurates is shown in Figure 9.37, where R mostly comes
from saturated C12eC18 fatty acids, oleic acid or coconut fatty acid. According to
Rosen (2004), the solubility, foaming, detergency and dispersing powers of the
N-methyl derivatives (Figure 9.37 with R1 ¼ CH3) are similar to those of the corre-
sponding fatty acid soaps, and are effective in hard and soft water.

Examples of commercially available products are sodium salts of oleic acid methyl
taurate and coconut fatty acid methyl taurate.

9.5.5 Cationic surfactants

Cationic surfactants have a positively charged hydrophilic head; their advantage is their
compatibility with non-ionic and amphoteric surfactants. They are mostly incompatible
with ionic surfactants (Rosen, 2004; Tadros, 2005).

Ethoxylated amines are sometimes referred to as ‘cationic’ surfactants, but this is
true only for low pH and low numbers of EO units. Considering the high pH of cement
pore solution, their surfactant nature will be rather that of a ‘non-ionic’ compound
(discussed later in this section).

Examples of pH-insensitive cationic surfactants are quaternary ammonium salts.
On the quaternized amine group the electrical charge on the molecule is unaffected
by pH changes, which means that the positive charge remains in acidic, neutral and
alkaline media.

It is reported that using cationic surfactants can maintain the efficiency of air
entrainers in the presence of clay contaminations in concrete (Hill et al., 2002).

R N

O

S

R1

O O

O M–

Figure 9.37 Chemical structure of an alkali metal salt of n-acyl-n-alkyl taurate.
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In patents for AEAs one can find references to cationic surfactants. However, these
compounds appear to be used as by-products or additions.

9.5.6 Amphoteric surfactants

The hydrophilic group of amphoteric surfactants bears both a negative and a positive
charge, so the net charge of the molecule is zero. The main characteristic of amphoteric
surfactants is that their behaviour depends on pH. For acidic solutions, the molecule
acquires a positive charge and behaves like a cationic surfactant, whereas in alkaline
solutions it becomes negatively charged and behaves like an anionic one. At their
individual isoelectric point, the properties of amphoteric surfactants resemble those
of non-ionic surfactants very closely (Tadros, 2005).

Examples of amphoteric surfactants used in air entrainers are betaines, amine
oxides and amines. However, these compounds are mostly used as components in
surfactant mixes of formulated products.

In patent literature on AEAs, betaines or their salts and derivates are found in com-
bination with non-ionic surfactants, i.e. ethoxylated alcohols or alkylaryl polyether
alcohol, polyoxyalkylene copolymer surfactants and others. This family of surfactants
is used in AEAs compatible with shrinkage-reducing admixtures (SRAs) based on
mixtures of non-ionic surfactants and cosolvents or hydrotropes. It can be speculated
that the presence of cosolvents and hydrotropes increases the solubility of the AEA.
The energy gain in stabilizing air bubbles is then reduced, but betaines probably
compensate for that.

Betaine-type surfactants found in patent literature are derivatives of trimethyl-
glycine (Figure 9.38(a)) with R ¼ CH3 (Bour and Childs, 1992; Kerkar and
Dallaire, 1997; Kerkar et al., 2001; Budiansky et al., 2001a; Hill et al., 2002).
Several types of betaine derivatives can be obtained by modifying the nature of
both hydrophobic and hydrophilic portions of the surfactant. For example, the
head group of an alkyl betaine can undergo sulphonation with formation of an
alkyl sulphobetaine (Figure 9.38(b)). Other betaine-type surfactants are shown in
Figure 9.38.

An example of a commercially available betaine is alkyl amidopropylsulphobe-
taine, for which, according to Bour and Childs (1992), the hydrophobic group can
be decyl, cetyl, oleyl, lauryl and coco (C6e18 H13e37) radicals.

To the authors’ knowledge, commercial products can be found that include the
following compounds:

• coco amidopropyl betaine
• coco amidopropyl hydroxy sulphobetaine.

A second important surfactant type of an amphoteric nature used in AEAs is the
group of amine oxides which are sometimes referred to as cationic, but would be
non-ionic according to Tadros (2005) and amphoteric according to Rosen (2004).

A commercial product designated for use in concrete air entrainment is coco alkyl
dimethyl amine oxide (Figure 9.39). Coconut fatty acids have a distribution of alkyl
chain lengths in the range of C8eC20. Commercial products listed as air entrainers
are found to have more or less narrow ranges, such as C12e18, C12e16, C12e14
or even C14.
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Figure 9.38 Chemical structure of betaine-type surfactants (with R ¼ long hydrophobic chain):
(a) alkyl betaine, (b) alkyl sulphobetaine, (c) alkyl amidopropyl betaine, (d) alkyl amidopropyl
hydroxy sultaine.
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Figure 9.39 Chemical structure of a coco alkyl dimethyl amine oxide, where the alkyl chain has
12 carbon atoms.
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To the authors’ knowledge lauramine oxide and decyldimethylamine oxide are
used in addition to the previously mentioned surfactants found in commercial
products.

9.5.7 Non-ionic surfactants

Non-ionic surfactants are mostly based on EO, and are usually referred to as ethoxy-
lated surfactants. Tadros (2005) distinguishes the following classes:

• alcohol ethoxylates
• alkyl phenol ethoxylates
• fatty acid ethoxylates
• monoalkaolamide ethoxylates
• sorbitan ester ethoxylates
• fatty amine ethoxylates
• ethylene oxideepropylene oxide copolymers (also known as polymeric surfactants).

There are also multihydroxy products, such as:

• glycol esters
• glycerol and polyglycerol esters
• glucosides and polyglucosides
• sucrose esters.

Considering their application in concrete, non-ionic surfactants have the advantage
of good compatibility with all other types of surfactants. Because of their non-ionic
nature these surfactants do not show strong adsorption onto charged surfaces. In terms
of undesired loss of surfactant at the solideliquid interface, this means that more
surfactant remains available to saturate the liquidevapour interface of the air bubbles
created through mixing, and less surfactant is needed compared to their analogous
ionic surfactants for a given air void surface to be created in concrete.

The main disadvantage of non-ionic surfactants is their inability to properly stabi-
lize the air system they are creating, mitigating coalescence and bubble coarsening. In
particular, unlike anionic surfactants, they cannot directly form salts with electrolytes
of the cement pore solution at the liquidevapour interface, while charged heads of
ionic surfactants form a shell-like structure with increased rigidity through precipita-
tion (for example lime soap).

This may be the reason why non-ionic surfactants are rarely used as a single com-
pound in AEAs (Ziche and Schweizer, 1982) and are mostly found in mixtures with
surfactants of different natures (Bour and Childs, 1992; Hill et al., 2002; Budiansky
et al., 1999, 2001a,b; Wombacher et al., 2014; Berke et al., 2002). In this sense
they can be considered as having mainly a supporting function in formulated admix-
tures, as discussed in Chapter 15 (Mantellato et al., 2016).

In this role of cosurfactants they increase the solubility of ionic surfactants and
reduce the tendency of the ionic surfactant to adsorb at the solideliquid interface.
In the case of contamination with unburnt carbon in blended cements containing fly
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ash, some non-ionic surfactants may serve as sacrifice material because they are good
carbon dispersers.

Ethoxylated fatty acids and their amines are referred to as single-component air
entrainers (Ziche and Schweizer, 1982). Their application is in cementitious material
with rather high stiffness (plaster). Air entrainment in concrete for pavers is another
field of application for non-ionic surfactants as a single component.

An example of a commercially available surfactant is coconut fatty amine with a
number of EO units between 2 and 20.

In Berke et al. (2002) a triblock polyoxyalkylene copolymer surfactant has been
claimed for use in AEAs. This has the general formula:

R1Oe(EO)xe(PO)ye(EO)xeR2

where,

R1; R2: C1eC7 alkyl group, C5eC6 cycloalkyl group or aryl group
x: 42e133
y: 21e68.

More preferred is:

HOe(EO)xe(PO)ye(EO)xeH

with a molar mass between 8000 and 12,000 g/mol and an HLB between 20 and 30.
This polymeric surfactant is claimed to show good performance in concrete that

contains a surfactant of the same nature used as an SRA.
In Budiansky et al. (1999, 2001a,b) a polymeric surfactant with explicit compati-

bility with an oxyalkylated SRA is introduced. In particular, the surfactant has a
di-block structure:

R1Oe(EO)me(PO)neR2

with preferences on:

and a molar mass of M > 2000 g/mol. The SRA used in combination is dipropylene-
tert-butyl ether (DPTB).

This preferred structure results in a range of 14.2 < HLB < 19.6 and roughly
between 3000 and 6000 g/mol.

In fact, formulators’ experience shows that the compatibility issue between SRAs
and AEAs is a real problem where a combination of an ethoxylated SRAwith a common

R1; R2 H or CH3

m; n 30e60
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air entrainer either consistently reduces air entrainment or requires disproportional high
dosages. In Berke et al. (2002) this compatibility issue was solved using a polymeric
non-ionic surfactant alone. However, the AEA of Budiansky et al. (1999, 2001a,b) con-
tains not only a di-block polymeric surfactant but also a betaine-based surfactant.

Non-ionic polymeric surfactants have a major advantage with respect to other
non-ionic surfactants, that is having a high degree of freedom for tailoring the overall
size and HLB of the molecule, as well as the location of the hydrophilic/hydrophobic
groups and their distribution.

A good example of this flexibility is provided by the above mentioned block
copolymers. The triblock copolymer surfactant can be seen as an amphiphile contain-
ing two hydrophilic portions (EO units) and a hydrophobic group (propylene
oxide-PO-units) between them, whereas the di-block polymeric surfactant has one
hydrophilic block and one hydrophobic.

9.6 Shrinkage-reducing admixtures

9.6.1 Introduction

In this section the chemistry of SRAs is presented as an authorized excerpt of the
authors’ contribution to the subject (Eberhardt, 2011), with some additions.

First, an overview on general features of SRAs and their historical background is
given. Like air entrainers, SRAs are mainly composed of surfactants, and basic infor-
mation on this type of molecules was introduced in the section on AEAs. In this section
we focus on non-ionic surfactants and/or hydrotropes that are more specifically used
in SRAs. This serves to explain and distinguish the modes of action of both these
admixture types on the basis of their molecular architecture.

The last section lists compounds present in commercially available SRAs, as well as
compounds mentioned in patent literature.

9.6.2 History and working mechanism of SRAs

SRAs are composed of surfactants that decrease the surface tension of pore solution
and of the water films that cover the solid surfaces exposed in the course of drying
of cementitious porous material. They were introduced in a study by Sato et al.
(1983), in which shrinkage reduction due to SRAs was suggested to come from
reduced surface tension of the cement pore solution. There, the capillary force theory
of drying shrinkage was explicitly referred to because of a more or less good correla-
tion between shrinkage reduction, SRA dosage in cement paste and the dependence of
surface tension on SRA concentration in its aqueous solutions.

Moreover, well before SRAs were introduced in 1983, Ostrikov et al. (1965)
obtained similar results with shrinkage of cement paste subjected to solvent replace-
ment prior to drying. This study focused on the mechanism of drying shrinkage rather
than on shrinkage reduction of concrete; by coincidence, however, it revealed some
very interesting results. Ostrikov et al. tried to eliminate capillary forces by osmotically
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replacing the pore solution with several organic liquids with substantially lower
surface tension. With hexane having a surface tension of about 25% of that of water
(ghexanew18 mN/m, gwaterw73 mN/m), drying shrinkage deformation surprisingly
was reduced to about 25%. At that point in time, however, it was not clear if
this proportionality between the reduction of surface tension of the pore fluid and
reduction of drying shrinkage deformation was of broader relevance.

It is possible to derive from thermodynamics how the reduction of the surface ten-
sion of the liquideair interface (menisci and water films) leads to shrinkage reduction
(Eberhardt, 2011). In particular, it can be shown that the reduction of surface tension
coming from SRAs enables the cementitious matrix to reduce its free energy substan-
tially, as it contains a large liquidevapour interfacial area owing to its fine porosity.
More specifically, this is done by increasing the portion of free energy used in the
creation of the exposed liquideair interfacial area, while at the same time reducing
the free energy utilized in deformation. This mechanism is shown to be active as
long as the surface tension can be maintained sufficiently low. The working mech-
anism of SRA is dicussed more in detail in Chapter 13 (Eberhardt and Flatt, 2016).

9.6.3 General features and overview of surfactants used in SRAs

Regarding the nature of SRAs, a patent search on materials used as SRAs was
conducted by Eberhardt (2011). It revealed that two main groups of admixtures
can be discriminated:

• SRAs containing one type of non-ionic surfactant or hydrotrope
• SRAs containing mixtures of non-ionic surfactants, cosolvents and hydrotropes.

In both cases there are similarities between SRAs and AEAs, as both contain
amphiphilic compounds. However, SRAs distinguish themselves from AEAs in their
mode of action. While AEA adsorption onto solids does in part support stabilization
of air bubbles (anchoring), SRA surfactants are efficient only by adsorbing at the
liquidevapour interface.

Therefore, surfactants used in SRAs are non-ionic so they do not strongly adsorb
onto the charged surfaces of cement or its hydrates. The adsorption of surfactants
onto cement is discussed in more detail in Chapter 10 (Marchon et al., 2016). More-
over, non-ionic surfactants used in SRAs are generally less hydrophobic and smaller
than surfactants used in air entrainers. This also comes from their different mode of
action. In Table 9.5 the actual interfacial area or workspace of an AEA and an SRA
is estimated using a standard concrete with 300 kg of Portland cement and an air
volume of 50 L/m3 entrained through 100 mm large spherical air bubbles.

One can see that the interface to be theoretically covered with surfactants is higher by
a factor of 1000 to 2000 in the case of SRA. This is also the reasonwhyAEAs are used at
such low dosages (a few grams per kilo of binder), and why SRA dosages can be 1e2%
per weight of binder. More importantly, this requires a significantly higher solubility of
the non-ionic surfactants used as SRAs in the strong aqueous electrolyte cement solution.

The use of non-ionic cosolvents and hydrotropes results from the abovementioned
need to solubilize non-ionic surfactants efficiently in cement pore solution. For this it is
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necessary to close undesired miscibility gaps between the surfactant and the aqueous
phase, and to reduce the surfactants’ tendency to coprecipitation with electrolytes of
the cement aqueous phase.

The previous section on AEAs introduced the HLB concept. Equation (9.3) can
be used to calculate the HLB of non-ionic surfactants using the method of individual
contributions (group numbers) of hydrophilic and hydrophobic portions or groups in
the molecular structure of the surfactant. For mixtures of surfactants, as SRAs often
are, an overall HLB of the mixture can be calculated by additivity, according to Tadros
(2005), using this equation:

HLB ¼
Xn
i¼ 1

ðxiHLBiÞ (9.4)

where,

i: integer, number of surfactants in the mixture
xi: weight fraction of surfactant i
HLBi: HLB of surfactant i.

Table 9.5 Considerations on interfacial area/workspace of
an SRA compared to an AEA in 1 m3 concrete

Workspace of air entrainer Interfacial area created by air bubbles

Assumptions

Volume of air bubbles in
1 m3 concrete

0.05 m3

Assumed bubble diameter 100 mm

Bubble volume 5.2 � 10�13 m3

Number of bubbles 9.5 � 1010 e

Bubble surface per 1 m3 concrete 33 103 m2

Workspace of SRA Area exposed during drying

Assumptions

Surface of 1 cubic metre of fresh
concrete (cube)

6 m2

Cement hydrates content
(300 kg cement) reacted

378 kg

Range-specific surface of cement
hydrates (BET method)

8e150 m2/g

Interface (l-v) exposed during
drying of 1 m3 concrete

33 106 e 57 3 106 m2
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In fact, several SRAs contain additional components like dispersing agents, accel-
erators and/or air entrainers, indicating that surfactants may influence hydration as well
as the mechanical performance of the cementitious material.

Regarding mixtures of surfactants, it is explicitly pointed out that there is a syner-
gistic effect that enhances drying shrinkage reduction (Wombacher et al., 2000, 2002,
2012; Gartner, 2008; Shawl and Kesling, 1995). This is because surfactants with
different HLBs can serve each other as cosolvents. The cosolvent increases the surfac-
tant solubility and reduces undesired phenomena such as surface aggregation
(hydrates), salting out (coprecipitation with electrolytes from pore solutions) and
self-aggregation (liquid crystals).

This is also true when surfactants of different admixture categories are combined
in concrete, in particular in the case of air entrainers compatible with SRAs: the
more soluble surfactants from an SRA (or the cosolvents and hydrotropes used
therein) serve the AEA’s rather large and less soluble surfactants as cosolvents,
and can sometimes compromise the performance of the AEA. To maintain AEA
performance a surfactant of a different nature e amphoteric, according to Berke
et al. (2002), Budiansky et al. (1999, 2001a,b) and Kerkar and Dallaire (1997) e
can be used to establish compatibility between the SRA and the AEA (see the pre-
vious section on AEAs).

It is important to note that the molecular design of several surfactants claimed as
SRAs limits their applicability in mortar and concrete. Some materials turn out to
be too expensive to be used in concrete. Other components have to be excluded
because their low molecular weight causes issues regarding low saturation vapour
pressure (highly explosive) and/or low flaming points (Wombacher et al., 2000,
2002, 2012; Gartner, 2008).

Several other important material characteristics concerning the use of surfactants
in cementitious systems, as well as basic working mechanisms, can be derived from
general knowledge on non-ionic surfactants, which is in part outlined in the previous
section on the chemistry of air entrainers.

In the next section the chemistry of non-ionic surfactants used in commercial
SRAs, as well as surfactants mentioned in patent literature on SRAs, is given.

9.6.4 Classes of compounds used in SRAs

This section covers the molecular architecture of non-ionic surfactants and hydrotropes
used in SRAs.

The compounds used in SRAs can be classified as:

• monoalcohols
• glycols
• polyoxyalkylene glycol alkyl ethers
• polymeric surfactants.

Besides these compounds, others can be used as SRAs.
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9.6.4.1 Monoalcohols

Monoalcohols are organic compounds characterized by the presence of a hydroxyl
functional group, and can be represented by the generic chemical formula ReOH,
where R is an alkyl radical (linear, branched or cyclic).

Umaki et al. (1993) claimed alcohols with a small number of carbon atoms, also
called lower alcohols, to be efficient in shrinkage reduction. In particular, tert-butyl
alcohol is considered to be the most efficient SRA.

The solubility of monoalcohols in water depends on the chemistry of the alkyl
group. The C4e6 straight alcohols would have limited solubility in water, except
tertiary butanol that shows complete miscibility in water. Compared to surfactants
used in air entrainers, the HLB application range is rather of a wetting agent (HLB
7e9) than of an oil in water emulsifier (HLB 8e18).

Monoalcohols can be found in formulated SRAs in combination with polyoxyalky-
lene glycols, polyoxyalkylene glycol alkyl ethers or polymeric surfactants (Shawl and
Kesling, 1995, 1997, 2001) (see below).

9.6.4.2 Glycols

The term glycols strictly refers to a class of alcohols that possess two hydroxyl
functional groups attached to two adjacent carbon atoms. However, it can be used
more generally as a synonym for diol.

Glycols of interest for SRAs are alkandiols (or alkylene glycol) and polyoxyalky-
lene glycols. The general chemical structure of alkandiols is given in Figure 9.40.

Schulze and Baumgartl (1989, 1993) claim that alkandiols with n between 5 and 10,
in particular 2,2-dimethyl-1,3-propanediol (neopentyl glycol), shown in Figure 9.41,
are good for reducing shrinkage. Lunkenheimer et al. (2004) classify this type of
surface-active molecules as solvo-surfactants or hydrotropic detergents, because
they combine properties of solvents and surfactants.

2,2-Dimethyl-1,3-propanediol has good solubility in water (830 g/L at 20 �C), and
finds application as single-component SRA, but can also be used as a cosolvent in
formulated SRAs containing non-ionic surfactants with lower HLB.

As an example of these multicomponent SRAs, alkane diols have been used in
combination with a non-ionic fluorinated polyester (Gartner, 2008) capable of
reducing the surface tension of water down to below 30 mN/m. The synergistic effect
on enhancing shrinkage reduction by combining glycol and surfactant was explicitly
pointed out.

CnH2n OHHO

Figure 9.40 Chemical structure of alkane diols.

HO

H3C CH3

OH

Figure 9.41 Chemical structure of 2,2-dimethyl-1,3-propanediol.
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The other class of compounds belonging to glycols are polyoxyalkylene glycols,
whose chemical structure is shown in Figure 9.42. In the adopted notation, AO repre-
sents an oxyalkylene unit.

The number of oxyalkylene units in the molecule can vary, but it is small
(1 < n < 8).

Berke and Dallaire (1997) claimed a cement admixture able to counteract drying
shrinkage by use of alkylene glycol, that is 2-methyl 2,4 pentanediol, or polyoxyalky-
lene glycols, and maintain compressive strength of concrete using silica fume and a
stabilizer as a second component.

The combination of glycols and polyoxyalkylene glycol alkyl ethers has been
shown to have a synergistic effect on shrinkage reduction efficiency (Wombacher
et al., 2000, 2002, 2012; Gartner, 2008).

9.6.4.3 Polyoxyalkylene glycol alkyl ethers

The general formula of polyoxyalkylene glycol alkyl ethers is shown in Figure 9.43.
The R group is a linear, branched or cyclic alkyl radical, and represents the hydro-

phobic tail of the surfactant. The hydrophilic head consists of the hydrated oxyalkylene
chain (AO).

Polyoxyalkylene glycol alkyl ethers were claimed to be good SRAs by Sato et al.
(1983). A reduction of drying shrinkage of up to 50% was derived theoretically using
the capillary force shrinkage model and the reduction of surface tension. In 1985, a US
patent (Goto et al., 1985) was granted to this group of authors.

According to patent literature, the alkyl radical R can vary, but it has a small number
of carbon atoms (C < 20) and the alkylene group can be EO, PO or a block or random
copolymer containing both, in the same proportions. The number of oxyalkylene units
in the molecule (n) can be between 1 and 10 (Sato et al., 1983; Goto et al., 1985) or
more (Sakuta et al., 1990, 1992, 1993).

It has been reported that cyclohexyl radicals are preferred for the shrinkage reduc-
tion effect, and that the random configuration of EO and PO units in the polar portion
of the molecule is to be preferred for low foamability (Goto et al., 1985).

In commercial admixtures one representative of this class of compounds is dipro-
pylene glycol tert-butyl ether (DPTB) (Figure 9.44), with an HLB of 7.05.

The HLB of 7.05 means that DPTB is a wetting agent (Table 9.2), and would be
dispersed in water only by vigorous agitation. The relation between HLB and

HO AO
n

H

Figure 9.42 Chemical structure of polyoxyalkylene glycols.

R O A O H
n

Figure 9.43 Chemical structure of polyoxyalkylene glycol alkyl ethers.
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solubility helps us to understand combinations of substances, as for example in the
commercial SRA (Eberhardt, 2011). In that case the mix of compounds with very
different HLBs (11.2 and 2.9) leads to a sufficient solubility that can be assessed on
the basis of the average HLB value of this mix (10.1).

Multicomponent SRAs have been made that include polyoxyalkylene glycol alkyl
ethers and other conventional cement admixtures, such as polycarboxylate-based SPs
(Collepardi, 2006), naphthalene sulphonate formaldehyde condensate and melamine
sulphonate formaldehyde condensate (Berke et al., 2000).

Because of the defoaming property of shrinkage-reducing compounds and to
provide proper air entrainment for concrete, Berke et al. (1997) and Kerkar
et al. (2000) combined a shrinkage-reducing compound based on polyoxyalkylene
glycol alkyl ethers and an organic amine salt of tall oil fatty acid or an AEA,
respectively.

9.6.4.4 Polymeric surfactants

Starting from 1988, Akimoto et al. (1988, 1990a, 1992) proposed a cement admix-
ture efficient in shrinkage reduction obtained by copolymerization of a polyoxyal-
kylene derivative and maleic anhydride, a hydrolyzed product of the copolymer or a
salt of the hydrolyzed product. Akimoto et al. (1990b) filed another US patent,
claiming a dispersing compound with a component similar to the structure given
in Figure 9.45.

In Figure 9.45, B is a residue carrying two to eight hydroxyl groups, and X and R
are hydrocarbon chains of different length and chemistry. The number of oxyalkylene
groups can vary from 1 to 1000. The indexes l and n are between 1 and 7, whereas m
can be between 0 and 2.

B O

O

O A

A

A

a

b

c

l

n

m
O

O

H

O X

R

Figure 9.45 Chemical structure of a polymeric surfactant used in SRAs.
According to Akimoto et al. (1990b).

CH3

H3C

CH3

O CH2 CH

CH3

O H

Figure 9.44 Chemical structure of dipropylene glycol tert-butyl ether.
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The polymer can be classified as a polymeric non-ionic surfactant. In comparison to
monoalcohols and polyoxyalkylene glycols alkyl ethers, the surfactant can be rendered
two- or three-headed. To prevent slump loss and provide drying shrinkage reduction,
a copolymer that is to some extent soluble in water exhibits the best performance
(Akimoto et al., 1990b).

As mentioned previously, the efficiency of some molecules as SRAs needs to be
enhanced by the presence of a cosurfactant. This is probably for use of compounds
with the general formula given in Figure 9.46, which are claimed for use in mixtures
with other surfactants already known to be individually effective as SRAs (Shawl and
Kesling, 2001).

In this molecule, the oxyalkylene groups have preferably two to four carbon atoms
and R is either hydrogen or an alkyl group (C1e16). This surfactant can be classified
as polyol (n ¼ 0), or a two-headed and three-headed polymeric surfactant.

Starting in 1997, several patents were issued (Berke and Dallaire, 1997; Berke et al.,
1997, 1998, 2000, 2001; Kerkar et al., 1997, 2000; Kerkar and Gilbert, 1997) claiming
bi-component admixtures containing a shrinkage-reducing component A and a second
component B, that is a dispersing admixture.

Berke et al. (2001) described a mixture of different SRAs (polyoxyalkylene glycols,
polyoxyalkylene glycols alkyl ether, polyols) and a comb-shaped polymeric dispersant
with free carboxylic acid groups and side chains containing oxyalkylene units. This
molecule is shown in Figure 9.47, which basically is just a more generic expression
of the structure shown in Figure 9.12. The claims in the mentioned patent indicate
that the B group is a carboxylic acid ester, an amide, an alkylene ether or an ether

* CH2 CH CH2

B

(AO)n

R

CH *

COOH

Figure 9.47 Chemical structure of a comb-shaped polymer dispersant used in SRAs
(Berke et al., 2001).
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Figure 9.46 Chemical structure of a polymeric surfactant used in SRAs.
Adapted from Shawl and Kesling (2001).
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group. The radical R can have from 1 to 10 carbon atoms, and the number of oxyal-
kylene units can vary from 25 to 100. A similar comb-shaped copolymer was proposed
by Kerkar and Gilbert (1997) (Figure 9.48).

These structures are typical for comb-copolymer dispersants (see Section 9.2.4), but
can also be classified as a polymeric macro-surfactant, in which the hydrophilic heads
are formed by the grafted chains and the maleic unit serves as a hydrophobic ‘head
spacer’.

9.6.4.5 Other SRAs

Other SRAs include amino alcohols, whose chemical structure is shown in Figure 9.49.
According to Abdelrazig et al. (1995), amino alcohols where the R groups are short
linear or branched alkyl radicals or hydrogen atoms show good shrinkage-reducing
properties.

The preferred amino alcohols are 2-amino-butanol and 2-amino-2-methyl-prop-
anol. An estimate of the HLB of such compounds is complicated because of the
pH dependence. In cement pore solution (pH > 12.5) the amine group is not pro-
tonated, and thus the surfactant will resemble a non-ionic nature. The hydrophilic
main contribution comes from the free hydroxyl of the alcohol portion, and the
HLB is about 8.

Amino alcohols have been used in formulation together with diols, glycols or alkyl
ether glycols or neopentyl glycol (Wombacher et al., 2000, 2002, 2012). The chemical
structure of the amino alcohol surfactant claimed is shown in Figure 9.50.

* CH2 CH CH

CH2

CH *

O

(AO)p
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C C OO
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m n

Figure 9.48 Chemical structure of a comb-shaped polymer dispersant used in SRAs
(Kerkar and Gilbert, 1997).
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Figure 9.49 Chemical structure of an amino alcohol.
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According to Wombacher et al. (2000, 2002, 2012), the radical R is a C1e6 alkyl
group (linear, branched or cyclic) and the alkylene group is either an ethyl (C2H4) or a
propyl (C3H6) group.

The structure of an amino alcohol surfactant is similar to that of polyoxyalkylene
glycol alkyl ether, except that here the ether bond is substituted by a secondary amine
group.

Shrinkage measurements on mortars modified by using different compositions of
amino alcohols, glycols and/or alkyl ether glycols, alone and in combination, reveal
a synergistic effect on the enhancement of shrinkage reduction. A similar phenomenon
was shown by Shawl and Kesling (1995) for polyoxyalkylene glycol alkyl ethers and
glycols or diols.

Abdelrazig et al. (1994, 1995) developed admixtures containing amides or formyl
compounds whose general chemical structure is shown in Figure 9.51.

In Figure 9.51 R1 is a C4e6 alkyl alcohol or alkanoyl radicals, X is either an
oxygen atom or a secondary nitrogen group and R2 is either a primary nitrogen group
or a eCH2Ce(O)eCH3 group if X is an oxygen atom.

According to Abdelrazig et al. (1994, 1995), the preferred SRAs are n-butyl urea
(Figure 9.52(a)) and n-butyl acetoacetate (Figure 9.52(b)).

As for amino alcohols, the estimation of the HLB value of butyl urea is a delicate
task because of the deprotonation of the amine group at its isoelectric point. Consid-
ering the high pH of cement pore solution, the hydrophilic contribution will mainly
come from oxygen. For butyl acetoacetate the HLB is also hard to calculate because
of missing group numbers. An estimate would be a range of HLB 7e9.

Engstrand and Sjogreen (2001) claimed a powdered SRA made of a cyclic acetal of
a tri- or polyfunctional alcohol and amorphous silica, such as a silicic acid. For further

R NH A O H
n

Figure 9.50 Chemical structure of an amino alcohol surfactant.

R1 X C

O

R2

Figure 9.51 Chemical structure of amides or formyl compounds.
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O ONH2N
H

O
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Figure 9.52 Chemical structures of (a) n-butyl urea and (b) n-butyl acetoacetate.
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specification the acetal is a 1,3 dioxane of a trihydric alcohol, trimethylol-C1-8-alkane
or trihydric alcoxylated alcohol.

9.7 Conclusions

Chemical admixtures include many types of compounds. In this chapter we have
focussed on organic molecules, ranging from small organic compounds to large poly-
mers with a certain polydispersity, of both natural origin and synthetic. The chapter
provided an overview of the chemical characteristics of the different organic chemical
admixtures.

We have done this because they offer the greatest possibility to chemists to modify
properties and target improved performance by specific exploitation of structuree
property relationships. This very important aspect of chemical admixtures is illustrated
in more detail in the following chapters, where the working mechanisms of the chemical
admixtures are discussed. Chapters 11 (Gelardi and Flatt, 2016), 13 (Eberhardt
and Flatt, 2016) and 20 (Palacios and Flatt, 2016) deal respectively with the working
mechanisms of dispersants, SRAs and VMAs, while Chapter 12 explains the impact
that admixtures may have on cement hydration (Marchon and Flatt, 2016b).

Finally, it is important to recall that other aspects concerning the use of chemical
admixtures, such as the cost of production, availability of raw materials and perfor-
mance, are very important in practice and have also been mentioned in this chapter.
Aspects relating to the formulation of commercial products are addressed separately
in Chapter 15 (Mantellato et al., 2016).
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10.1 Introduction

The working mechanisms of numerous chemical admixtures involve the adsorption of
water-soluble compounds at a solideliquid interface. This is particularly the case for
water reducers and high-range water reducers, to which most of this chapter is dedi-
cated. Moreover, this process also concerns retarders. Additionally, adsorption of
rather water-insoluble compounds and/or substances with a high affinity to surfaces
is exploited in air-entraining and shrinkage-reducing admixtures, where surface active
agents (surfactants) are used to specifically alter properties of the liquidevapor inter-
face of concrete. Despite having high affinity to liquideair interfaces, these surfactants
may, however, also adsorb onto the solideliquid interface or self-associate into mi-
celles or liquid crystals. This makes the description of surfactant adsorption a delicate
task, as discussed in Section 10.4.3 for the solideliquid interface and in Section 10.7
for the liquideair interface.

If we consider a given dispersant, its impact on fluidity increases with dosage, pro-
vided that the admixture continues to adsorb on the surface of the solid particles to
disperse (Section 10.2). In fact, it is especially the adsorbed fraction of the dispersant
that is responsible for the effect on fluidity, as explained in Chapter 11 (Gelardi and
Flatt, 2016). Depending on the admixture type and its dosage, there may or may not
be an equilibrium established between the fraction of admixtures adsorbed and those
remaining in solution. The nature of this relationship is most often reported in the form
of adsorption isotherms, which are covered in Section 10.3.

In addition to the nature of the surface, this relation is profoundly affected by the
chemical nature of the dispersant. Although it is difficult to establish general relation-
ships owing to the variety of chemical compositions and structures available, we outline
some general chemical features of dispersants that affect their adsorption in Section 10.4.

Molecules with a low affinity to the surface may desorb if the conditions are
changed (Section 10.5). This may be by replacing the solution with water (Platel,
2005, 2009) or by modifying the ionic composition of the solution by increasing the
sulfate or hydroxyl ions concentrations (Yamada et al., 2001; Marchon et al., 2013).
Admixtures may therefore be subject to competitive adsorption, which can reduce their
performance as discussed in Section 10.5.2.

Other factors that reduce the performance of admixtures can involve an apparent
increase rather than reduction in adsorption (Section 10.6). Most of these are due to
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artifacts linked to the standard way of solution depletion used to measure adsorption.
Indeed, in this approach, adsorption is determined by measuring the difference between
the amount of admixture added and its fraction remaining in solution after a given time.
However, if admixtures are consumed by precipitation (Section 10.6.1) or intercalation
(Section 10.6.2), their apparent adsorption increases. The amount of admixture adsorbed
and acting as dispersant may either increase, remain equal, or even decrease. The latter
situation happens if the admixtures are more effectively precipitated or intercalated, so
that the surface coverage of particles to be dispersed decreases. A similar situation may
occur if the admixtures modify the process of nucleation and growth of aluminates,
causing an increase in the solideliquid interfacial area (Section 10.6.3).

The above issues concerning the interpretation of adsorption data are tightly linked
to experimental procedures. For this reason, we include at the end of this chapter an
extensive section about experimental aspects (Section 10.8).

10.2 Adsorption and fluidity

10.2.1 Initial fluidity

The adsorption increases with polymer dosage until the surface of the solid particles is
completely covered. At the same time, the fluidity increases and approaches a
maximum level that is dictated by the adsorbed conformation of the polymer and
the saturation of the surface (Yamada et al., 2000; Hanehara and Yamada, 2008)
(Figure 10.1).

The polymer affinity for the surface has a critical effect on the amount of polymer
that must be added before the surface is covered. For example, a polymer with a low
affinity for the surface will have to be added in large amounts because a large fraction
of it remains in solution rather than being adsorbed. This has led authors to define the
so-called saturation dosage, above which a further addition of polymer does not affect
much the fluidity.
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Figure 10.1 Critical and saturation dosages with respect to the dispersing ability.
Adapted from Hanehara and Yamada (2008) with permission.
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Another concept that is found in the literature with regard to polymer dosage is the
critical dosage. This is defined as the dosage above which a dispersion effect is noticed.
The results obtained from testing this dosage, however, are extremely dependent on the
experimental conditions, such as the waterecement ratio (w/c) or volume fraction, the
type of cement, and the type and the chemical structure of the polymer.

10.2.2 Fluidity retention

Vickers et al. demonstrated that the loss of fluidity depends on the amount of polymer
remaining in solution (Vickers et al., 2005). This might be explained by considering
that a reserve of polymer is available in solution to adsorb on newly formed hydrates
(Flatt, 2004a,b). The question of why polymers that do not initially adsorb would
adsorb later in time has two answers. The first is that if there is equilibrium between
the solid particles surface and the solution, the distribution of polymers between
both depends on the ratio of the surface area to the solution volume. Consequently,
if more surface is created, at least one part of the nonadsorbed polymers will move
onto the newly created surface, even if the original surface is not fully covered. The
second reason is that during the initial 1e2 h of hydration, most of the hydrates
formed are aluminates for which the polymers have a higher affinity, as seen above.
Therefore, we could consider that aluminates may initially be at full surface
coverage, but not silicates. As long as polymers are available in solution, they would
extensively adsorb on the aluminates while remaining in equilibrium with partially
covered silicate surfaces.

Apart from this, another general consideration is that the workability is lost much
faster in systems reaching only partial surface coverage than that with a full surface
coverage (Schober and Flatt, 2006). The explanation lies in the ability of adsorbed
admixtures to modify the chemical kinetics of cement hydration and the associated
creation of new surfaces that are detrimental to workability. It probably also includes
the possibility that partially covered particles have to let polymers rearrange themselves
on their surface, creating contact points having stronger cohesive forces.

10.3 Adsorption isotherms

10.3.1 Basic phenomenology of adsorption

Adsorption data are most often reported in terms of adsorption isotherms by plotting
the amount of adsorbed polymers with respect to the amount remaining in solution.
This procedure makes most sense if equilibrium is established between the surface
and the solution. In what follows, we discuss basic characteristics of adsorption iso-
therms before discussing possible models for it in the next subsection.

Many theoretical approaches to adsorption isotherms predict that, at low surface
and solution concentrations, the adsorbed amount should be proportional to the con-
centration in solution (Langmuir, 1918; Degennes, 1976; Bouchaud and Daoud,
1987; Fleer, 1993; Marchon et al., 2013). However, these approaches may differ
substantially with respect to the extent of this linear zone.
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The slope of this initial regime represents an adsorption equilibrium constant, K. It
depends on the free energy of the adsorbate-solvent, adsorbate-surface of the adsor-
bent, and surface-solvent interactions. For polymers, the change in configurational en-
tropy between solution and surface plays an important role. This depends on the
molecular structure of the polymer. For linear chains various expressions have been
proposed (Degennes, 1976; Bouchaud and Daoud, 1987; Fleer, 1993).

For compounds with sufficient affinity for the surface, increasing dosages mainly
enriches the surface, while the concentration in solution remains dilute. Rising concen-
trations at the surface causes the adsorbed polymer to enter a semidilute regime in
which the adsorbates start to have excluded volume interactions. In this situation, poly-
mers reorganize themselves on the surface to minimize the system free energy. The
extent of conformational change that they may undergo in this stage depends on the
adsorption energy (high values allow more adsorption). The state of minimal energy
corresponds to the so-called adsorption plateau, a regime in which the adsorbed
amount becomes independent of the concentration in solution (Degennes, 1976;
Bouchaud and Daoud, 1987).

For single-polymer chains, when the concentration in solution also reaches semidi-
lute conditions, adsorption becomes less favorable and the adsorbed amounts decrease
with increasing dosage. To the best of our knowledge, this situation is not relevant for
most chemical admixtures and will therefore not be discussed further.

10.3.2 Simple adsorption isotherm models

In the previous section, we have indicated that, at low concentrations, adsorption in-
cludes a linear range in which the adsorbed amount and the solution concentrations
are proportional to each other. Additionally, at higher solution concentrations, the
adsorbed amount eventually reaches a plateau. These represent two basic features
that any adsorption isotherm must capture.

For example, this is the case of the Langmuir adsorption isotherm (Langmuir, 1918)
and explains the very popular use of this model. However, this does not guarantee that
it adequately accounts for data in the intermediate regime. To better emphasize this, we
present an alternative derivation of this relation and then an analogous one that is prob-
ably more adequate for polymers.

We begin by considering a chemical reaction in which an adsorbate A reacts revers-
ibly with a free site S to form an occupied surface site SA:

S þ A! SA (10.1)

For this chemical reaction, we can write an equilibrium constant, K, as follows:

K ¼ ½SA�
½S�½A� (10.2)

where [A] is the activity of the adsorbate in solution, [S] is the activity of the free
surface site, and [SA] is the activity of the occupied surface site.
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Considering an ideal mixing situation, [S] and [SA] may be represented by surface
fractions. In absence of other substances, we have:

½SA� þ ½S� ¼ 1 (10.3)

The substitution of Eqn (10.3) into Eqn (10.2) leads to the first expression of the
Langmuir isotherm:

½SA� ¼ K ½A�
1þ K½A� (10.4)

This equation is generally transformed to account for the maximum adsorbed
amount and is written as follows:

mSA ¼ mN
SAK cA

1þ KcA
(10.5)

where mSA is the adsorbed mass, mN
SA is the adsorbed mass at the plateau, and cA is the

concentration in solution.
As explained in the previous section, the plateau for polymer adsorption depends on

their ability to organize themselves in a compact way on the surface. This is affected by
their adsorption energy. For linear chains, the adsorbed mass at the plateau mN

SA
increases with the cubic root of the adsorption energy (Fleer, 1993). Although this
dependence is much lower than for K, which varies as the exponential of adsorption
energy, it is not negligible. Equation (10.5) is therefore somewhat misleading as it sug-
gests that only K would depend on it. Reducing the adsorption energy should therefore
affect the plateau, as discussed in Section 10.5.2.

However, there are other more important issues that one may consider before
applying this equation to polymer adsorption. We present a simple modification of
the above derivation, to illustrate one matter of concern.

We now consider a situation in which n sites S get occupied by one polymer P.
Equations (10.1), (10.2), and (10.3) become

n S þ P ! SnP (10.6)

K ¼ ½SnP�
½S�n½P� (10.7)

½SnP� þ ½S� ¼ 1 (10.8)

Combining Eqns (10.7) and (10.8), we can write

½P� ¼ ½SnP�
Kð1� ½SnP�Þn (10.9)
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The important point here is that the relationship between amounts adsorbed and in
solution depends on n. It can be shown that the equilibrium constant K, however, has
an even stronger dependence on n. Consequently, the initial slope of the adsorption
isotherm is initially much steeper, but would then curve over at larger concentrations
in solution to reach the true adsorption plateau.

However, this model probably puts an overproportionate weight on the activity of
the free sites. Indeed, for polymer adsorption, it may be more realistic to consider that
on the surface covered by an adsorbed polymer, only a fraction of surface sites are
occupied (Marchon et al., 2013). In such a situation, the free site activity may remain
unity (or constant in case of competitive adsorption with small species) over a large
range of concentrations (Degennes, 1976; Bouchaud and Daoud, 1987; Marchon
et al., 2013). In this case, Eqn (10.2) may be rewritten as follows:

Ky
½SA�
½A� (10.10)

In the next section, we examine experimental data for the adsorption of superplas-
ticizers to determine the extent to which one or the other of these predictions may hold.

10.3.3 Linear zone of adsorption isotherms of superplasticizers

Studies on the adsorption of superplasticizers often show that the fraction of adsorbed
polymer remains constant as dosage is increased. Moreover, this fraction can be quite
different from unity over a large range of dosages (Perche et al., 2003). This large
linear zone can be interpreted in two ways. First, it may be a result of polydispersity,
with only one fraction of the polymers adsorbing strongly and the other barely adsorb-
ing. Second, as explained in the previous section, it may be due to the fact that the free
site activity remains roughly constant because the number of sites occupied in the sur-
face covered by a polymer is small. In the latter case, the proportionality between
adsorption and dosage is a result of the equilibrium expressed in Eqn (10.10).

To better identify situations in which adsorption is proportional to dosage, it can be
helpful to also plot adsorption versus dosage. In this case, the same units should be
used on both scales—for example, polymer mass with respect to solid (mass of surface).
An example for lignosulfonates (LS) is illustrated in Figure 10.2. It clearly shows that the
initial part of the adsorption is linear with dosage. A more careful analysis shows that the
initial slopes are not at all identical and slightly lower thanunity (0.82e0.98). This implies
that, during this initial stage, only a fixed fraction of the polymer is adsorbed (82e98%),
which most likely results from the polydispersity in size and/or molecular structure. On
the same graph, it can also be observed that above this linear zone, some polymers are
at their plateau, while others continue to adsorb gradually with increasing dosage.

A similar situation is shown in Figure 10.3 for various polycarboxylate ether (PCE)
dispersants. In that case also, there is a distinct initial linear zone as a function of dosage.
However, here the slopes are substantially lower and more differentiated (0.37e0.58).
In this graph, it should be noted that the polymer PCP-3 does not reach a plateau. This is
probably a result of precipitation, as discussed in Section 10.6.1.

The amount of polymer adsorbed at the end of the linear zone is far beyond what
would be expected if a Langmuir-type isotherm were followed (true isotherms not
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shown here). For LS, it could be argued that owing to the high fraction of polymers
adsorbed, a relation of the form given in Eqn (10.9) may apply. A consequence of
this would be that true equilibrium would be very difficult to reach at the plateau. How-
ever, we cannot exclude that Eqn (10.10) applies.

For PCEs, however, only a rather limited fraction of the polymer adsorbs in the
linear regime. One possible reason for this could be polydispersity. Indeed, superplas-
ticizers show typically a polydispersed structure, meaning that they contain many
fractions of different molecular weights and/or structures. This can explain the
discrimination that has been reported to take place during adsorption between these
different fractions (Flatt et al., 1998; Winnefeld et al., 2007).
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However, in the absence of polydispersity effects, we would infer that Eqn (10.9)
does not apply. Rather, one would then conclude the existence of an extended linear
zone resulting from a constant activity of the free sites, so that Eqn (10.10) applies.
To distinguish between both situations, it would be necessary to compare adsorption
data obtained in suspensions, of which the solid to liquid ratios would be varied. Platel
(2005) has carried out such experiments, and his results support the reversibility of
PCE adsorption above a certain adsorption threshold (see Section 10.5.1).

10.3.4 Specific issues in studying adsorption on
cementitious systems

An important issue in measuring adsorption isotherms of polymers is to know whether
true equilibrium has been reached. At high surface coverage, the rearrangement of
polymers will take time, particularly if their adsorption energy is high. In cementitious
systems, the problem is exacerbated by the fact that the surface area changes with time
due to chemical reactions, so only limited contact times may be used.

Another issue in cementitious systems is that polymers are not expected to adsorb
uniformly on the different phases present in cement. Indeed, several studies performed
on pure cement clinker phases and hydration products showed that superplasticizers
adsorb preferably on aluminate phases, which have a positively charged surface
(ettringite has the highest affinity), than on silicates with a negatively charged surface
(Yoshioka et al., 2002; Plank and Hirsch, 2007; Zingg et al., 2008). These studies
show the importance of understanding the behavior of superplasticizers when facing
each cement phase for controlling fluidity of cement paste and concrete.

10.4 Molecular structure and adsorption

10.4.1 General features

The energy balance controlling polymer adsorption is not trivial because of the entropy
terms linked to conformation changes of the polymer between the solution and the sur-
face. Consequently, analytical solutions are only available in a limited number of cases
for which conformations can be well enough described, typically using scaling laws.
This is the case for linear chains (Degennes, 1976; Bouchaud and Daoud, 1987; Fleer,
1993). Beyond these limited number of cases, molecular simulations are needed.

Having said this, it is nevertheless useful to outline the general principles underly-
ing this complex process. For example, one can define a dimensionless adsorption
energy parameter xS (units of kBT) for the free energy change associated with the
adsorption of a polymer segment and the desorption of a solvent molecule. To be pre-
cise, by definition the free energy change for this exchange is �kBT xS, so that cases of
favorable adsorption are characterized by positive values of xS.

Polymer adsorption takes place if xS is larger than a critical value xSC (Fleer, 1993).This
energy difference is needed to compensate for the entropy loss of the adsorbing polymer.
Monomers have been found to have a lower value of xSC than their corresponding seg-
ments in polymers, which has been explained by the reduced mobility of these segments
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in the polymer chain (Cohen Stuart et al., 1984a). Therefore, monomers are not capable of
desorbing a polymer.

However, low-molecular-weight compounds can act as displacers and desorb a
polymer if their adsorption energy xS(displacer-solvent) is sufficiently large (Cohen Stuart
et al., 1984b). This leads to situations of competitive adsorption, which are more exten-
sively discussed in Section 10.5.2.

Strictly speaking, the first-order analysis above should hold if the adsorbing seg-
ments dominate the loss of conformational entropy of the polymer. For such condi-
tions, monomer adsorption would rather follow a Langmuir-type isotherm, while
their polymer would have a behavior qualitatively described in Eqn (10.9).

However, the latter situation is clearly an oversimplified one. As mentioned in the
previous section, superplasticizers exhibit a linear relationship between adsorption and
solution concentration (or dosage). This may be simply due to polydispersity as pre-
viously mentioned (Flatt et al., 1998; Winnefeld et al., 2007). However, for PCEs,
there are strong indications that this extended linear regime also involves an equilib-
rium so that Eqn (10.10) can be applied up to relatively high surface coverage, at least
for the adsorbing fraction of the molecular structure distribution. The reasons for this
are further developed at the end of the next section.

10.4.2 Adsorption of superplasticizers

Molecular mass plays an important role in superplasticizer adsorption, regardless of their
molecular nature. Reports about this can be found for sulfonate naphtalene formaldehydes
polycondensates (SNFCs) (Piotte, 1993), LSs (Reknes andGustafsson, 2000;Reknes and
Peterson, 2003), vinyl copolymers (Flatt et al., 1998), and PCEs (Peng et al., 2012; Mag-
arotto et al., 2003;Winnefeld et al., 2007). Adjustingmolecularmass is therefore a way to
modify the performance of a superplasticizer. For derivatives of natural products, such as
LSs, this may be done by ultrafiltration (Zhor, 2005; Zhor and Bremmer, 1997). For syn-
thetic polymers, it can be done bymodifying synthesis conditions, such as concentrations
of monomers and chain transfer agents, as well as temperature and reaction time, among
others. Additionally, as mentioned earlier, one should also consider that superplasticizers
are polydispersed in size and structure so that a certain discrimination can take place dur-
ing adsorption (Flatt et al., 1998; Winnefeld et al., 2007).

On the basis of the synthetic nature of PCEs, one can, in principle, change the chem-
istry of the backbone and its length, the amount of ionic groups with respect to the side
chains, expressed as carboxyliceester (C/E) ratio or grafting density, the length of the
side chains, etc., depending on the performance desired (Chapter 9, Gelardi et al.,
2016).All of these factors affect the adsorption,which in turn affects the rheological prop-
erties, as evidenced in numerous papers (Yamada et al., 2000; Winnefeld et al., 2007;
Papo and Piani, 2004; Schober and Flatt, 2006; Peng et al., 2012; Kirby and Lewis,
2004; Li et al., 2005).

In Chapter 9 on the chemistry of PCEs (Gelardi et al., 2016), the conformation of a
comb-shaped copolymer in solution—and more specifically, its radius of gyration
(Eqn 9.2)—has been defined with the structural parameters P, N, and n (Figure 9.17)
and the size of the different monomers in the backbone or in the side chains (Flatt et al.,
2009a). As illustrated in Figure 10.4, a PCE is represented in solution as a chain of
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blobs (the size of which relates to the previously mentioned parameters). The confor-
mation of such a comb-shaped copolymer adsorbed on a particle of cement can be
derived in a similar way by using a chain of hemispheres on a surface (see also
Figure 10.4). The radius of these hemispheres, RAC, is defined as follows:

RAC ¼
�
2
ffiffiffi
2

p
ð1� 2cÞ aP

aN

�1=5

aPP
7=10N�1=10 (10.11)

where aN and aP are the size of the monomers in the backbone and in the side chains,
respectively; P the number of monomers in the side chain; and N the number of
monomers in the backbone for one side chain. The surface S occupied by each
molecule on a particle can be then calculated from:

SA ¼ pffiffiffi
2

p aNaP

�
2
ffiffiffi
2

p
ð1� 2cÞ aP

aN

�2=5

P9=10N3=10n (10.12)

The most important parameter during adsorption is the density of ionic groups in the
backbone. Indeed, PCEadsorption increaseswith the density of ionic groups on the back-
bone (Yamada et al., 2000;Regnaud et al., 2006). Interestingly, independent studies from
Regnaud et al. (2006) andWinnefeld et al. (2007) suggest that adsorption drops strongly
below a C/E ratio of 2, regardless of the length of the side chains (Flatt and Schober,
2012).

Figure 10.4 Schematic representation of a comb copolymer in solution (chain of spherical
cores, each of radius RC) and one adsorbed on a mineral surface (chain of hemispheres, each of
radius RAC).
Adapted with permission from Flatt et al. (2009a).

228 Science and Technology of Concrete Admixtures



The strong effect of the ionic charge can be understood to some extent using the
first principle equilibrium constant proposed by Marchon et al. (2013). In that study,
the authors considered that the charges are competing with other ions present on the
surface that are present in much larger amounts. To support this approximation,
we consider that, in the area occupied by a PCE, the density of functional groups is:

sA ¼ nðN � 1Þ
SA

(10.13)

A first simple approximation for the charge density on the surface sS is to consider
that there is one charge in an area given by the aP*aN. The ratio of charge densities
between the surface and the adsorbing function of the polymer is then:

sS

sA
¼

pffiffi
2

p
�
2
ffiffiffi
2

p ð1� 2cÞ aPaN
�2=5

P9=10N3=10

ðN � 1Þ (10.14)

This shows that the charge density ratio increases almost linearly with P. Its depen-
dence on N is less trivial, but in first order would decrease with its -7/10 power
(approximating (N�1) to N). Higher values of N therefore decrease this ratio, which
is expected because this directly increases the number of functional groups. Neverthe-
less, the dependence is not linear. In quantitative terms, we can consider
polymethacrylate-based PCEs with polyethylene glycol (PEG) side chains, for which
we have aP ¼ 0.36, aN ¼ 0.25 nm, and c ¼ 0.37. Taking typical values of P ¼ 23 and
N ¼ 4, we get a charge density ratio of about 20. Therefore, in the surface occupied by
a typical PCE, we expect that only about 5% of the surface charges will be occupied by
the functional groups. While this approximation depends a lot on our estimate of sS,
the main conclusion should remain. In particular, it implies that the surface occupancy
of charges does not need to be considered and leads to an adsorption isotherm of the
form given in Eqn (10.10) (Marchon et al., 2013).

To estimate the adsorption equilibrium constant as a function of PCE molecular
structure, Marchon et al. (2013) considered the balance between adsorption and
desorption rates of functional groups. More specifically, they defined the rate constant
for these processes respectively as kaA and kdA. For each of these constants, they pro-
posed the following relationships to the structural parameters of the polymer:

kaA ¼ nðN � 1Þz
SA

1
n
¼ ðN � 1Þz

SA
(10.15)

kdA ¼ SA
nðN � 1Þz (10.16)

where z is the number of charges carried by each monomer in the backbone and SA
is the surface occupied by the molecule proportional to P9=10N3=10n, as seen in
Eqn (10.12).

The adsorption kinetic rate constant is proportional to n(N-1)z/SA, which represents
the surface charge density of the adsorbed molecule, and is inversely proportional
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to the number of side chains n to take into account the steric hindrance induced by
the side chains. The desorption rate constant is inversely proportional to the surface
charge density.

Within the frame of these assumptions, the adsorption equilibrium constant is then
obtained as the ratio between both constants:

KA ¼ kaA
kdA

¼ z2ðN � 1Þ2
nP9=5N3=5

(10.17)

With this adsorption equilibrium constant, it is possible to link the structural param-
eter of a polymer with its adsorption ability.

10.4.3 Surfactant adsorption at the solideliquid interface

In cementitious materials, surfactants are mostly wanted for their action at the liquide
vapor interface (e.g., air-entraining admixture (AEA), shrinkage-reducing admixture
(SRA)). However, these same molecules may also adsorb at solideliquid interfaces,
which reduces their effectiveness for a given dosage. In this section, we discuss the
latter process.

Surfactant adsorption at the solideliquid interface is simpler than polymer adsorp-
tion. First, the conformation of adsorbed surfactants can be deduced from their amphi-
pathic structure, the nature of the solvent, and the nature of the solid. Second, the
adsorption is usually reversible, which allows a straightforward thermodynamic treat-
ment of the problem (Tadros, 2005).

As for polymers, many factors influence surfactant adsorption onto the
solideliquid interface: molecular structure, such as the hydrophilic chain length
(Partyka et al., 1984), pH (Denoyel and Rouquerol, 1991), temperature (Rosen,
2004; Tadros, 2005; Partyka et al., 1984), and dissolved salts (Denoyel and
Rouquerol, 1991; Partyka et al., 1984; Nevskaia et al., 1998). The most significant
differences in the adsorption mechanisms are between ionic and nonionic surfactants
and their affinity for either hydrophilic or hydrophobic solid surfaces. Combinations
of these different situations are discussed here because they cover situations of
concern for the use either of SRAs or AEAs in concrete. In general, the adsorption
of such admixtures at solid interfaces consumes admixtures that should be exerting
their action elsewhere and is therefore something that one would rather want to
avoid.

10.4.3.1 Adsorption of ionic surfactants

In concrete, adsorption of ionic surfactants may occur both on hydrophilic and hydro-
phobic surfaces. An example of the second case is for concrete containing fly ash that
may itself contain carbonaceous particles. These are hydrophobic and have been re-
ported to potentially adsorb AEAs (Chen et al., 2003; K€ulaots et al., 2004; Pedersen
et al., 2010; Baltrus and LaCount, 2001; Hill et al., 1997; K€ulaots et al., 2003; Pedersen
et al., 2009, 2008).
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The adsorption of ionic surfactants is mainly governed by the hydrophobic interac-
tion of the hydrophobic surfactant tail and the surface of the solid substrate.
On hydrophilic surfaces, surfactant adsorption is governed by the charge of the surface
and counter ions present in the electrolytes as well as hydrophobic interaction of their
tails (Tadros, 2005). For highly charged surfaces, ion exchange and pairing as well as
hydrophobic bonding mechanisms may occur (Rosen, 2004).

Basically, four regions in surfactant adsorption with specific features can be distin-
guished, which are summarized in Figure 10.5.

For low surfactant concentrations in Region 1, adsorption shows a gradual increase
in which ions of the supporting electrolyte are exchanged by the ionic head group of
the surfactants.

In Region 2, adsorption increases drastically and results in hydrophobic interactions
between oncoming surfactants and those previously adsorbed. At a critical surfactant
concentration, the hydrophobic interaction between surfactants leads to the formation
of hemi-micelles at the interface. This occurs at the critical aggregation concentration
(CAC), which is well below the critical micellation concentration (CMC).

In Region 3, adsorption decreases with increasing surfactant bulk concentration
through increasing electrostatic repulsion between the reversed surface formed in
Region 2 and the oncoming ionic heads of the surfactants.

Surface adsorption is completed near the CMC in Region 4.
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Figure 10.5 Illustration of various steps in surfactant adsorption.
Adapted from Rosen (2004).
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10.4.3.2 Adsorption of nonionic surfactants

In this section, we deal with nonionic surfactants adsorption only on hydrophilic
surfaces. The corresponding adsorption isotherms generally show a Langmuir-type
behavior or two-stepped (L2) or even four-step (L4) Langmuir behavior with a plateau
near the CMC. The different shapes of the adsorption isotherms are due to the adsor-
bateeadsorbate, adsorbateeadsorbent and adsorbateesolvent interactions (Rosen,
2004; Tadros, 2005; Denoyel and Rouquerol, 1991; Levitz, 2002; Narkiewicz-
Michałek et al., 1992; Partyka et al., 1984; Narkis and Ben-David, 1985; Liu et al.,
1992; Portet et al., 1997; Nevskaia et al., 1998; Kjellin et al., 2002; Gonz�alez-García
et al., 2004; Paria and Khilar, 2004; Kharitonova et al., 2005; Chao et al., 2008).
This is evidenced in various studies on the adsorption of nonionic surfactants onto
several solids, such as precipitated silica (Denoyel and Rouquerol, 1991; Levitz,
2002; Narkiewicz-Michałek et al., 1992; Partyka et al., 1984), ground quartz
(Denoyel and Rouquerol, 1991; Nevskaia et al., 1998; Kharitonova et al., 2005),
pyrogenic silica (Denoyel and Rouquerol, 1991; Portet et al., 1997), soils (Liu
et al., 1992; Chao et al., 2008), clay (Denoyel and Rouquerol, 1991; Narkis and
Ben-David, 1985; Nevskaia et al., 1998; Chao et al., 2008), and activated carbon
(Narkis and Ben-David, 1985; Gonz�alez-García et al., 2004).

With respect to cementitious materials, adsorption onto hydrophilic surfaces should
be driven by hydrogen bonding of the polar moieties (hydrophilic heads) with the sila-
nol groups (silica, amorphous quartz, etc.) and/or aluminol groups (clay). However, at
the elevated pH of these systems, most of these groups are deprotonated (Nicoleau
et al., 2014; Labbez et al., 2006) and not operational for hydrogen bonding (Merlin
et al., 2005). Zhang et al. (2001) performed adsorption measurements on hydrating
cement paste and showed no adsorption of some nonionic surfactants with low
molecular weights in their system. Furthermore, Merlin et al. (2005) identified that
adsorption of ethoxylated nonionic surfactants onto C-S-H lies at the detection limit
(w1 mmol/gC-S-H or w0.01 mmol/m2). However, it has to be noted that the nonionic
surfactants used in the above studies have significantly different chemical natures
than nonionic surfactants used in SRA (cf. Eberhardt (2011)).

At low bulk concentrations, the nonionic surfactant monomers are anchored to the
surface. With increasing concentration, the surface coverage increases and the adsorp-
tion isotherms show a rather low slope. As for ionic surfactants, adsorption strongly
increases above the CAC.

10.5 Dynamic exchanges between surface
and solution

10.5.1 Reversibility of adsorption

The adsorption of admixtures at interfaces is a reversible process in which various
admixtures will have different affinities for the surfaces. Moreover, just as adsorption
depends on surface coverage, so does desorption. For example, if the aqueous phase of
a suspension containing a large amount of admixtures both in solution and at the
solideliquid interface is replaced by pure water, part of the admixtures will desorb.
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However, with lower amounts of admixtures in the systems, these will mainly be
adsorbed at the surface; therefore, they will not or barely desorb if the solution is
replaced by pure water. Such effects are well known and have also been measured
with superplasticizers in cement suspensions (Platel, 2005, 2009).

The fundamental reason for this behavior is that adsorbed admixtures are not immo-
bile on the surface. In particular, at high surface coverage, the equilibrium with the sur-
face is dynamic. This was shown by Pefferkorn et al. (1985). They adsorbed labeled
polymers on particles and subsequently replaced the continuous phase with a solution
containing identical unlabeled polymers. By measuring the labeled polymers, they
showed that radioactive decay is proportional both to the coverage by labeled poly-
mers, G*, and to the bulk concentration of unlabeled polymers, Cb. There is therefore
a faster exchange of polymers when their concentration in solution is high and a much
lower one otherwise. This explains why it is very difficult to completely desorb poly-
mers by repeated washing with pure solvent (de Gennes, 1987). An interesting aspect
of this result is also that at high polymer dosages, owing to polymer mobility, the sys-
tem has the capacity to rearrange polymers at the surface and evolve toward a true
equilibrium in full surface coverage. However, the kinetics of this process may be
slow, even more so for polymers with a high affinity for the surface.

This finding emphasizes an important fact: adsorbed polymers are not irreversibly
fixed. They can be replaced by similar polymers, but more generally also by other spe-
cies. This brings us to the notion of competitive adsorption, which is dealt with in the
next section.

10.5.2 Competitive adsorption

As explained in Chapter 16, one of the reasons for some cementesuperplasticizer in-
compatibilities comes from soluble sulfates contained in the cement (Nkinamubanzi
et al., 2016). More generally, the performance of superplasticizers can be perturbed
by various ionic species, leading to a dramatic loss of the dispersive effect due to
competitive adsorption. Hydroxides (Flatt et al., 1997; Marchon et al., 2013), sulfate
ions (Yamada et al., 2001), citrates and tartrates (Plank and Winter, 2008), and other
polymeric admixtures (Plank et al., 2007) are among the chemical species competing
for the solid surface with superplasticizers and thus reducing their adsorption.

When dealing with competitive adsorption, it is important to consider that not only
the initial slope K but also the plateau are affected by adsorption energy (see Section
10.3 and Flatt et al., 1997). Additionally, when extracting data from adsorption iso-
therms, the choice of the model will obviously affect the result.

Yamada et al. (2001) showed the competitive adsorption between PCEs and sulfates.
By alternatively changing the concentration of sulfate ions in solutionwith the addition of
CaCl2 andNa2SO4, the authors showed the reversibility of the adsorption of at least part of
the PCEpolymer used (Figure 10.6, left) and its effect on the rheology (Figure 10.6, right).

Later, the correlation between the sulfate sensitivity and the structural parameters of
the polymer was demonstrated on cement pastes with different PCEs (Zimmermann
et al., 2009). By using a similar test to change sulfate content, the sulfate sensitivity of
the PCEs was found to be proportional to P/N2. With a theoretical approach, Flatt et al.
(2009b) refined the dependence of the sensitivity with a molecular structure-dependent
parameter called the sulfate sensitivity parameter (SSP), given by P4/5N3/5(N�1)�2.
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More recently, a study about alkaline activation of superplasticized blended cement
focused on the sensitivity of PCEs to hydroxides (Marchon et al., 2013). By neutralizing
the hydroxideswithHCl, the authors were able to show that for PCEswith amethacrylate
backbone, the loss of dispersive effect in an activated system with NaOH is not due to a
possible loss of the side chains due to a hydrolysis of the ester functions linking them to the
backbone, but to a competitive adsorption. Moreover, the sensitivity of PCEs to the pres-
ence of additional alkalis could be related to changes in the adsorption equilibrium con-
stant given in Eqn (10.17). This criterion is particularly useful to easily determine the
adsorption behavior of a molecular structure in extreme conditions, such as alkaline-
activated systems, where strong incompatibilities between the PCE superplasticizers
and the ionic species in solution have been observed. Recent works have also examined
modifications to the PCE chemistry to reduced the sensitivity to sulfates, for example by
introducing silane groups (Fan et al., 2012), changing the carboxylic backbonemonomers
(Dalas et al., 2015a,b) or the distribution of side chains on the backbone (Pourchet et al.,
2012).

10.6 Consumption (ineffective adsorption)

10.6.1 Precipitation

With regard to the efficiency of dispersants, we are interested in molecules that are
adsorbed and reduce the maximum attractive interparticle force (Chapter 11: Gelardi
and Flatt, 2016). If admixtures precipitate with hydrates to form new organomineral
phases, they will not be active as dispersants.
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Figure 10.6 Illustration of the effect of sulfates on the performance of a PCE superplasticizer
in cycles involving alternative additions of CaCl2 and Na2SO4. Left: adsorbed PCE as a
function of sulfate concentration in the aqueous phase. Right: relative flow area from paste flow
tests as a function of sulfate concentration in the aqueous phase.
Reproduced from Yamada et al. (2001) with permission.
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If such precipitation takes place on particle surfaces, it will create a layer of which
the dielectric properties will contribute to the overall van der Waals forces. As a rule of
thumb, the lower the density of this layer, the lower will be its contribution to the van
der Waals force (Flatt, 2004b). However, unless it is several nanometers thick, one can
expect a low-density layer to get compressed under the action of van der Waals forces
between particles on which they have formed. They would do so until they cannot get
more compressed, at which point the attraction between particles will result from a
combination of the dielectric properties of both the layer and the particles. Such surface
precipitates may therefore be beneficial in reducing the magnitude of the van der Waals
force, but the extent to which they can do so is most likely limited. If precipitation
occurs in the bulk solution, the impact on rheological properties should in general
be low, unless a gel network were to be formed.

However, such precipitation reactions may have an important role on hydration
kinetics. Indeed, the precipitation of admixtures on surfaces can most likely slow
down diffusion, in particular if it takes place around high-energy sites (see Chapters
8 and 12: Marchon and Flatt, 2016a,b). Precipitation in the bulk of the solution might
have an indirect effect. Indeed, it will deplete the solution from some ions and thereby
increase the driving force for dissolution.

An indication of precipitation can be seen if adsorption measurements do not reach
a plateau, even at very high dosages, as shown in Figure 10.3 with the PCE polymer
PCP-3. This indicates that “normal” adsorption is not taking place. However, it does
not indicate the nature of the compound forming or its location (solution or surface).

10.6.2 Organoaluminates

One type of precipitate that can form is an organoaluminate phase (Giraudeau et al.,
2009; Fernon et al., 1997; Plank et al., 2006a,b). As explained in Chapter 8, a product
of the hydration of aluminates is composed of positively charged platelets with counter
ions intercalated between them (Marchon and Flatt, 2016a). An organoaluminate
phase is a layered double hydroxide, between the layers of which polymers are inter-
calated, compensating only in part for the surface charge balanced otherwise by hy-
droxides (Giraudeau, 2009).

The conceptualmodel concerning the impact of the formation of this phase is that poly-
mers would be trapped within it and incapable of dispersing cement particles (Flatt and
Houst, 2001).Various observationswere used to postulate the existence of such a process:

1. Delayed addition of superplasticizers generally leads to much better fluidity, even if this is
only done less than a minute after water addition.

2. Atomic force microscopy measurements by Uchikawa et al. (1997) suggested the presence
of a steric layer much larger than the polymer size (10e100 times). Their measurements
therefore rather point to the formation of a gel on the clinker surfaces rather than simple steric
hindrance from adsorbed polymers.

3. Addition of sulfates tends to reduce polymer adsorption, but it improves the fluidity for
polymers that are sensitive to the addition time (Jiang et al., 1999).

Since then, the possibility of forming such phases has been demonstrated by
different approaches. These involve reacting C3A in water and in the presence of
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PCEs (Plank et al., 2006a,b), precipitation by mixing a solution of sodium aluminate
and polymer with a solution of calcium hydroxide (Giraudeau et al., 2009), and adding
the polymer to a suspension of previously precipitated hydrocalumite (Giraudeau
et al., 2009).

Thermal analysis, X-ray diffraction, nuclear magnetic resonance (NMR), and trans-
mission electron microscopy (TEM) have all identified the formation of such phases in
the absence of sulfates, confirming that layers of organoaluminates can indeed form
(Giraudeau et al., 2009; Plank et al., 2010). An example for a polymethacrylate PCE
is shown in Figure 10.7. In that case, the layer spacing is between 7 and 10 nm. The
authors of that study found that small angle X-ray scattering gave small angle peaks
that are also compatible with such distances. In fact, these would correspond to polymers
adsorbed through their backbones and having coiled side chains, as explained in
Chapters 9 and 11 (Gelardi et al., 2016; Gelardi and Flatt, 2016). Further evidence in
support of the coiled conformation has been provided by NMR transfer of polarization
measurements. Moreover, the layer spacing shows a scaling exponent with respect to the
side chain length that is the same as that of coils.

The conclusion concerning the coiled conformation of the side chains and the rela-
tively large interlayer spacing raises a serious question concerning the stability of such
lamellar phases. Indeed, at such distances, it is difficult to understand which cohesion

Figure 10.7 TEM image of a poly(methacrylate-g-PEO)/hydrocalumite composite. Lines are
drawn as guides for the eye. The interlayer spacing measured between those lines varies between
7 and 10 nm.
Reproduced from Giraudeau et al. (2009) with permission.
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forces would hold the layers together as the polymers ought rather to be acting as steric
dispersants. One possible explanation is that platelets are in fact dispersed and that a
fraction of them align during sample preparation. This would be consistent with a
coherence length determined from low-angle X-ray scattering, which suggest the
average number of stacked layers only to be between three and four (Giraudeau, 2009).

Another important observation concerning this organo-aluminate phase is that it is
destabilized in the presence of sulfates at the expense of either monosulfate or ettringite
(Giraudeau et al., 2009; Plank et al., 2010). In the experiments of Giraudeau et al.
(Giraudeau et al., 2009; Giraudeau, 2009), the conversion was shown to take place
through a process of dissolution, nucleation, and growth. More importantly, an induc-
tion time before conversion was observed and its duration was dependent on the nature
of the PCE. More ionic PCEs tend to lead to longer induction times.

Such observations point to the crucial role of sulfates in determining whether or not
organoaluminates may form (Habbaba et al., 2014). The mixing process may also play
a role in this phenomenon as it affects ion concentration at particle surfaces. Indeed, if
organoaluminates are given a chance to form, they may remain stable beyond the mix-
ing time and consequently affect rheological properties and their evolution. If they are
immediately destabilized, they probably play an important role in the nucleation of
ettringite, as discussed in the next section.

10.6.3 Change of specific surface

As explained by Yamada (2011), one may expect that the extent of dispersion that
can be reached strongly depends on the specific surface of the system. This basic
principle has far-reaching implications. One of them is methodological. It concerns
mainly the sample preparation for BET measurements of hydrates, as explained in
Section 10.8.6.

A second implication is that any replacement of a component with one having a
higher specific surface will lead, in most cases, to a lower surface coverage (unless a
large excess of polymer is used initially). The negative consequence of this reduction
in surface coverage on yield stress is discussed in Chapter 11 (Gelardi and Flatt,
2016). Additionally, even if the surface coverage remained the same, the reduction
in average particle size would also be detrimental to yield stress, as also explained
in that chapter.

The case of organo-aluminates defined in the previous section can be understood
from the perspective of an increase in specific surface. This surface would be internal
if one has true intercalation and external otherwise. However, the result is the same.

A particularly interesting aspect of the case of organominerals is that their amount
and surface results from hydration reactions. Such reactions can be modified by the
presence of chemical admixtures, as explained in Chapter 12 (Marchon and Flatt,
2016b). For example, it is well known that the morphology of ettringite can be altered
in the presence of superplasticizers (R€ossler et al., 2007; Prince et al., 2002). At equiv-
alent amounts of ettringite, the surface area of a given system is increased and the sur-
face coverage is decreased. Consequently, the way in which admixtures affect early
hydration reaction also affects their rheology. This may or may not also affect later
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hydration, but there is no direct relationship. More specifically, for superplasticizers to
disperse, they do not need to retard hydration. A more complete discussion on the ef-
fect of chemical admixtures on hydration is given in Chapter 12 (Marchon and Flatt,
2016b).

Finally, a last source of large surface areas in cementitious materials can be clay
minerals, more specifically swelling clay minerals. In the latter case, both external
and internal surfaces must be considered, as explained in the next section.

10.6.4 Adsorption on clay minerals

Superplasticizers—and in particular, “standard” PCEs—can also adsorb very exten-
sively on swelling clay minerals. If such minerals are present in any component of a
concrete mix (aggregate, sand, filler, etc.), a large portion of the superplasticizer
will therefore be mobilized by the clays and will no more be available to disperse
the other fine materials. This effect was first reported in a patent (filed in 1997)
describing ways to counter the problem (Jardine et al., 2002) and then at a conference
(Jeknavorian et al., 2003).

As stated by these authors and confirmed in a more recent study, the swelling clays
(e.g., montmorillonite) are most critical, while nonswelling clays are much less prob-
lematic (e.g., kaolinite, muscovite, mica; Lei and Plank, 2014). Very importantly, this
consumption by swelling clays predominantly affects PCE superplasticizers because
PEG side chains can intercalate in between the layers of these minerals (Svensson
and Hansen, 2010; Suter and Coveney, 2009). This effect gives an overproportionate
increase of adsorption with respect to the specific surface of the clay mineral, in
particular for swelling clays.

This crucial role of PEG is evidenced by the fact that the adsorption saturation
plateau of PCEs with low carboxylate content closely matches the one of isolated
PEG (Ng and Plank, 2012). However, the affinity of PCEs for clays is much higher
than for isolated PEG because the initial slope of adsorption isotherms is higher
(see Section 10.3). This has been attributed to electrostatic interactions playing a domi-
nant role at low dosages (Ng and Plank, 2012). It is however worth also noting that
differences in the entropic contribution to adsorption energy may also need to be
considered in the comparison between PCEs and PEG.

The substantial role of PEG in the consumption of PCEs by clay minerals has led to
different strategies to counter this effect (Jardine et al., 2002; Jeknavorian et al., 2003;
Ng and Plank, 2012; Lei and Plank, 2012, 2013), which include the following:

• Changing the mixing sequence: for example, if possible, the swelling clay containing com-
pound should be added after cement, water, and the superplasticizer are first mixed together,
although this is not very practical (Jardine et al., 2002).

• Use of a sacrificial agent, such as as polyethylene oxide (PEO) (Jardine et al., 2002;
Jeknavorian et al., 2003; Ng and Plank, 2012).

• Use of PEO-free PCEs (Lei and Plank, 2012, 2013, 2014).
• Various other solutions, such as multivalent cations, quaternary amines, etc. (Jardine et al.,

2002).
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10.7 Surfactant adsorption at the liquidevapor
interface

Basic principles about the adsorption of admixtures and specific issues concerning
surfactants adsorption at liquidesolid interface were presented in Section 10.4. These
notions can be as well applied to adsorption at liquidevapor interface, which for specific
surfactants, such as AEAs and SRAs, determines their efficiency. For AEAs, mainly
mixtures of surfactants of various chemical natures can be found; in SRAs, mainly
nonionic surfactants or hydrotropes as well as mixtures of nonionic surfactants with
co-surfactants, solvo-surfactants, and hydrotropic compounds are used. Surfactants of
both categories of admixtures are meant to mainly adsorb at the liquideair interface.
However, due to their chemical nature, they also adsorb onto the liquidesolid interface
and may form aggregates through self-association. An overview on the chemical nature
of these products is given in Chapter 9 (Gelardi et al., 2016). Some specific features for
adsorption of this category of surfactants in cementitious environments have to be
considered. This affects their selection to gain desired performance in concrete but is
also important for choosing appropriate methods to measure their adsorption.

10.7.1 Driving force for adsorption of surfactants and
micelle formation

In an aqueous environment, the hydrophobic moiety of the surfactant distorts the struc-
ture of the water by breaking hydrogen bonds between water molecules and causing a
structuring of water in the vicinity of the hydrophobic group. This increases the free
energy of the system and is the reason why the surfactant may be expelled from the
bulk solution.

The driving force for surfactant adsorption in general is the reduction of free energy
of interfaces or surfaces in a system. The free energy is minimized if surfactants adsorb
at interfaces or surfaces in an oriented fashion so that contact with water is minimized.
Complete removal of the surfactant molecule from the aqueous phase would require the
complete dehydration of the hydrophilic group, which would be energetically unfavor-
able so that the hydrophilic group remains part of the aqueous phase. The amphipathic
structure of surfactants determines in that way both the concentration of the surfactants
at the surface or interface and their orientation, with the hydrophilic group directed to the
solvent and the hydrophobic group directed away from the water (Rosen, 2004).

In the absence of a sufficient or suitable interfacial area and at a certain bulk concen-
tration, surfactant molecules self-associate into micelles (CMC). As for adsorption onto
interfaces, the driving force is the reduction of free energy by minimizing the contact of
hydrophobic groups with water. This process is mainly entropy driven (Rosen, 2004;
Tadros, 2005; Evans, 1988; Garnier, 2005; Molyneux et al., 1965; Wattebled, 2006)
and the increase in entropy is explained in two ways (Rosen, 2004; Tadros, 2005).

• Water entropy gain due to hydrophobic bonding of hydrophobic segments in the oil-like core
of micelles and release of previously structured water.

• Surfactant entropy gain due to increased degree of freedom of hydrophobic segments in the
nonpolar core of micelles.
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Moreover, for nonionic surfactants, it is reported that the number of monomers
forming micelles is similar for aggregates formed in the bulk solution and aggregates
formed at the solideliquid interface. This implies that the free energy of surface aggre-
gation is similar to the free energy of micellation (Denoyel and Rouquerol, 1991;
Levitz, 2002; Narkiewicz-Michałek et al., 1992).

10.7.2 Surfactant adsorption at the liquideair interface1

The adsorption of surfactants at the liquideair interface reduces the surface tension of
aqueous or aqueous electrolyte solutions. Hydrocarbon surfactants can reduce the
surface tension down to about 30 mN/m and fluorocarbon surfactants to about
20 mN/m (Rosen, 2004; Tadros, 2005; Garnier, 2005).

Due to their amphipathic nature, surfactants adsorb at the liquideair interface with
the hydrophilic head pointed toward the water and the hydrophobic tail pointed toward
the air. This adsorption behavior can be described with the Gibbs adsorption isotherm
(Rosen, 2004; Tadros, 2005). As explained in Eberhardt (2011), by using Gibbs-
Duhem equation, it is possible to derive a thermodynamic relationship between surface
tension and the activity of the surfactant in the bulk:

Gs
1;2 ¼ � 1

RT

 
dg

d ln aL2

!
(10.18)

where:

G1,2 is the relative adsorption of the surfactant (2) with respect to water (1)
aL2 is the activity of the surfactant in bulk solution equal to C2f2 or x2f2; C2 being the concen-
tration of surfactant in bulk solution; x2 is the mole fraction of surfactant in bulk solution and
f2 is the activity coefficient
R is the gas constant; R ¼ 8.31 J/(mol K) and
T is the temperature (K)

While activities and concentrations must be clearly distinguished, the derivative of
the natural log of activity is much less affected by nonideality. Therefore, it is common
to replace activity by concentration in the above expression:

d ln a2 ¼ da2
a2

¼ C2df2 þ f2dC2

f2C2
y

dC2

C2
y d ln C2 (10.19)

For aqueous solutions of surfactants, the plot of surface tension versus the bulk con-
centration of the surfactants generally follows the scheme given in Figure 10.8.

With increasing bulk concentration, more surfactant molecules adsorb at the liquide
air interface and decrease the surface tension of the aqueous solution. This enables the
system to reduce its free energy. At a critical bulk concentration, Figure 10.8 shows a

1 This section contains authorized excerpts of text and figures from Eberhardt (2011).
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sharp breaking point for the reduction of surface tension. Above this point, the surface
tension virtually remains constant:�

vg

vln C2

�
¼ 0; for C2> CMC (10.20)

This breaking point is explained by an end of the surfactant enrichment at the
liquideair interface. Above that, there is a self-association of surfactant molecules
to form micelles in the bulk. The surfactant bulk concentration at the break point there-
fore represents the CMC.

This introduction to surfactant adsorption provides a basis for the more detailed dis-
cussion of the working mechanisms of SRAs presented in Chapter 13 (Eberhardt and
Flatt, 2016).

10.8 Experimental issues in measuring adsorption

As mentioned in the introduction, adsorption measurements are typically carried out
by solution depletion. This involves preparing a suspension or paste with a known
amount of admixture (Section 10.8.1), separating the aqueous phase from the suspen-
sion or paste (Section 10.8.2), stabilizing the solution against precipitation (Section
10.8.3), and measuring its admixture content (Section 10.8.4).

Multiplying the obtained concentration by the liquid volume yields the total amount
of nonadsorbed admixture. This value can be deduced from the total initial amount of
admixture to obtain the adsorbed amount. Various choices can be made to report
such results. Considering dispersion efficiency, it would make sense to report results
in terms of surface coverage. For this purpose, one would have to know how much
admixture is adsorbed at full surface coverage. This may be higher than the amount
adsorbed at the plateau, in particular in the presence of competing adsorbing species
(Section 10.5.2) or if the equilibrium is not reached for kinetic reasons (Section 10.5.1).
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Figure 10.8 Surface tension of aqueous solutions of surfactants versus bulk concentration of
surfactants.
Reprinted with permission from Eberhardt (2011).
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One solution to this problem is to use as a reference a molecule for which one is
confident can reach a true equilibrium plateau. However, rather than a mass ratio to
express surface coverage, it would make more sense to calculate the occupied surfaces,
which becomes necessary if the reference plateau value is taken with another molecule.
For this, a model of the surface occupied by each molecule is needed. For PCEs,
Eqn (10.12) could be used.

If such models are not available (or reliable enough), or if one does not have a good
reference molecule to determine the plateau, then the next best expression of surface
coverage is to report adsorption in the mass of adsorbed material with respect to the
surface of solids. In this case, the surface coverage obtained relates to the real surface
coverage by a numerical constant (the surface coverage by a unit mass of the adsorbed
substance). A similar situation is reached if the plateau value of the considered admix-
ture is used, although the numerical constants are different. In this case, the constant is
not linked to the surface occupied by unit mass but to the real coverage that the consid-
ered substance can reach at the plateau. This unknown concerning surface coverage is
problematic for calculating interparticle forces because of their nonlinear dependence
on surface coverage, as discussed in Chapter 11 (Gelardi and Flatt, 2016).

As a last resort, one may simply choose to express adsorption with respect to the
initial mass of solids. This provides the least physical insight, but it is the most straight-
forward choice. It can be seen as a pragmatic choice in the face of difficulties to deter-
mine true plateau values and/or to reliably measure the specific surface of hydrating
cement suspensions (Section 10.8.6).

10.8.1 Suspension preparation

As explained in Sections 10.3 and 10.5, adsorption involves a reversible exchange of
admixture between the solution and the surface. This tends to the establishment of a
chemical equilibrium, of which the Langmuir isotherm can be used to conceptually
consider some of the main aspects of the adsorption process. In particular, this equi-
librium involves the amount of admixtures expressed with respect to the liquid volume
and to the interfacial area. Consequently, changing any of these should result in a shift
of the distribution of admixtures between the surface and the solution.

Therefore, it is advisable to measure adsorption on a suspension having the same
liquid-to-solid ratio as the one on which rheological properties are being determined.
This may pose problems in terms of liquid extraction from concentrated systems having
low water contents. Technical solutions to this issue are discussed in the next section.

Beyond those technical solutions, one may simply measure adsorption at a different
solid content and use the adsorption isotherm to recalculate adsorbed amounts at
other solid contents. This requires using an adsorption isotherm that offers a reliable
expression of the chemical equilibrium between the solution and the interface. An
important step to ensure this is for the ionic compositions to be equal in both the concen-
trated and dilute suspensions. For cementitious systems or inert model representations
thereof (inert powders with similar enough properties otherwise), this is particularly
important with regard to the soluble alkalies. An initial measurement and adjustment
of ionic compositions is therefore needed for this to be successful (Dalas et al., 2015a,b).
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In cementitious systems, the initial high reactivity of the aluminates poses addi-
tional complications. Indeed, admixtures can modify the associated dissolution, nucle-
ation, and/or crystal growth processes and thereby change the specific surface (Chapter
12: Marchon and Flatt, 2016b). How to best link this between diluted and concentrated
systems is to the best of our knowledge still an unsolved problem. Consequently, two
approaches may be considered.

First, one may measure systematically the specific surface of the paste of which one
determines the adsorbed amount. Although this involves quite a lot of experimental
effort, it circumvents the problem that the effect of admixtures on aluminates reactivity
is dosage dependent. To illustrate this point, let us imagine the following conceptual
example. We would use the same admixture at two different dosages. At the lowest
dosage, the admixture would hypothetically not affect the aluminate phase hydration
much, so that it would not substantially modify the specific surface. In contrast, at
twice this dosage, the same admixture would strongly affect the aluminate hydration,
increasing the specific surface as has been shown to occur with PCEs (Dalas et al.
(2015b). Therefore, although the amounts of admixtures added are very different,
the amounts of adsorbed admixtures per unit surface may be similar; thus, their impact
on rheology may also be rather similar. This is, of course, just theoretical, but it serves
to illustrate the important question concerning the surface created by the hydration of
aluminate phases and how admixtures may affect it.

The second solution to the early high reactivity of some systems, such as aluminates,
is to only add the admixture after initial reactions have substantially slowed down (Flatt
et al., 1998; Hot et al., 2014; Perche, 2004; Hot, 2013). The considerable advantage of
this approach is to eliminate a very complex problem. However, while this can be ad-
vantageous in practice, it is most often not easy or even not possible to implement.
Consequently, although experimental research using this approach can provide useful
insight into the working mechanism, it also eliminates the extremely important impact
of aluminate hydration. Moreover, preparation of cement pastes without admixtures at
low w/c can be problematic. In particular, for pastes to be adequately mixed, a minimum
amount of water is needed, which is much higher than the normal water requirement of
an admixed system. Consequently, there is an important risk for the differed admixture
addition to induce segregation, at least at dosage relevant for low W/C mixes.

The issue of mixing and mixing energy is another concern when dealing with cemen-
titious systems (Tattersall and Banfill, 1983; Williams et al., 1999; Juilland et al., 2012).
Indeed, it is known that hydration kinetics (Juilland et al., 2012; Oblak et al., 2013) and
rheological properties are strongly influenced by mixing. This is explained in Chapters
7, 12, and 16 (Yahia et al., 2016; Marchon and Flatt, 2016b; Nkinamubanzi et al., 2016).
A possible solution to this issue is to use isothermal calorimetry as a fingerprint of the
effect of mixing (Oblak et al., 2013). One would therefore adjust the mixing conditions
in the dilute suspension (and possibly ionic composition), so that its heat evolution
would be similar to that of the concentrated system. However, a detailed study of the
reliability of this approach would be necessary.

Alternatively, one may consider diluting the concentrated system after a certain
time, using a solution with the same ionic composition. This brings us back to the pre-
viously discussed case in which an adsorption isotherm must be used to convert
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adsorption data in a dilute system to those of a concentrated one. The difference is
that all the early reactivity of the system has taken place under identical conditions,
so that the specific surfaces should be similar to the reference, although dependent
on the initial admixture dosage.

The above considerations illustrate that many complications are hidden behind an
apparent basic and trivial measurement. Being aware of these issues is important when
one intends to give a physical interpretation to such data, in particular relating it to
dispersion efficiency.

10.8.2 Separation of the liquid phase

Dilute suspensions are easily separated by centrifugation. It is then recommended to fil-
ter the supernatant, something conveniently done with filters that can be mounted on
syringes. The filters must be resistant to high pH andmust not leach organic compounds.
Out of precaution, it is recommended to discard the first fraction of filtered solution.

At higher volume fractions of solids, pressure filtration is used. This is normally done
by applying a lower pressure below the filter by connecting it to a vacuum. Alterna-
tively, air pressure may be applied on top of the suspension. As filtration proceeds,
the height of the particle bed on the filter increases. Additionally, the permeability of
such particle beds decreases in well-dispersed systems. Both factors contribute to
increasing the amount of time needed to filter a sample; this time may become problem-
atic with respect to cement hydration, in particular aluminate reactivity in the early
stages. It is therefore recommended to report typical filtration times in such experiments.

At higher volume fractions, approaches similar to filter pressing used in ceramic tech-
nology may be used (Gruber, 2010). This method is the most demanding approach.
Additionally, as it is unclear whether polymer adsorption is pressure sensitive, results
should be taken with care. The same holds for pressure filtration, although in that
case the pressures applied are lower, which should reduce the risk of such a problem.

In all cases, it is important to determine whether an other organic substance is leached
from the powders, such as by grinding aids. This is particularly important if adsorption is
being determined by amethod such as total organic carbon (TOC). Indeed, in this case the
measurement does not distinguish these grinding aids from other chemical admixtures, in
particular those deliberately added to the system. Therefore, each measurement must be
corrected by deducing the value obtained on the blank, which is obtained from a sample
prepared without adding any chemical admixture oneself. For high solid contents, this is
not possible because of mixing limitations. Therefore, one must resort to measuring
blanks on more dilute suspensions. Most preferably, this should to be done by adjusting
their ionic composition to the one of the concentrated systems considered.

All the above procedures need the use of a filter at one stage. This may be a limiting
factor if nano-hydrates are formed and stabilized, something that is more probable with
chemical admixtures. Comparet (2004), for example, found that it was necessary to use
filters with pore diameters as small as 0.1 mm to retain ettringite crystals formed in the
presence of SNFCs. However, recent results (Lange and Plank, 2015, and Caruso et al.,
ETHZ, yet unpublished results) indicate that PCEs lead to ettringite particles and/or
aluminum containing agglomerates of PCEs even smaller than 0.1 mm.

Using an ultracentrifuge, Sowoïdnich et al. (2012) demonstrated that much smaller
particles can form in presence of PCEs. This result raises the question of what the effects
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of admixtures adsorbed on nanoparticles are in terms of rheological behavior. To the
best of our knowledge, this is an open question to which we suggest the following con-
siderations. Presumably, the amount of particles passing the filter is relatively low. Addi-
tionally, they must be well-dispersed; otherwise, they would agglomerate and not go
through the filter. This would suggest that neither those nanoparticles nor their adsorbed
admixtures would greatly affect the rheological properties of the paste. Therefore, from a
rheological point of view, it might be reasonable to consider them as nonadsorbed and to
neglect the role of the nanoparticles on the created specific surface. From a chemical
kinetic point of view, the situation would be different. Here again, this is an open subject
to which no clear answers are yet available to the best of our knowledge.

10.8.3 Stabilization of the liquid phase after extraction

Aqueous phases extracted from cementitious systems at early ages tend to be supersat-
urated with respect to at least one hydrate. Given time, precipitates may therefore form,
adsorb some of the admixtures, and perturb the admixture concentration measurement.
Additionally, some admixtures are not stable at high pH, so neutralization is recom-
mended (if techniques such as high performance liquid chromatography (HPCL), or
size exclusion chromatography (SEC), also referred to a gel permeation chromatog-
raphy (GPC), are to be used).

The above issues can be dealt with by neutralizing the suspension. Additionally, the
same step would dissolve most nanohydrates, causing admixtures adsorbed thereon to
be considered as nonadsorbed. However, with regard to the comments at the end of the
previous section, this might not be critical when using adsorption data to interpret
rheological behavior.

Depending on the analytical technique used, the acid to be used may vary. For
HPLC and SEC or GPC, which separate organic molecules, acetic acid can be used
(Flatt et al., 1998). For TOC, using an organic acid is not possible. Among inorganic
acids, one should avoid those for which the associated base would precipitate with cat-
ions present in the extracted aqueous phase. As an example, sulfuric acid must be
avoided because it could precipitate as gypsum with the calcium ions. Hydrochloric
and nitric acids, in contrast, represent reasonable choices.

If one wants to mimic the aqueous phase of a pore solution, it is possible to make mi-
nor adjustments to avoid supersaturation with respect to specific minerals. For example,
if an aqueous phase is supersaturated with respect to syngenite (K2Ca(SO4)2$H2O), it is
possible to reconstitute the solution by replacing potassium with sodium ions (for an
example of such a solution see for example Houst et al., 2008 or Kjeldsen et al., 2006).

10.8.4 Analysis of the liquid phase

Once the liquid phase has been extracted and stabilized, the admixture content must be
measured. The most straightforward measurement for this is ultraviolet (UV) or visible
(Vis) light absorption. A calibration curve must be set up using reference samples of
known concentrations. It should be noted that UV/Vis spectrometry can only be
applied to polymers that absorb light with the corresponding wavelengths, such as
PNS, PMS, and LS.
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For PCE polymers, other methods are to be considered. These include the measure-
ment of the total organic carbon in solution (TOC). This method is also rather simple,
but it does not offer any discrimination among organic compounds.

Evaporative light scattering is another technique that has been used to analyze
PCEs in cementitious systems. For this method, the solution undergoes a flash
evaporation and passes through a light source, which is then partially diffracted by
the polymers. The change in light intensity at a given angle is related to the
polymer dosage, which can be quantified provided a calibration curve is previously
established.

UV/Vis and evaporative light scattering can easily be implemented as detectors on a
chromatography systems, whether HPLC or GPC2 (calibration curves are also
needed). This coupling makes it possible to determine whether specific fractions of
the molecular distribution are or are not adsorbed. For example, oligomers, residual
monomers, and nongrafted side chains of PCEs typically do not adsorb and are
detected in full amounts in chromatography measurements. The polymer peak(s) not
only decrease due to adsorption but also change in shapes and/or relative intensities.
This confirms the fact that all polymer fractions do not have the same affinity for
the solid surface (Flatt et al., 1998; Winnefeld et al., 2007).

Concerning the separation by means of chromatography, it is important to empha-
size that HPLC separates components on a chemical basis, while GPC does so on
a physical basis (molecular size). In HPLC, the molecules with the greatest affinity
for the chemistry or topography of the surfaces will come out last. For polymers,
this affinity increases with molar mass, so that the largest polymers exit last.

In GPC, the largest molecules exit first. In this case, the solvent and columns should
be chosen to prevent polymer adsorption. Under those conditions, smaller molecules
that have a higher mobility will spend more time wandering through the porous
network and exit last. GPC therefore offers a physical separation, based on size rather
than on chemistry.

The GPC separation can be calibrated in different ways. One of them uses standards
that do not have to be of the same molecular nature as the polymers analyzed. How-
ever, the resolution offered by GPC columns is not very high. In contrast, HPLC can
offer a much higher resolution, but the nature of the peaks cannot be easily determined
without additional case-by-case analytical efforts.

While GPC requires specific solvent compositions to be used and maintained con-
stant, HPLC offers the possibility to change the eluent composition over time. This can
provide a combination of high peak resolution and low total elution time (Flatt et al.,
1998). Readers interested in more detail concerning chromatography, and in particular
GPC, are referred to Striegel et al. (2009).

Finally, quite recently the use ofDynamicLight Scattering (DLS) of solutions has been
proposed to quantify the amounts of admixtures remaining in solution (Bessaies-Bey,

2 For water-soluble polymers analyzed in an aqueous mobile phase, it would be more appropriate to speak of
Size Exclusion Chromatography (SEC) rather than Gel Permeation Chromatography (GPC). However, as
the terminology of GPC is widespread, we also use it in the remainder of this text.
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2015). This is of particular interest if different compounds of quite distinct sizes are being
examined and cannot be differentiated by TOC.

10.8.5 Indirect measurement of adsorption using
zeta potential

Zeta potential measurements are sometimes presented as a useful and efficient method
of evaluation polymer adsorption (Houst et al., 2008; Nachbaur et al., 1998; Jolicoeur
et al., 1994; Nkinamubanzi, 1994). Indeed, as adsorbing polymers generally change
the surface charge, the zeta potential reflects adsorption. However, beyond this first-
order relation, many limitations should be stated. First of all, sufficient charge changes
must be detected. Second, adsorbing polymers can induce nontrivial modification to
the double layer, in addition to shifting the position of the shear plane (Chapter 11,
Gelardi and Flatt, 2016). Consequently, zeta potential does not (necessarily) vary lin-
early with the amount of adsorbed polymers. This implies that zeta potential titrations
can be used to determine how much polymer must be added to reach full surface
coverage (the point beyond which additional polymers do no change the zeta poten-
tial). However, this does not inform us about the amount of polymer adsorbed and
is therefore of limited use in interpreting rheological results in terms of interparticle
forces.

10.8.6 Measurement of the specific surface

The measurement of the specific surface area (SSA) of hydrated cement pastes is
known to be delicate both on fresh (Yamada, 2011) and hydrated cement paste (Garci
Juenger and Jennings, 2001; Odler, 2003; Thomas et al., 1999). This is due to the
(partial) dehydration of hydrates in the drying process during the measurement, in
particular the BET measurement. For pastes in the fresh state, this concerns aluminate
hydrates, in particular ettringite (Yamada, 2011) but also gypsum (Mantellato et al.,
2015).

For example, it was shown that gypsum dehydration can increase the BET-specific
surface of anhydrous cements by 50%. This is because hemi-hydrate produced by ther-
mal decomposition of gypsum presents a very high specific surface. Additionally,
aluminate hydrates are also highly sensitive to temperature and relative humidity
(Zhou et al., 2004), and it is suggested that drying at 60 �C is acceptable prior to
BET measurements (Yamada, 2011). These conditions are in fact too harsh for gyp-
sum, for which a temperature of 40 �C under a nitrogen flow during 16 h is recommen-
ded (Mantellato et al., 2015).

Because the contents of both ettringite and gypsum vary strongly while cementitious
materials are in the fresh state, it is important to select appropriate drying conditions prior
to BETmeasurements. To the best of our knowledge, the above conditions appear to be
the most appropriate, but ongoing research is refining this question and further publica-
tions are under preparation byMantellato et al., 2015. In any case, it is important for au-
thors to explicitly report the conditions under which they prepare their samples when
publishing specific surface data on cementitious materials.
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10.9 Conclusions

Theproperties ofmost of concrete admixtures come from their ability to adsorb on cement
particle surfaces, as observed for water reducers or retarders. Other admixtures, such as
air-entraining or shrinkage-reducing admixtures, must adsorb on liquidevapor interfaces
to perform as expected. Adsorption efficiency of admixtures depends not only on their
chemical composition, size,molecular structure, and dosagebut alsoon the characteristics
of the adsorbent surface and the composition of the liquid phase. These are important as-
pects regarding the fact that cement is amulticomponent system that differs fromone pro-
ducer to another one andmay show strong variation between batches from the same plant.
Furthermore, cement hydration processes in the early hours imply first the formation of
newphases,whichmay lead to anundesired consumption of the admixtures, and secondly
an evolving ionic activity in the pore solution thatmay aswell influence the adsorption, as
illustrated by the competitive adsorption between sulfates and PCE superplasticizers.

In practice, the determination of an adsorption isotherm allows one to compare the
adsorption behavior of admixtures. The most common way to quantify the amount of
adsorbedmolecules in a cementitious system is the solution depletion method. However,
this does not allow differentiating between molecules adsorbed and ones consumed in
another process that may prevent them from working properly. Along with the fact that
fitting the adsorption isotherm is not trivial, its interpretation becomes more complex.

Finally, adsorption is the fundamental phenomenon that controls efficiency of most
concrete admixtures. Therefore, determining and modeling the exact connection be-
tween the molecular structure of the admixtures and their adsorption behavior on the
different cement phases are important aspects that still need to be carefully addressed.
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11.1 Introduction

The yield stress of cement suspensions depends on the balance between attractive and
repulsive interparticle forces on the one hand and shear forces on the other hand. If
attractive forces dominate, the particles aggregate and suspensions will have a yield
stress. If repulsive forces dominate, the dispersion is stable. The effect of superplasti-
cizers on yield stress comes from introducing a repulsive interparticle force that reduces
the overall attractive force between cement particles, and consequently the yield stress.

In this section, the nature of the interparticle forces in cement suspensions and how
superplasticizers affect them are discussed.

11.2 Dispersion forces

Dispersion forces, also called van der Waals forces, ‘arise because local fluctuations in
the polarization within one particle induce, via the propagation of electromagnetic
waves, a correlated response in the other’ (Russel et al., 1992). For two particles
made of the same isotropic matter, this interaction is always attractive. The range of
interparticle dispersion forces is much larger than that of the individual dipoles.
This is because in condensed media, the fluctuations of dipoles are correlated.

The first description of the dispersion forces was given by the microscopic theory,
which is based on pairwise summation of interacting dipoles. The attractive potential
due to dispersion forces between two spherical particles of radius a1 and a2 separated
by a distance h was approximated by Hamaker (1937) by:

JvdW ¼ �AHða1;a2;hÞ (11.1)

whereA is theHamaker constant andH a geometric factor. TheHamaker constant depends
on the optical properties of particles and the intervening medium, whereas the geometric
factor depends on the particle size and the separation distance, and can be written as:

Hða1;a2;hÞ ¼ 1
6

�
2a1a2

2ða1 þ a2Þhþ h2
þ 2a1a2
4a1a2 þ 2ða1 þ a2Þhþ h2

þ Ln

�
2ða1 þ a2Þhþ h2

4a1a2 þ 2ða1 þ a2Þhþ h2

�� (11.2)
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The dispersion force is equal to the derivative with respect to separation distance of
the interaction potential:

FvdW ¼ �vJvdW

vh
¼ A

vHða1;a2;hÞ
vh

(11.3)

If the radii of the spheres are substantially larger than the separation distance
(a1, a2 > h), the expression for the van der Waals force can be simplified to:

FvdWy� A
a

12h2
(11.4)

where a is the harmonic average radius:

a ¼ 2a1a2
a1 þ a2

(11.5)

In the microscopic theory, the Hamaker constant A is considered independent of the
separation distance. However, beyond a certain distance (>5e10 nm) the dipoles of
the particles may no longer be correlated, so the value of the Hamaker constant de-
creases with increasing separation distance because of this effect, known as retarda-
tion. Retardation of the Hamaker constant is taken into account in the continuum
theory formulated by Lifshitz (1956). In cement suspensions the maximum attractive
force, which is relevant for yield stress calculations, occurs at a very small separation.
Even though this separation can be increased by the presence of adsorbed polymers,
the values remain small. Hence for the size range of interest to cement suspension,
the microscopic theory can be used to estimate the magnitude of the dispersion forces.

The Hamaker constant depends on the electrolyte concentration. The intervening
electrolyte can reduce the attractive force by interacting with the fluctuating electro-
magnetic field. This screening effect can be taken into account by calculating a
screened (retarded or non-retarded) Hamaker constant. More details on the dispersion
forces in cement suspension can be found in Flatt (2004).

11.3 Electrostatic forces

Most solid surfaces in water are charged. This is because, due to its high dielectric per-
mitivity, water is a good solvent for ions. Surface charge arises from the dissociation of
surface groups and/or specific adsorption of ions or ionic polymers.

The distribution of ions at a charged interface is well described by the double-layer
model of Go€uy-Chapman that distinguishes between two zones, the Stern layer and the
diffuse layer. The Stern, or inner, layer consists of counter-ions immobilized by the
particles’ surface (not influenced by Brownian motion). The diffuse, or outer, layer
is made up of mobile ions, an excess of which with the same sign charge as the surface.
The concentration of counterions is higher close to the surface than in the bulk solu-
tion. The ions in the diffuse layer show the opposite behaviour.
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Within the limits of the continuum theory, ions in the double layer give rise to an
electrical potential that decays exponentially with distance according to:

JES ¼ J0e
�kx (11.6)

where J0 is the surface potential. The decay length, also called the Debye length, is
given by k�1 and is defined as:

k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εε0kBT

e2
P

iciZ
2
i

s
(11.7)

where:

ε is the relative dielectric constant of the water
ε0 is the permittivity of vacuum
kB is the Boltzmann constant
T is the absolute temperature
e is the charge of an electron
c is the bulk concentration of the ith electrolyte of valence Z.

The Debye length is the thickness of the diffuse layer, and represents the distance
between surfaces within which the repulsive potential is significant.

As two identically charged surfaces approach, their electrical double layers overlap,
developing an excess ion concentration, particularly at mid-distance between both sur-
faces (Figure 11.1).

This results in an osmotic pressure that calls for a dilution of the ions between the
surfaces by drawing water from the bulk. With more water in between particles, the
surfaces have to move apart. Hence, electrostatic repulsive force does not require phys-
ical contact between objects.

The Debye length decreases with increasing ionic strength (Figure 11.2). At high
salt concentration the screening of the surface charge by the ions in solution is more
effective, and the range of the electrostatic repulsion is reduced. This is the case in
cement suspensions, which have high ionic strength values of the order of magnitude
of 100e200 mM (Yang et al., 1997). In cement suspensions, electrostatic repulsion is
therefore only felt at a very short distance and in this range, the attractive van der
Waals forces are predominant.

The evaluation of the magnitude of the electrostatic force in cement suspensions is
complicated by the fact that such systems do not behave as an ideal system and ion
activities cannot be approximated to concentrations. Flatt and Bowen (2003) found
that the electrostatic force can be well described by the extended three-parameter
Debye-H€uckel approximation, valid up to 1 mol/L. In addition, attractive ion correla-
tion forces can arise in cement suspensions. Indeed, divalent calcium ions can induce
attraction between negatively charged surfaces of CeSeH. This effect may become
important with time, because of the increasing number of CeSeH contact points as
hydration proceeds (Pellenq et al., 1997; Lesko et al., 2001).
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Figure 11.1 Schematic illustration of the underlying principle of electrostatic repulsion. As
charged surfaces approach, their double layers overlap, creating an excess ion concentration that
is greatest at the mid-plane. This causes an osmotic force that resists the approach of the charged
surfaces. This force increases with decreasing ionic strength of the continuous phase.
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Electrolyte concentration: (1) <(2) <(3)
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Figure 11.2 Variation in the electrostatic potential as a function of the distance from the surface
of a colloidal particle and of the ionic strength (electrolyte concentration) of the continuous
phase.
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For a simple case of particles with identical surface potential and for which the con-
tinuum theory can be applied, the electrostatic repulsive force can be expressed by:

FES y�2pεε0aj
2
ES

ke�kh

ð1þ e�khÞ (11.8)

Neither the surface potential nor the Stern potential can be directly measured. The
experimentally determined potential is the zeta potential. This is the potential at the
shear plane, which lies in the diffuse layer somewhat further from the surface than
the Stern plane. Thus the use of zeta potential probably leads to an underevaluation
of the electrostatic force (Figure 11.3).

The measurement of zeta potential shows some intrinsic limitations. One of the
most common techniques to measure it is microelectrophoresis, but this method re-
quires the use of very diluted suspensions that are not representative of cement pastes.
In addition, particles larger than a few micrometres in diameter tend to settle, and only
the fine particles are measured. Acoustophoresis allows the measurement of the zeta
potential in concentrated suspension, but this technique shows some limitation, as re-
ported by Flatt and Ferraris (2002).

The electrostatic potential of cement phases depends on their dissociation constants
and amount of surface ionizable groups, which are mineral-specific. Since cement is a
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Figure 11.3 Schematic representation of how the presence of an adsorbed chemical admixture
may change the potential away from a charged surface.
Adapted from Uchikawa et al. (1997).
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multimineral powder, interacting surfaces may have different potentials, which would
create an additional attractive force. This can be simply between positive and nega-
tively charged surfaces. However, it can also be between surfaces with the same charge
sign but different potentials (Russel et al., 1992). The probable existence of this addi-
tional attractive electrostatic force implies that any homogenization of the surface
charge should reduce the overall interparticle attraction and thereby the yield stress.
This could, for example, occur by adsorbing a zero-thickness film of charge-
balancing molecules onto cement particles.

In the more realistic case of the adsorption of a molecule of finite size (Figure 11.3),
in particular a polymer, the expression for the electrostatic force can be reformulated,
integrating the adsorbed layer thickness L, leading to:

FES y�2pεε0aj
2 ke�kðh�2LÞ�
1þ e�kðh�2LÞ� (11.9)

Indeed, the potential one would use in such calculation would be a zeta potential, of
which the plane of origin is located either at the outside of the adsorbed layer or even
further away. Thus the relevant distance for the electrostatic force is (he2L). However,
the distance relevant for the calculation of the dispersion forces remains that between
the surfaces of the particles themselves, h.

11.4 DLVO theory

Derjaguin, Landau, Verwey and Overbeck developed a theory that explains the
stability of aqueous dispersions in terms of a balance between the attractive van
der Waals force and the repulsive electrostatic force (Derjaguin and Landau, 1993;
Verwey et al., 1999). This is called DLVO theory after the initials of the authors.
The basic hypothesis is that the forces (and potentials) between surfaces are additive
and do not influence each other mutually.

Although it was originally formulated for the combination of van der Waals and
electrostatic forces, the DLVO theory is often used in a broader sense, including other
forces under the assumption of additivity of forces. An illustration of the DLVO sum-
mation of the attractive van der Waals potential and the repulsive electrostatic potential
is shown in Figure 11.4.

Since the van der Waals and the electrostatic potential have different distance
dependence, the total potential can show minima and maxima.

In the limit of zero separation, dispersion forces go to infinite values whereas elec-
trostatic forces remain finite (see Eqns (11.4) and (11.8)). This means that at short sep-
aration distances, van der Waals attractive forces prevail. Under this condition, the
total interaction energy is known as the primary minimum.

What happens beyond that depends on the balance of the van der Waals force and
the electrostatic force, which in turn depends on the electrostatic potential and the ionic
strength. The ionic strength is an expression of the effect of ions in solution on the
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electrostatic potential. Depending on the ionic strength, three main types of behaviours
can be observed (Figure 11.5).

(A) At low ionic strengths, electrostatic repulsion is very long ranged and dominates the van der
Waals forces. As the separation distance decreases, the repulsive force increases to a
maximum. In terms of potentials, one talks about an energy barrier. The larger this energy
barrier, the more stable the suspension. If the barrier is overcome, particles that come into a
primary minimum stick together and are very hard to separate again. Otherwise, the system
remains dispersed.

(B) As the ionic strength is increased, the range of the electrostatic repulsion is reduced. This
leads to situations as depicted in curve B with a clear secondary minimum on plots of po-
tential versus separation distance. This corresponds to a metastable equilibrium (a floccu-
lated suspension) in which the system will rest unless it receives enough energy. This
could lead to particle separation. Alternatively, if the energy is larger than the potential bar-
rier, particles would come close together and agglomerate, remaining ‘caught’ in the pri-
mary minimum.

(C) At high ionic strength the energy barrier disappears and the interparticle potential only has a
primary minimum.

For colloidal particles, stability is generally discussed in terms of the height of the
potential barrier (case B). In particular, a multiple of the thermal energy kT, coming
from Brownian motion, is considered necessary to have a dispersed, well flowing
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Figure 11.4 Illustration of interparticle potentials as a function of the distance from a charge
surface. The positive potential corresponds to electrostatic repulsion, and the negative one to van
der Waals attraction. In this specific case their summation leads to a primary minimum, a
potential barrier and a secondary minimum.
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suspension. However, the interparticle potential of cement suspensions looks like that
depicted in curve C. In that situation Brownian motion cannot provide the energy
necessary to keep or move particles away from each other. Therefore, for cement par-
ticles it is rather shear forces than Brownian motion that provide the relevant criterion
to decide on system’s fate, a situation further enhanced by the fact that these particles
are too large to be sensitive enough to Brownian motion. Thus for cement-type suspen-
sion the role of dispersion must be discussed in terms of attractive force (against which
shear forces would act) rather than potential. We are therefore interested in knowing
which force should be overcome to separate particles during flow, rather than deter-
mining whether a potential barrier is or is not large enough to prevent agglomeration.

In this chapter, the interparticle force of cementitious systems has been calculated
using Hamaker 2 software (Aschauer et al., 2011), in which models derived for cement
suspension were implemented.

Figure 11.6 shows the interparticle force normalized by the particle radius as a func-
tion of the separation distance for a system having a zeta potential equal to 5 mV, repre-
sentative of a cement suspension (Plank and Winter, 2008; Plank and Sachsenhauser,
2006). The interparticle force is expressed in kT, where k is a Boltzmann constant
and T is the temperature in Kelvin. For all the calculations in this chapter, the temper-
ature is taken to be equal to 300 K.

The parameters used for the computation of the force are particle diameter 1 mm,
specific gravity 3.15 and unscreened Hamaker constant 1.757 � 10�20 J (Flatt,
2004). The electrolyte composition of the cement pore solution of a paste having a
w/c of 0.35 gives a Debye length of 0.67 nm (Flatt and Bowen, 2003).
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Figure 11.5 Illustration of various types of interparticle potentials. All cases show a primary
minimum, as van der Waals attraction dominates over electrostatic at short separation distances.
Depending on the surface charge and ionic concentration, one obtains in addition: (A) large
energy barrier; (B) energy barrier and a secondary minimum; (C) no energy barrier.
Adapted from Yang et al. (1997).
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Figure 11.6 shows the resulting force between cement particles using the above
parameters and considering different positions for the electrostatic potential plane.
Repulsion force has positive values, while attraction force has negative values. Results
show that the distance at which the charge is located (dz) does not significantly change
the interparticle force for reasonable values of dz.

However, the position of the charge plane becomes important for higher potentials,
for example after the adsorption of a linear polyelectrolyte. This condition is repre-
sented in Figure 11.7. To illustrate this, let us consider first the case where the zeta po-
tential plane is at the particle surface. Whatever the zeta potential is, if the charge is
located directly on the cement surface, electrostatic repulsion is not effective. The
maximum attractive force is dictated by van der Waals attraction, and decreases to in-
finity as the separation distance goes to zero.

In reality, however, the separation distance is not believed to decrease to zero, but
rather a minimum separation distance between agglomerated particles can be defined
(Zhou et al., 1999, 2001; Flatt and Bowen 2006, 2007). In the case of cement it is sug-
gested that the minimum separation distance would be in the order of 1.6 nm, so one
could assume a ‘solvent’ layer, d0, of about 0.8 nm cannot be removed from the particles
(Perrot et al., 2012). From this perspective, we conclude that in pure cement the
maximum attractive force would have to be calculated at a separation distance of 1.6 nm.

Let us now turn to situations in which the charge is located at a certain distance from
the surface. Based on the above consideration of the solvent layer, we consider a value
of 0.8 nm for dz. As shown in Figure 11.7, the electrostatic repulsion does become
effective in such situations, with electrostatic potential values around or greater than
10 mV. Under these conditions, the distance at which the maximum attractive force
is reached is higher than 2 dz.
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Figure 11.6 Normalized interparticle force as a function of separation distance, computed for
cement particles with a diameter of 1 mm and specific gravity of 3.15. The zeta potential is 5 mV.
The zeta potential plane is placed on the surface (0 nm), at 0.5, 1.0 and 1.5 nm from the surface.
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This effect can fall into the category of electrosteric. The electrostatic repulsion
plays an important role, but only because the charge plane is located at a certain dis-
tance from the particle surface. This distant location can be provided by a polymer.
These results suggest that, if this is the case, the polymer itself would not additionally
have to provide substantial steric hindrance if the charge is high enough.

Surface forces have been directly measured with an atomic force microscope
(AFM). Using the so-called colloidal probe technique, it is possible to measure the
forces between colloidal particles of few micrometres in a liquid. Pedersen and
Bergstr€om (1999) measured the interparticle forces between zirconia surfaces by
AFM. Figure 11.8 shows (left) the effect of ionic strength on the magnitude of the
repulsive force: as the ionic strength of the medium increases the repulsive force de-
creases, as predicted by the DLVO theory. At a very high ionic strength
(I ¼ 0.01 mol/L), as in Figure 11.8 (right), only attraction is measured. It is important
to note that the ionic strength of cement pore solution is 10 times higher than this value.

11.5 Steric forces

Steric forces arise from the presence of polymers adsorbed onto particle surfaces. The
most important steric force is repulsive and of entropic origin. Adsorbed polymers adopt
a preferred conformation on the surface. When a polymer-coated particle approaches a
second particle, polymer molecules have to distort from this preferred conformation,
which results in a loss of conformational entropy. At the same time, the concentration
of polymer segments between the particles increases with respect to the bulk solution,
giving rise to an osmotic pressure that resists the particles approaching each other.

A repulsive steric force therefore develops as soon as the polymer layers start to
overlap. This increases strongly upon further compression of the polymer layers,
and diverges to infinite when maximum compression is reached.
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Various expressions have been proposed to describe steric repulsion. They all arise
from considerations about the unfavourable entropy of mixing resulting from the over-
lap of adsorbed layers as particle separation distance decreases below twice the
adsorbed layer thickness. The magnitude of this force depends on the adsorbed confor-
mation, but also on the amount of adsorbed polymer or surface coverage and the nature
of the solvent.

Assuming that superplasticizers (SPs) adsorb with a so-called mushroom-type
adsorption morphology (where the density of polymer chains is highest not at the surface
but some distance from it), the scaling theory developed by de Gennes (1987) can be
used to calculate the steric force. The expression proposed for flat plates can be inte-
grated for spheres using the Derjaguin approximation, giving the following expression:

FSte ¼ a
3pkBT
5s2

"�
2L
h

�5=3

� 1

#
(11.10)

where s is the distance between the centres of two neighbouring mushrooms and L is
the maximum length extending into the solvent.

Flatt et al. (2009) derived an expression for the steric force from AFM measure-
ments under the assumption of a high surface coverage by adsorbed comb copolymers:
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b ¼ 2pkBTRtip

a
P�29=30N�13=30 (11.12)
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Figure 11.8 Illustration of colloidal probe measurements made between zirconia surfaces
(sphere and plate). Forces are normalized with respect to the probe radius R. (Left) NaCl
concentrations of 0.0001M (squares), 0.0005M (circles) and 0.001M (triangles). (Right) NaCl
concentration of 0.01M; data show a jump into contact, revealing the strong attractive force that
cannot be resisted by the tip cantilever stiffness.
Reproduced with authorization from Pedersen and Bergstr€om (1999)
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where Rtip is the radius of the AFM cantilever tip end, assumed to be hemispherical, and

a ¼ p2�3=10a5=3P aN

�
ð1� 2cÞ aP

aN

�2=15

(11.13)

RAC is the adsorbed layer thickness of an adsorbed comb-shaped SP, given by:

RAC ¼
�
2
ffiffiffi
2

p
ð1� 2cÞ aP

aN

�1=5

aPP
7=10N�1=10 (11.14)

For more information on these polymers, including their solution conformation
and chemistry, as well as competitive adsorption, readers are referred respectively
to chapter 9 and 10 (Gelardi et al. 2016; Marchon et al. 2016). In general, what-
ever the model used, it is found that the steric force balances the van der Waals
force almost as soon as the overlap of the adsorbed layers begins. Consequently,
the maximum attractive force between particles is more or less equal to the van der
Waals force at a separation distance equal to twice the adsorbed layer thickness.
However, this only strictly holds for systems with a high surface coverage.
When the polymers do not cover surfaces, the situation becomes more complex.
Average forces may be calculated on a statistical basis (Kjeldsen et al., 2006;
Flatt and Schober, 2012) to extend the use of such calculations. However, this
approach probably suffers from a bias in the particle contact statistics, as cohesive
contacts are thermodynamically more favourable than dispersed ones (for large
particles).

An additional complication at low surface coverage is that besides the repulsive
steric force, attractive forces can arise. Indeed, bridging forces can arise when poly-
mers adsorb onto two surfaces. The resulting bridging flocculation could explain at-
tractions that are measured at large separation distances in AFM measurements,
when, after an intimate approach, the surfaces are moved apart from one another.
In practice this bridging could account for the much poorer performance, at low
dosage, of traditional SPs with respect to PCEs that would not be expected to cause
bridging.

Additionally, non-adsorbed polymers can give rise to depletion forces. If the gap
between two particles is lower than the diameter of polymer molecules, a region of
pure solvent is created. In the zone depleted of polymer an osmotic pressure arises,
leading to an attractive force, as explained for viscosity modifying admixtures in
Chapter 20 (Palacios and Flatt, 2016).

11.6 Effect of superplasticizers

Adsorption of SPs prevents cement particles from coming too close to each other.
Keeping particles apart reduces the magnitude of the attractive van der Waals forces
and consequently also the magnitude of the maximum attractive forces that have to
be overcome for a suspension to flow.
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11.6.1 Role of electrostatic repulsion

For cement suspensions without polymer additions, the zeta potential values reported are
both negative and positive but always small (N€agele 1985, 1986; Uchikawa et al., 1997).
SPs induce upon adsorption a negative zeta potential on cement particles, larger in
magnitude than the initial potential of cement. Values of zeta potential between
�30 mV and �50 mV have been reported for cement suspensions containing linear
SPs (Ernsberger and France 1945; Daimon and Roy, 1979; Andersen et al., 1987).
Most probably this is not only the result of the charges brought to the surface from
polymer adsorption, but also the fact that some of these are located at the exterior of
the adsorbed layer (Lewis et al., 2000). Because early-generation SPs increase the abso-
lute value of zeta potential (more negative values), electrostatic stabilization has been
considered for years the primary stabilization mechanism of SPs in cement suspensions.
However, more recent measurements give maximum values of about 7.5 mV in white
Portland cement (Lewis et al., 2000). As stated by Lewis et al. (2000), these lower
zeta potential values reflect the fact that the measurements were carried out in a more
concentrated solution than those used in previous studies. Indeed, zeta potential values
upon adsorption of polynaphtalene sulfonates (PNS) onto white cement under dilute
conditions, as well as onto g-C2S (inert powder), are much larger due to the lower
concentration of Ca-ions in solution, as found by the same authors (Lewis et al., 2000).

11.6.2 Role of electrosteric repulsion

Figure 11.9 shows the interparticle force as a function of separation for cement parti-
cles onto which a linear polyelectrolyte, for example a PNS, is adsorbed. Based on the
AFM study by Palacios et al. (2012), we consider the thickness of this layer, dP, to be
1.8 nm.
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Figure 11.9 Normalized interparticle force as a function of separation distance for a system
defined as in Figure 11.6 after adsorption of a linear polyelectrolyte whose layer thickness is
1.8 nm. The zeta potential induced upon adsorption is 15 mV.
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The zeta potential after polymer addition is 15 mV. Results in Figure 11.9 again
stress the importance of the distance at which the charge is located. In fact, if the charge
is at the surface (dz ¼ 0 nm), any effect due to electrostatic stabilization can be neglected
(see Figure 11.7). In contrast, if the charge is located at the outer boundary of the poly-
mer adsorbed layer, the electrostatic force plays a role in the stabilization of the system.

In quantitative terms, we can state that the maximum attractive force is 50 kT/nm
for bare cement and cement with PNS if its charge is located on the cement surface.
This force drops to 13 kT/nm if the PNS acts as a perfect steric barrier making no elec-
trostatic contribution. It further decreases to 6 kT/nm if the PNS charge is located
within the PNS layer at 0.8 nm. Finally, if the charge is at the outside of the PNS layer,
the force is only 3 kT/nm.

For the most realistic case of a zeta potential around 7.5 mV (Lewis et al., 2000), the
interparticle force at different positions on the electrostatic potential plane is similar to
that depicted in Figure 11.6 for bare cement. Thus the electrostatic force is important
for the stabilization of the system only when the charge is located at a certain distance
from the particle provided by the adsorbed polymer.

Unfortunately, it is not easy to determine which condition is most realistic. Howev-
er, these examples clearly illustrate that stabilization by PNS should be referred to as
electrosteric. It cannot be simply referred to as electrostatic, because in the absence of a
shift of the plane of charge electrostatic repulsion would have no effect. It should also
be noted that the presence of divalent ions, as mentioned in Section 11.3, may lead to
more radical loss of dispersion efficiency than we calculate with the simple continuum
model used in these calculations.

In a discussion of a paper by Daimon and Roy, Banfill (1979) stated that the
adsorption of such linear SPs would lead to the formation of an adsorbed layer
40 nm thick, and suggested that steric hindrance could therefore be equally important
as a dispersing mechanism.

11.6.3 Role of steric hindrance

With the introduction of comb-shaped copolymers, awareness of the importance of
steric repulsion in the dispersion mechanism of SPs has grown (Uchikawa et al.,
1997; Yoshioka et al., 1997; Flatt et al., 2001). In fact, polycarboxylate ethers
(PCEs) were found to induce better dispersion despite a lower decrease of zeta
potential with respect to linear SPs.

As previously mentioned, zeta potential measurements cannot be interpreted univ-
ocally, especially when PCEs are present. PCEs induce much smaller zeta potentials in
cement particles because of their lower fraction of ionizable groups per molecule. In
their assumed adsorbed conformation, these charges are located close to the particle
surface, while the shear plane is extended towards the bulk solution due to the non-
adsorbing side chains (Lewis et al., 2000) (Figure 11.3). The adsorbed layer thickness
is in the order of 2.5 nm at least, while the Debye length k�1 in cementitious systems is
of the order of 0.7 nm (Flatt and Bowen, 2003). Bearing in mind the exponential decay
of the surface potential, Eqn (11.6), the potential that could be measured outside a
2.5 nm layer would be only about 3% of the potential at the inner side of this layer,
provided that is where the charge is localized.
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Uchikawa et al. (1997) stated that steric repulsive forces are responsible for the
dispersion of cement particles. They used an AFM to measure the interactive force be-
tween clinker particles adsorbing polymers, and compared the results with the electro-
static force calculated from zeta potential. Results (see Figure 11.10) showed that steric
forces are predominant when a comb-shaped copolymer is adsorbed on the clinker par-
ticle, while their contribution to the total repulsive force in the presence of a PNS or a
linear polycarboxylate is 30% and 20%, respectively.

In the absence of SPs, the repulsion starts at a separation distance of about 10 nm.
When an SP is added, the distance at which repulsion occurs increases. For a PNS
(NS) or a linear polycarboxylate (PC-B), repulsion starts at around 90 nm. When a
comb-shaped copolymer (PC-A) is adsorbed, the divergence starts at an even higher sep-
aration distance of about 500 nm. This separation distance is an order of magnitude
higher than that expected, considering that the side-chain length of the comb-shaped
copolymer used is reported to be approximately 20 nm. Possible reasons for the large
distances measured have been suggested to arise from the formation of organo-
aluminate compounds (Flatt and Houst, 2001). Thus while the measurements reported
in Figure 11.10 have had the value of convincing the community of the existence and
importance of steric hindrance, the results themselves most certainly involve a strong
experimental artifact.

In terms of calculations, the total interparticle force can be determined by taking the
sum of dispersion (FVdW), electrostatic (FES) and steric forces (FSte). We have seen that
all these forces depend linearly on the mean harmonic radius of spherical particles of
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Figure 11.10 Illustration of the forces reported in the first study by atomic force microscopy on
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Reproduced with authorization from Uchikawa et al. (1997).

Working mechanisms of water reducers and superplasticizers 271



different sizes a1 and a2. Therefore, it is possible to introduce an interparticle force
parameter G(h), given by:

GðhÞ ¼ ðFvdW þ FES þ FSteÞ=a (11.15)

11.6.4 Specific role of the PCE molecular structure

Because of the wide use of comb-copolymer dispersants and the flexibility in designing
their molecular architecture (Gelardi et al., 2016), we devote a special section to exam-
ining how such changes affect the maximum attractive force. As PCEs only induce a low
electrostatic charge, which is most likely located very close to the surface, we neglect
any electrostatic contributions.

Figure 11.11 presents the cases of cement particles onto which PCEs with side-chain
length of 1000 g/mol and 5000 g/mol would be adsorbed. The surface coverage is
assumed to be 100%. Additionally, for each case three different grafting ratios are
considered. These are the main parameters governing the steric hindrance by these
polymers (Section 11.5). The examples illustrate that the side-chain length has a domi-
nating effect. The grafting degree (C/E) has only a secondary and slightly detrimental
effect on the interparticle force, but it has major importance in terms of adsorption, as
noted in Chapter 10 (Marchon et al., 2016). Here we are considering situations in which
enough polymers are present in the system to cover the surfaces of the particles fully.

From Figure 11.11 we note that the maximum attractive force is reached respec-
tively for separation distances around 5.5 and 17 nm, which is very close to twice
the layer thickness obtained with Eqn (11.14). This suggests that as soon as the layers
start to overlap, the steric force overcomes the van der Waals attraction. In turn this
would imply that the maximum attractive force could be evaluated by Eqn (11.4)
using a separation distance of twice the layer thickness given in Eqn (11.14). A first
test for this hypothesis is to plot the maximum attractive force determined in all the
cases reported in Figure 11.11 versus the inverse square of the layer thickness RAC.
As shown in Figure 11.12, such data are well fitted by a linear regression passing
through the origin. This demonstrates that the maximum attractive force does indeed
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carboxylate-to-ester (C/E) ratios are considered.
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scale with the inverse second power of the layer thickness. The proportionality con-
stant deviates, however, by about 40% from the one that would be derived from
Eqn (11.4). This results from the various approximations leading to that equation.
However, the scaling relation between force and layer thickness remains, which is
very useful for comparing the dispersive power of PCEs at full surface coverage (Flatt
and Schober, 2012; Kjeldsen et al., 2006).

The situation of incomplete surface coverage is more complex. As mentioned in
Section 11.5, additional attractive forces can arise when the polymer does not
completely cover the cement particle surface. The maximum attractive force at
different surface coverage for a given PCE (side-chain molar mass ¼ 1000 g/mol;
C/E ¼ 3) has been calculated with Hamaker 2 software (Aschauer et al., 2011). Results
in Figure 11.13 (squares) show that the maximum attractive force remains more or less
constant for surface coverage as low as 0.3. At surface coverage of 0.25 the potential
barrier is in the order of few tens kT that corresponds to a metastable equilibrium: this
situation is the same as that depicted in Figure 11.5 (curve B). At even lower surface
coverage, the interparticle force jumps up and there is no effective stabilization due to
the adsorbed polymers.

An average maximum attractive force can be calculated taking into account the sta-
tistical distribution of contact points between bare cement and polymer-coated parti-
cles (Kjeldsen et al., 2006):

Fmax z

 
q2

d2P
þ 8

qð1� qÞ
ðdP þ d0Þ2

þ ð1� qÞ2
d20

!
(11.16)

where q is the surface coverage, dP is the adsorbed layer thickness at full coverage and
d0 is half the minimum separation distance between bare cement particles, taken equal
to 0.8 nm (Perrot et al., 2012).
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1000, 3000 and 5000 g/mol with three different values of C/E. The straight line is a linear fit
through the origin, demonstrating the scaling of the maximum attractive force with the inverse
square of the layer thickness.
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An average layer thickness can be estimated from the values of the maximum attrac-
tive force calculated byHamaker usingEqn (11.4). This average layer thickness is a func-
tion of the surface coverage, and is equal to dP and d0 for a surface coverage of one and
zero, respectively. The maximum attractive force is calculated by using Eqn (11.16), and
the average layer thickness at different surface coverage is shown in Figure 11.13.

Table 11.1 shows the contribution of the different interactions between contact
points to the total maximum attractive force.

These data show that a statistical approach can be used for the calculation of the
maximum attractive force at incomplete surface coverage up to a certain extent.
When the interactions PeB and BeB become predominant over PeP, for q � 0.6,
the maximum attractive force cannot be correctly evaluated. This means that the
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Figure 11.13 Maximum attractive force as a function of surface coverage for a PCE with
structural parameters P and N equal to 23 and 4, respectively. The interparticle force is calculated
by Hamaker 2.1 (squares) and by means of Eqn (11.16) (triangles).

Table 11.1 Contributions of the interaction between polymer-coated
particles (PeP), polymer-coated and bare cement particles (PeB)
and bare cement particles (BeB) to the maximum interparticle
force at different surface coverage

Surface coverage PeP PeB BeB

1.0 100% 0% 0%

0.8 26% 53% 21%

0.6 8% 45% 47%

0.4 2% 29% 68%

0.2 1% 21% 78%

0.1 0% 7% 93%

0.0 0% 0% 100%
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scaling laws obtained for adsorbed polymers at full surface coverage can be extended
to surface coverage as low as 0.6. To obtain consistent values of the maximum inter-
particle force, the equations describing the interactions between bare cement and
polymer-coated particles need to be rederived.

11.7 Conclusions

Suspension stability can be expressed in terms of interparticle potential, and is
controlled by the balance of attractive and repulsive terms. These notions can also
be used in cementitious systems. In this case we do not compare an energy barrier
to a multiple of thermal energy, but rather the maximum attractive force to the shear
force between particles. More details about rheology of cement suspensions are given
in Chapter 7 (Yahia et al., 2016).

A particularity of cement suspensions is their high ionic strength. This implies that it
is very difficult to stabilize such systems by electrostatic repulsion. Cement research has
a long history of attributing dispersion by early-generation SPs to electrostatic repulsion.
The data presented in this chapter suggest that it is rather steric repulsion that must be
considered at full surface coveragee the condition considered most favourable for these
polymers, as explained in Chapter 16 (Nkinamubanzi et al., 2016).

PCE SPs are broadly accepted to act through steric hindrance. Here, however,
another source of misinterpretation can be found in terms of the effectiveness of their
molecular structure. Indeed, because these polymers are very effective, they are often
used at lower dosages corresponding to incomplete surface coverage. Under those
conditions the amount of adsorbed polymer plays a very important role, mostly
overriding the molecular structure parameters determining layer thickness.

The conditions of incomplete surface coverage can in part be described by simpli-
fications presented in this chapter. However, it has also been illustrated that these
become unreliable at low surface coverage, so more advanced analysis of these situa-
tions seems to be needed.
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Impact of chemical admixtures
on cement hydration 12
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12.1 Introduction

Many chemical admixtures are known to retard cement hydration. In the case of
retarders, this is an intentional effect. However, for many other admixtures, it is mostly
an undesired side effect. Examples of the use of retarders as well as undesired retarda-
tion are given in Chapters 16 and 18 (Nkinamubanzi et al., 2016; Aïtcin, 2016b). The
basics on cement hydration have been presented in Chapters 3 and 8 (Aïtcin, 2016a;
Marchon and Flatt, 2016). We will in particular refer to the mechanisms of the hydra-
tion of different phases from Chapter 8 to discuss in this chapter the impact of chemical
admixtures on hydration (Marchon and Flatt, 2016).

In the first part of this chapter, we deal in a general way with the mechanisms that
affect hydration in order to encompass the behavior of most chemical admixtures
(Section 12.2). However, most examples given are related to superplasticizers because
this represents the main focus of this chapter. We have decided to do this because
retardation is mostly an undesired effect with superplasticizers, and we believe that
its consequences will be increasingly problematic in cements with reduced clinker
contents. Also, because of the importance of polycarboxylate ether (PCE) superplas-
ticizers (see Chapter 9: Gelardi et al., 2016) and the flexibility in their molecular
design, we devote a special section to presenting information available in the literature
concerning their impact on hydration (Section 12.3). Finally, sugars (and carbohy-
drates more generally) are detailed in the final section because they are the most
used set retarders and important steps have been made in studying their impact on retar-
dation. Additionally, they also offer a large variety of possible molecular structures and
therefore design flexibility (see also Chapter 9: Gelardi et al., 2016).

In general, retardation by chemical admixtures depends not only on their dosage,
chemical nature, molecular architecture, and the time of admixture addition
(Figure 12.1), but also on the characteristics of the cement, such as its mineralogical
composition, fineness, and sulfate availability. Additionally, as mentioned in Chapter
15 (Mantellato et al., 2016), commercial admixtures are often formulated products that
can contain multiple components. For example, in addition to polymeric dispersants,
commercial superplasticizers may also contain defoamers, accelerators, and viscosity-
modifying admixtures, all of which can modify the extent of retardation.

In calorimetric measurements, retardation typically prolongs the induction
period. However, the effect on hydration is not always only to delay the onset of
the main hydration peak. For example, chemical admixtures can also change the
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slope of the acceleration period, as well as the maximum heat release (i.e., the
height of the main peak) and/or displace the sulfate depletion peak. Such changes
can lead to a totally different calorimetric signature of the hydration process, as
illustrated in Figure 12.2 for two different superplasticizers and in Figure 12.3
for different dosages of glucose used as set retarders for Portland cement. This im-
plies that complex interactions between chemical admixtures and cement are taking
place during hydration and that they can substantially modify the rates of the disso-
lution, nucleation and/or growth of various phases. These changes may also modify
the nature of the step that is rate limiting for cement hydration, something addressed
later in this chapter.

No admixture 

PCE 

Aminosulfonate

PNS 
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Delayed addition 
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Figure 12.1 Illustration of the effect of addition time on setting times (initial and final) of
normal Portland cement for different admixtures.
Adapted from Hanehara and Yamada (1999).
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Figure 12.2 Example of isothermal calorimetry showing the effect of a PCE and
polynaphtalene sulfonate (PNS) superplasticizer on a mortar with normal Portland cement.
The difference in the shapes of the curve is particularly noted.
Reproduced from Robeyst et al. (2011) with permission.
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12.2 Mechanisms of retardation

The previous examples illustrate how a set of admixtures, differing in chemical nature
and molecular structure, impact cement hydration in various ways. Although they are
the subject of many studies, the mechanisms through which they modify hydration
remain unclear (Cheung et al., 2011; Bishop and Barron, 2006). The different hypoth-
eses that have been formulated to explain this include the following:

• Complexation of calcium ions
• Slowing down of dissolution of anhydrous phases
• Disrupting nucleation of hydrates
• Perturbation of the aluminateesilicateesulfate balance

Each of these situations is discussed in a separate subsection.

12.2.1 Complexation of calcium ions in solution

Chemical admixtures interact with ionic species in solution (in particular calcium
ion), and this may slow down the building up of the supersaturation needed for hy-
drates nucleation. It is well known that in a clean system (i.e., pure solution of
polymers with generally one type of salt), organic admixtures can form complexes
with ions in different ways, and that their stability depends on the nature of the
chemical function, the metallic ion involved, as well as the environmental
conditions (Smith et al., 2003).

In the case of PCE superplasticizers, a first mode of interaction, mentioned in
several studies about interactions between polyoxyethylene and cations (Heeb et al.,
2009; Tasaki, 1999; Masuda and Nakanishi, 2002), is similar to the ion complexation
by crown ethers, where the cation is immobilized inside the polyether ring through
ionedipole interactions with ether oxygen atoms. The second type of possible
complexation of PCEs has been mentioned by Plank and Sachsenhauser (2009).
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Figure 12.3 Effect of different dosages of glucose on the hydration of Portland cement.
Reproduced from Ramachandran and Lowery (1992) with permission.
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In this case, the carboxylate functions of the backbone form a mono- or bidentate
ligand with Ca ions, depending on the ionic charge density on the backbone.

Different studies show evidence of a formation of complexes between highly
charged carboxylate polymers and Ca ions during either C3S hydration (Comparet,
2004) or CeSeH nucleation (Picker, 2013). However, the amount of calcium mobi-
lized by such complexes is limited by the low dosage of retarding molecules intro-
duced in the system and the number of charges really involved in the complexing
phenomenon. In addition, the complexation stability in solution of PCEs and other
admixtures, such as phosphonates or sugars, which also present substantial chelating
ability, are too low to significantly impact the calcium concentration and explain the
cases of significant retardation (Comparet, 2004; Lothenbach et al., 2007; Richter
and Winkler, 1987; Popov et al., 2009; Young, 1972). Furthermore, as Thomas and
Birchall (1983) mentioned in the case of sugars (where, for example, the most retard-
ing ones have the lowest binding ability), no direct correspondence has been found
between the complexation ability and the retarding effect. Although relatively simple,
this argument seems to provide a reasonable ground to disregard the role of calcium
complexation on the retardation of cement hydration, at least until further evidence
is brought to this debate.

12.2.2 Inhibition of the dissolution of anhydrous phases

Chemical admixtures may act on dissolution of anhydrous phases through adsorp-
tion, reducing the rate of ion release into solution. By electric conductivity measure-
ments, Comparet (2004) observed that PCE superplasticizers delay the increase of
conductivity coming from the dissolution of the anhydrous C3S and the free growth
of CeSeH. He concluded that PCEs strongly slow down C3S dissolution with a
probable additional effect on growth of hydrates, even blocking it for the polymers
with the highest charge density. This is confirmed by Nicoleau (2004) and Pourchet
et al. (2007), who showed that latexes composed of a core copolymer of styrene and
butadiene with carboxylate groups on the surface slow down strongly the silicate
dissolution after adsorption (Figure 12.4). This conclusion was reached on the basis
of measuring the concentration of calcium and silicon by inductively coupled plasma
optical emission spectrometry (ICP-OES) measurements during the dissolution of
C3S in a very diluted lime-saturated solution containing the latexes.

It is worth noting that, in both cases, the experiments were performed in lime-
saturated and very diluted systems with a high admixture dosage, which are not repre-
sentative of the real conditions in early-age hydration of cement paste. However, the
results show clearly that carboxylate additives can strongly decrease the dissolution
rate of C3S as well as the primary CeSeH nucleation, which leads us to the next
hypothesis. However, we must first also mention the fact that admixtures may slow
down dissolution by hindering the opening of etch pits (Suraneni and Flatt, 2015b).
Such a situation would probably shift the main hydration peak backwards, in a way
compatible with retardation observed with PCEs. The possible impact of admixtures
on the opening of etch pits has also been emphasized recently considering that a large
fraction of etch pits may open during the course of hydration and that the frequency of
their opening could be reduced by chemical admixtures (Nicoleau and Bertolim,
2015).
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12.2.3 Inhibition of nucleation and/or growth of hydrates

Chemical admixtures can influence and modify nucleation and growth of minerals
(Griffin et al., 1999; Fricke et al., 2006). In the case of C3S and cement hydration, several
studies have implied that chemical admixtures act on precipitation and growth of hy-
drates, interfering with them in various ways. These may include the poisoning of nuclei
or the prevention of growth through adsorption onto nuclei or particles (Picker, 2013;
Thomas and Birchall, 1983; Garci Juenger and Jennings, 2002), the alteration of disso-
lution kinetics due to the dispersive effect of superplasticizers (Ridi et al., 2003, 2012;
Sowoidnich and R€ossler, 2009), the blocking of the normally favored crystal growth di-
rections, etc. To illustrate the first case, several studies (Thomas and Birchall, 1983; Garci
Juenger and Jennings, 2002) have suggested that the retardation ability of sucrose comes
from the poisoning of portlandite nucleation (this is further addressed in Section 12.4). If
portlandite precipitation is suppressed, C3S dissolution cannot be resumed, as the degree
of saturation of the solution does not change, which does not allowCeSeHprecipitation
and leads to the prolongation of the induction period (Bullard and Flatt, 2010).

In the case of PCE superplasticizers, as a model system for studying the effect of such
polymers on the precipitation of cement hydrates, several studies have dealt with the pre-
cipitation of CaCO3 in the presence of linear and comb-shaped polycarboxylates (Rieger
et al., 2000; Falini et al., 2007; Keller and Plank, 2013). In a first study, Rieger et al.
(2000) showed that amorphous CaCO3 precursors, which normally dissolve and recrys-
tallize as calcite, are fixed in a network consisting of linear carboxylate chains bridged
by Ca2þ, avoiding the dissolution of the precursors and their recrystallization. Falini
et al. (2007) mentioned that carboxylate admixtures not only inhibit CaCO3 precipita-
tion in the case of high dosages but also modify the growth, size, and morphology of
the crystals, depending on the length and density of the side chains. This has also
been confirmed by Keller and Plank (2013), who mentioned that CaCO3 nuclei are
distributed along the polymer backbone through complexation of Ca ions by the
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Figure 12.4 Dissolution of 1.5 mg of C3S in 200 mL of 11 mmol/L lime-saturated solution in
the presence of 0.4 g of two carboxylated latexes, POLYAC1 and POLYAC2. These latexes are
composed of a core copolymer of styrene and butadiene with carboxylate groups on the surface.
Adapted from Nicoleau (2004) with permission.

Impact of chemical admixtures on cement hydration 283



carboxylic groups. In this case, the authors concluded that, in the presence of PCEs,
mesocrystals form via self-assembly of the PCE-stabilized initial calcite nanocrystals.

A similar mechanism occurring during CeSeH precipitation and involving the
calcium ions could explain the delay of C3S hydration. Indeed, it has been proposed
that, during the first step of CeSeH nucleation, Ca ions trigger the oligomerization
of the silicates and bridge these oligomers to form larger agglomerates (Picker,
2013). In the presence of PCEs, hydrate precursors could be adsorbed to negatively
charged sites on the polymer via Ca2þ bridging and thus be stabilized against
agglomeration, which would penalize CeSeH nucleation. This has been suggested
by Picker (2013), who used calcium titration to study the effect of highly charged
polyacrylate acid chains on the nucleation of CeSeH from a solution of Na2SiO3

and CaCl2. His results show that, first, the polymer modifies the prenucleation slope
(point 1 in Figure 12.5), indicating a change of interaction between the calcium and
the silicate species. Then, the first nucleation point (point 2) is delayed and occurs
at higher supersaturation. The primary particles are probably stabilized by the poly-
mer but cannot assimilate all the additional Ca ions (point 3). Then, the calcium
potential drops, indicating a secondary formation of CeSeH particles via a
possible heterogeneous nucleation process on primary formed nuclei (point 4).

This last study offers useful insight into possible reasons for the retardation of
cement hydration. However, it only targeted CeSeH precipitation in pure conditions
and does not explain why, with a common dosage of PCEs (containing a concentration

Figure 12.5 Evolution of free Ca2þ during addition of CaCl2 solution into Na2SiO3 in absence
(reference) and in presence of a highly charged polyacrylate (PAA 450000).
Reproduced from Picker (2013) with authorization.
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of carboxylate groups much lower than in that study), the delay can increase up to
hours, if not days, in superplasticized cement pastes where a part of the molecules
can adsorb not only on CeSeH but also on other hydrates as well as anhydrous
phases. In short, it is our opinion that the multicomponent nature of the cement cannot
be neglected. This leads us to the last hypothesis concerning retardation.

12.2.4 Perturbation of the silicateealuminateesulfate balance

Superplasticizers can cause a drastic delay by perturbing the aluminateesilicatee
sulfate balance. In contrast to most of the other mechanisms, this process is considered
to be particularly difficult to predict (Cheung et al., 2011), which probably comes from
an expected nonlinear dependence on the polymer dosage. It can also appear suddenly
in cements having apparently similar compositions to others in which retardation is not
problematic.

In our opinion, when it occurs, this mechanism of retardation is one of the most prob-
lematic because it can create a highly nonlinear and therefore nonpredictable increase
in retardation. It is also one of the least well-studied and least well-understood processes.
For this reason, we dedicate a certain effort in presenting the current state-of-the-art on the
subject in order to expose the various mechanisms proposed to explain its occurrence.

As a basis for this mode of retardation, we can state that an additional level of
complexity is added when the main cement phases, silicates, aluminates, and sulfates
are taken into account simultaneously. This is not negligible in light of the fact that
superplasticizer adsorption is not the same on all phases, as described in Chapter 10
(Marchon et al., 2016). Therefore, although studies performed on pure C3S with super-
plasticizers are useful to understand their impact on fundamental mechanisms, data on
the behavior of admixtures in systems containing silicates, aluminates, and sulfates are
needed to better understand the massive retardation that can occasionally arise in such
cases (Marchon et al., 2014). This requires studying the importance of the balance
between silicates, aluminates, and sulfates, as explained in Chapter 8 and illustrated
by the works of Lerch (1946) or Tenoutasse (1968). As for these works, studying
the effect of superplasticizers on a cement model (Marchon et al., 2014) rather than
on Portland cement allows one to separate the influence of important parameters
that cannot be differentiated and controlled in normal Portland cement, such as the
amount and type of alkalis and sulfate carriers.

Adding superplasticizers in such coupled chemical systems makes for a complex and
challenging topic. Indeed, in addition to the noticeable delay of C3S hydration, whose
dependence with aluminates reactions has been discussed in Chapter 8 (Marchon and
Flatt, 2016), water reducers and superplasticizers can modify the interaction between
the aluminates and the sulfates. Evidence has shown that they disturb aluminates reaction
by perturbing, for example, ettringite formation or the transition to monosulfoaluminate
(Comparet, 2004; Young, 1972; Collepardi, 1996; Prince et al., 2003; Roncero et al.,
2002; Chen and Struble, 2011; Prince et al., 2002). An important feature of many
of these studies is that the C3A hydration consumes a part of the added chemical admix-
ture, for example either by increasing the specific surface or intercalating the admixtures
in organomineral phases (see Chapter 10: Marchon et al., 2016).

Impact of chemical admixtures on cement hydration 285



The perturbation of the balance between the main phases during cement hydration
illustrates itself by a change in the shape and the occurrence time of the so-called sul-
fate depletion peak. This can be observed for example in a study about the interaction
of PCEs with cements containing different C3A amounts (Zingg et al., 2009) where the
strongest impact on the sulfate depletion peak occurs in the cement with the highest
content of C3A. In particular, as shown in the example of Figure 12.6, in the presence
of the PCE with the highest charge density (PCE 23-6), it is no longer possible to
distinguish between the main hydration peak and the sulfate depletion one.

This has also been observed in other studies (Lothenbach et al., 2007; Jansen
et al., 2012; Winnefeld et al., 2009; Sandberg et al., 2007) where, in the presence
of superplasticizers, the sulfate depletion peak seems to be shifted to earlier times
with respect to silicate hydration. The merging of both peaks results in a narrower
main peak and a change in the maximum of the heat release. This change in the
heat release would imply that there is either a faster consumption of sulfates or a
change in their availability. Indeed, as mentioned above, studies focused on the effect
of superplasticizers on aluminate reactions in cement have shown that admixtures
can affect ettringite precipitation (Comparet, 2004; Young, 1972; Collepardi,
1996; Prince et al., 2003; Roncero et al., 2002; Chen and Struble, 2011; Prince
et al., 2002; Jansen et al., 2012; R€ossler et al., 2007; Jiang et al., 2012) and conse-
quently reactions involving sulfates. Various mechanisms have been proposed to
explain this, as summarized below.

1. A first hypothesis would be that the adsorption of PCEs on the sulfate carriers hinders or
slows down its dissolution (R€ossler et al., 2007). The rate of sulfate supply can therefore
no longer keep C3A dissolution under control, creating a type of false set, which could
also be called a “false” sulfate depletion point (the system behaves as if no more sulfates
were available, while they are still present in their unreacted form).

Figure 12.6 Isothermal calorimetry on cement paste containing different types of PCEs.
The first number gives the number of ethylene oxide (EO) units in the side chains, while
the second gives the grafting ratio.
Reproduced from Zingg et al. (2009) with permission.
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2. A second explanation proposed is that the better dispersion of the anhydrous particles in the
presence of PCEs enhances the dissolution of C3A, leading to faster sulfate consumption
(Jansen et al., 2012). An observation favoring this interpretation is that ettringite precipitation
tends to be enhanced in the presence of PCEs (Jansen et al., 2012; Jiang et al., 2012).

3. However, the enhanced precipitation of ettringite mainly occurs in the first minutes of hydra-
tion, which leads us to the third hypothesis that PCEs would enhance ettringite nucleation
(Comparet, 2004). This would provide a large surface area for growth, leading to a faster con-
sumption of sulfates and thus to an earlier true sulfate depletion point. Although this increase
of ettringite has been observed several times, the reasons for that are not well understood.

It should also be finally noted that any of the above mechanisms may result in a
modification of ettringite morphology in the presence of PCEs. For example, the
adsorption of molecules on ettringite may either hinder further growth or affect the
growth rate of specific crystallographic planes (R€ossler et al., 2007; Eusebio et al.,
2011). Additionally, PCE adsorption on nuclei would change the saturation degree
and consequently the nucleation rate of ettringite (Comparet, 2004). Beyond these
rather general statements, there does not appear to be a clearer picture in the literature
regarding the way in which PCEs modify the morphology of ettringite in relation to
their dosage and/or molecular structure.

As mentioned above, the cases in which chemical admixtures cause a massive
silicate retardation by perturbing the aluminateesilicateesulfate balance are a very
problematic situation, although not a very frequent one. This does not mean, however,
that the interaction of chemical admixtures and the aluminate phases can be neglected.
Indeed, it has been shown that the content of C3A and alkalis in cement has an important
effect on retardation in the presence of superplasticizers (Zingg et al., 2009; Winnefeld
et al., 2007b; Regnaud et al., 2011). In these studies, the authors pointed out that the
strong adsorption of PCEs on aluminates reduces the amount of PCEs that remain avail-
able to delay the C3S hydration. This means that, for a given dosage, cements with a
higher content of aluminates should suffer less retardation of the silicate peak. In this
context, the challenge is to determine the proportion of polymers interacting with
aluminates and in which way the molecular structure controls this. To the best of our
knowledge, this remains an important challenge for research on the subject.

12.3 Retardation by superplasticizers

Comparative studies (Hanehara and Yamada, 1999; Robeyst and De Belie, 2009;
Comparet, 2004; Wang et al., 2009) show that, at equal dosages, among all the super-
plasticizers, PCEs tend to be the most retarding (with the exception of lignosulfo-
nates1). As explained above, this retardation is believed to originate from the
adsorption of PCEs on one of the phases in the system (reactant or product).

1 Lignosulfonates are rather to be considered as midrange water reducers. Taken alone, they can induce
substantial retardation. This can be incremented by residual sugars. The effect of sugars on hydration will
be addressed in Section 12.4. For a review on past literature relating to lignosulfonates and retardation,
readers are referred to Collepardi (1996).
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Qualitatively, we can expect that the same molecular structure features will affect
adsorption on all these phases, although the extent of adsorption should differ. If
this is the case, we can benefit from adsorption studies performed at an early age in
the context of the study of the rheological performance of superplasticizers in relation
to their molecular structure.

12.3.1 Role of the molecular architecture of PCE
superplasticizers

As explained above, the extent of adsorption is one of the most important parameters
for the dispersive effect of superplasticizers (see also Chapters 10 and 11 for more
extensive treatment of this: Marchon et al., 2016; Gelardi and Flatt, 2016). In the
case of PCEs, adsorption is mostly influenced by the length of the backbone and
the side chains as well as by the grafting density (Marchon et al., 2013). Winnefeld
et al. (2007b) showed that a higher charge density of the polymer (number of
charges per unit mass) leads to a higher consumption of the polymer (i.e., better
adsorption) and to a lower yield stress of the superplasticized cement paste (i.e., bet-
ter dispersion), as shown in Figure 12.7. In the same study, the authors showed that
the polymers that adsorb most extensively (those with the highest charge density)

Figure 12.7 Impact of polymethacrylate molecular structure on yield stress (top left),
adsorption (top right), isothermal calorimetry (bottom left), and start of the acceleration period
(bottom right) of an ordinary Portland cement.
Reproduced from Winnefeld et al. (2007b) with permission.
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induce the longest induction period and the latest start of the acceleration period
(experiments performed with a 0.3% dosage of each polymer).

Concerning the relative influence of the length of the side chains and the grafting
density, several studies (Comparet, 2004; Pourchet et al., 2007; Winnefeld et al.,
2007a,b; Yamada et al., 2000) show that shorter side chains with a constant carbox-
ylate to ether (C/E) ratio as well as an increasing C/E ratio with constant side chain
length lead to an increase of the retarding effect. This is not surprising as, in both cases,
the density of carboxylate functions by weight of polymer increases, leading to a more
effective adsorption and probably longer retardation. In this regard, it would make
sense to express the polymer dosage either as a function of the number of carboxylic
groups introduced or of the concentration of carboxylate groups per molecule rather
than a mass percentage of polymer with respect to cement (Kirby and Lewis, 2004;
Moratti et al., 2011). However, adsorption is a complex process that depends on
nontrivial combinations of molecular structure parameters so that single-variable ex-
planations are rather unlikely to be successful. In contrast combinations thereof
relating to, for example, adsorption energy may have a greater chance of success
(Marchon et al., 2013).

12.3.2 Role of the chemical composition

Besides the molecular architecture of the PCEs, the nature of the monomers in the
backbone and with/without the side chains is also important. For example, it has
been observed that a polymer composed of backbones with methacrylate monomers
without side chains shows the highest impact on cement hydration, as is expected
from a polymer with the highest possible charge density (Winnefeld et al., 2007a;
Middendorf and Singh, 2007).

However, Eusebio et al. (2011) showed that a backbone only composed of polya-
crylate acid monomers does not influence the hydration of C3S. It is tempting to
explain this difference by the precipitation of a poorly soluble calcium salt of polya-
crylic acid that would prevent this polymer from negatively impacting cement hydra-
tion. However, similar differences between acrylate- and methacrylate-based PCEs
have also been reported for PCEs that are much more soluble than their pure back-
bones (Borget et al., 2005).

Regnaud et al. (2011) studied the hydration of Portland cements with different al-
kali and tricalcium aluminate contents in presence of different acrylate- and methacry-
late-based PCEs. They reported that the delay caused by the methacrylate-based PCEs
depends on the amount of initially adsorbed polymers, while the retardation caused by
the acrylate-based PCEs depends on the amount of polymer remaining in the pore so-
lution. They concluded that, in the first case, the adsorbed methacrylate-based PCEs
act on the initial C3S dissolution, while in the second case, the nonadsorbed
acrylate-based PCEs act mainly on nucleation of CeSeH. However, they do observe
differences in behavior between both polymers when the level of alkalis or the amount
of C3A is changed.

At this point in time, it is worth recalling that acrylate-based PCEs undergo a pro-
gressive cleavage of their side chains in alkaline media, while those of methacrylates
are much more stable (see Chapter 9: Gelardi et al., 2016). While this can be beneficial

Impact of chemical admixtures on cement hydration 289



in terms of formulation to control the flow retention (see Chapter 15: Mantellato
et al., 2016), it poses problems when studying the impact that the PCEs with an acrylic
backbone have on hydration. Indeed, their ionic charge increases over time, which must
certainly affect their adsorption and impact on hydration.

12.4 Retardation by sugars

12.4.1 Overview

Sugars are well known to be powerful retarders. However, there are substantial differ-
ences between them, with some even not retarding concrete hardening at all. This sub-
ject has intrigued researchers for decades and has been the object of many publications.
Work on this subject prior to 1990 has been extensively summarized by Collepardi
(1996).

Concerning early studies on the subject, we encourage readers to consult the mile-
stone paper of Thomas and Birchall (1983) on the role of molecular structure of sugars
on retardation and the very insightful review by Young (1972) on the subject. In this
section, we summarize some important features in the light of recent developments on
the subject. In particular, we attempt to give insight on the role of the molecular struc-
ture of sugars on the extent of retardation. While in this section we examine more the
physico-chemical aspects, readers wanting to look up details on the chemical structure
of sugars can consult the dedicated section in Chapter 9 (Gelardi et al., 2016).

12.4.2 General observations

It is often observed that many retarders delay the onset of the acceleration period.
However, the rate in this period is then higher than the reference. This has led sugars
and other products having the same effect to be referred to as “delayed accelerators”
(Young, 1972; Milestone, 1979). Specifically for sugars, this has been reported for a
wide range of aliphatic sugars (Zhang et al., 2010). However, as explained in the pre-
vious section, this is generally not observed with polycarboxylate-based superplasti-
cizers, at least at low dosages.

It is also observed that long-term properties such as strength are not detrimentally
affected by the addition of sugars (provided enough time is given for hydration to reach
similar extents as the reference) (Zhang et al., 2010). Some reports mention minor
strength increases, but we are not aware of studies dealing with durability. This may
be a subject worth looking into, because sugars (and retarders in general) tend to pro-
mote growth from the bulk rather than from the surface of cement grains. As for seed-
ing (see Chapter 8: Marchon and Flatt, 2016), this should in principle promote a more
efficient closing of capillary pores.

Most comparative studies involving different sugars tend to conclude that sucrose is
the most effective retarder (Thomas and Birchall, 1983; Zhang et al., 2010; Smith
et al., 2012). Differences among sugars can be very substantial and the reasons for
this are discussed below.
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Finally, concerning the effect of sugars on the aqueous phase composition, all pub-
lications report an increase in the aluminum and silicon concentrations (Thomas and
Birchall, 1983; Luke and Luke, 2000). However, there is some discrepancy concerning
calcium. Most papers report that it increases in the presence of sucrose (Thomas and
Birchall, 1983; Luke and Luke, 2000), but Luke and Luke (2000) measured the oppo-
site. Most likely, this results from different solid-to-liquid ratios (Luke and Luke, 2000
used pastes while most others used dilute suspensions). Indeed, as illustrated in
Figure 12.8, dilute suspensions show a continuous increase in calcium concentration,
both with time and with sucrose concentration (Figure 12.8(a)). In the more concen-
trated case (Figure 12.8(b)), the suspension without sucrose shows the expected cal-
cium concentration peak corresponding to portlandite nucleation, with the maximum
around 25 mM. In the presence of the lowest amounts of sucrose, this concentration
is much lower, at about 15 mM—clearly below the saturation level of portlandite.
This must indicate that dissolution is hindered. However, as the sucrose concentration
is increased, the calcium concentration also increases, eventually surpassing that of the
suspension without sucrose. As explained in Section 12.4.5.1, this probably results
from changes in pH. The effect that sugars have on hydration is therefore dependent
on the solid-to-liquid ratio, and care must be taken when doing a comparative study
of the literature.

12.4.3 Role of molecular structure

Thomas and Birchall (1983) classified sugars studied in the literature for their retard-
ing capacity into three different categories (Table 12.1). The molecular structures
of the corresponding reducing and nonreducing sugars are given, respectively, in
Figures 12.9 and 12.10.

Zhang et al. (2010) studied the retarding effect of various short linear saccharides
covering various stereoisomers and chain lengths. Themolecules used and the retardation

Figure 12.8 Evolution of the concentration of CaO in suspensions of C3S with varying
additions of sucrose. (a) One gram C3S per liter of solution with 0%, 0.1%, 1%, 5%, 10%, 15%,
20%, and 30% sucrose. (b) Fifteen grams C3S per liter of solution with 0%, 0.5%, 1%, 5%, and
10% sucrose.
Adapted from Andreeva et al. (1980).
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times they obtained for different dosages are reported in Table 12.2. A graphical illustra-
tion of how the extent of reaction of C3S is affected over time is given in Figure 12.11.

In terms of the impact of the molecular structure on retardation, it was concluded
that aliphatic sugar alcohols, which contain threo-dihydroxy functionality, retard

Table 12.1 Classification of the retarding capacity of carbohydrates as
given by Thomas and Birchall (1983)

Nonretarding Good retarders Excellent retarders

a-Methyl glucosideb

Thehaloseb
Glucosea

Maltosea

Lactosea

Cellobiosea

Sucroseb

Raffinoseb

aReducing sugar.
bNonreducing.
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Figure 12.9 Molecular structure of the reducing sugars studied in Thomas and Birchall (1983).
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setting of both C3S and ordinary Portland cement (OPC) (Zhang et al., 2010). This
refers to sugars for which neighboring hydroxyl groups on stereo-carbons are on
the same side of the plane in a zigzag projection (type of projection used in
Table 12.2). Such diastereoisomers are also referred to as having a syn-conformation.
Zhang et al. (2010) concluded that the relative effectiveness of these aliphatic sugars
increases with the number of threoehydroxy pairs and, to a lesser extent, with the
total number of hydroxy groups on the molecule.

12.4.4 The role of complexation and stability

In one form or another, researchers agree that complexation must play a role in retar-
dation, whether in solution or at surfaces of hydrates or of anhydrous phases. However,
complexation in solution does not follow the same ranking as retardation (Thomas and
Birchall, 1983). For example, in Table 12.1, the nonreducing sugars sucrose (excellent
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Figure 12.10 Molecular structure of the nonreducing sugars studied in Thomas and Birchall
(1983).
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Table 12.2 Molecular structures and respective retardation obtained
at selected dosages in Zhang et al. (2010). Experiments were
conducted on C3S paste at 21 ± 1 8C and a water to solids ratio of 0.6

Additive

Concentration Days to
reach 40%
hydrationmol% wt%

Erythritol
(0)a

HO

OH

OH

OH

e e 0.3

1.9 1.0 0.3b

Adonitol
(0) HO

OH OH

OH

OH

1.5 1.0 0.3b

Threitol
(1)

HO

OH

OH

OH

2.0 1.1 <0.3c

4.0 2.1 <0.3c

6.0 3.2 1.5c

Arabitol
(1)

HO

OH OH

OH

OH

2.0 1.3 1.5c

4.0 2.7 Ca. 20

6.0 4.0 >56

Mannitol
(1)

HO

OH

OHOH

OH

OH

1.3 1.0 2c

Xylitol
(2)

HO

OH OH

OH

OH
1.5

0.50 0.33 <0.3

1.0 0.67 2

1.0 Ca. 10

2.0 1.3 Ca. 20

Sorbitol
(2)

HO

OH

OH OH

OH

OH

0.25 0.20 0.5d

0.50 0.40 2d

1.0 0.80 >56

Sucrose HO

HO

HO

HOOH

OH OH
OHO

O

0.025 0.037 2d

0.10 0.15 >56

aNumber of threo dihydroxy pairs on the sugar alcohol.
bNegligible effect over the entire curing period.
c80% degree of hydration reached by day 3. (The control attained 80% hydration by day 14.)
d80% hydration by day 7. C3S, tricalcium silicate.
Reproduced with permission from Zhang et al. (2010).



retarder) and a-methyl glucoside (nonretarding) have lower calcium binding capacity
than glucose (average retarder).

The higher binding capacity of reducing sugars is explained by their chemical
modification through extensive ring opening reactions and degradation at high pH
(see Chapter 9: Gelardi et al., 2016; De Bruijn et al., 1986, 1987a,b; Smith et al.,
2011, 2012). Using cement paste, C3S, and a mixture of C3A and gypsum, Smith
et al. studied the effect of sucrose, glucose, and maltodextrin at 95 �C (Smith et al.,
2011, 2012), motivated by applications to oil well cements. Such a high temperature
modifies the stability of aluminate phases with respect to the ordinary processing con-
ditions of concrete. Other expected changes include complexation and adsorption.
Nevertheless, these studies propose very interesting results that offer new insights
into the working mechanisms of cement retardation by sugars. In particular, it was re-
ported that:

• Glucose degrades completely and sucrose does not.
• Degradation products of glucose adsorb on aluminate hydrates and probably also on silicates.
• Sucrose does not adsorb on aluminate hydrates but probably does on C3A and on silicates.
• In the latter case, the adsorption appears to concern the surface of C3S, probably on hydrox-

ylated sites.

The stability of sucrose even under these drastic conditions motivates us to consider
mainly the effect of this molecule in what follows.

At high pH, 13C and 29Si nuclear magnetic resonance (NMR) indicate that sucrose
does not form complexes with silicates (Thomas and Birchall, 1983). However, it un-
dergoes a change in chemical shift in 13C NMR measurements above pH 10.5 (first
observation at pH 12) and so does raffinose (Thomas and Birchall, 1983). This is
consistent with a more recent and detailed investigation by Popov et al. (2006), who

Set

Not set

Control
Threitol, 2 mol%
Threitol, 6 mol%
Xylitol, 1.5 mol%
Xylitol, 2 mol%
Sorbitol, 0.25 mol%
Sorbitol, 1 mol%

80

100

60

40

20

0

0 10 20 30

Time (days)

D
eg

re
e 

of
 h

yd
ra

tio
n 

(%
)

40 50

Figure 12.11 Representative effect of sugar alcohols on the degree of hydration and the final
setting time of tricalcium silicate at 21 � 1 �C.
Reproduced with permission from Zhang et al. (2010).
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found that above pH 11, the proton from the alcohol group on the C8 carbon
(Figure 12.12) is deprotonated. More specifically, this is on the five-membered ring
that is common to both sucrose and raffinose. This deprotonation at high pH probably
makes these two sugars good complexing agents, despite the absence of any chemical
degradation. It probably also allows them to adsorb more strongly on mineral phases
than the smaller molecular weight degradation products of, for example, glucose
(Smith et al., 2011, 2012).

12.4.5 The role of adsorption

12.4.5.1 Adsorption on portlandite

Based on their results, Thomas and Birchall (Thomas and Birchall, 1983) proposed
that the reducing sugars form bidentate complexes that cannot poison the growth
of portlandite and/or CeSeH, while monodentate complexes formed by sucrose
and raffinose with calcium can.

Concerning portlandite, these conclusions are consistent with a more recent study
showing extensive adsorption of sucrose on this mineral (Reiter et al., 2015). In the
same study, it is also shown that adding portlandite to a cement paste retarded with
sucrose reduces retardation, as shown in Figure 12.13. More interestingly, the reduced
retardation varies linearly with the amount of added portlandite and is completely
canceled at a dosage corresponding to its saturation plateau by sucrose. This suggests
that the sucrose has a higher affinity for portlandite than for the other phase(s) on
which it is initially adsorbed and from which it causes retardation. The transfer of su-
crose from one phase to another must take place through solution. Sucrose present in
solution would adsorb onto portlandite, causing a decrease in concentration of sucrose
in solution. In response to this, sucrose would desorb from C3S (or other) in an attempt
to re-establish chemical equilibrium in terms of adsorption (see Chapter 10: Marchon
et al., 2016). The rate of this coupled process benefits from the fact that the initial
concentration of sucrose in solution is not extremely low. This suggests that sucrose
may interfere with the growth of portlandite. It is compatible with observation that
sucrose can cause elongated portlandite crystals to form (modified morphology)
(Zhang et al., 2010).
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Figure 12.12 Molecular structure of sucrose with carbon numbering used in Popov et al.
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However, having an impact on growth is one thing and poisoning nucleation is
another. If portlandite is present, even in a modified morphology, its ion activity prod-
uct in solution is probably not much higher than normal saturation. Therefore, it is un-
likely that the conditions for the “shut off” mechanism are met (Bullard and Flatt,
2010) as they require an increase in the ion activity product of portlandite to develop.
This conclusion is further supported by Luke and Luke (2000) who measured calcium
concentrations in sucrose containing cement pastes that are lower than portlandite satu-
ration in neat cement paste.

12.4.5.2 Adsorption on calcium silicates

It wasmentioned that the retardation from sucrose could be reduced or even canceled by
the addition of portlandite. A similar result was obtained by Thomas et al. (2009), who
added well-dispersed CeSeH seeds. The most general interpretation of this observa-
tion is that, as for portlandite, the added CeSeH offers a surface onto which sucrose
can adsorb, displacing it from the surface on which it is initially active. This may be
CeSeH (of which the growth is blocked) or the surface of C3S (hydroxylated or not).

The possibility of sucrose to adsorb on C3S surfaces is indirectly supported by a
study of the dissolution kinetics of alite using a microreactor (Suraneni and Flatt,
2015a). In that case, the addition of sucrose to a pH 13 solution of KOH completely
blocks dissolution, while the addition to pure water does not. This suggests the possi-
bility for sucrose to adsorb at high pH, perhaps in multiple layers. In fact, this has been
shown to happen on mica at pH 12.7, using the surface force apparatus (SFA) (Smith
et al., 2011).
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cement and different dosages of Ca(OH)2.
Adapted from Reiter et al. (2015).

Impact of chemical admixtures on cement hydration 297



It is also interesting to note that the possibility of blocking dissolution at high pH
probably explains the effect of the solid-to-liquid ratio on retardation by sucrose
(Figure 12.8). Indeed, at high dilution, the pH will rise much less (also observed in
the study by Andreeva et al. (1980), although not reported in Figure 12.8). The lower
pH would lead to a decrease in sucrose adsorption and thus prevent the formation of a
passivation layer having a negative impact on dissolution. However, sufficiently high
pH values may be reached with a higher ratio of solids to liquids. This also requires
limiting the amounts of sucrose, as its acidity would negatively affect the pH. Conse-
quently, we can qualitatively explain the different behavior in Figure 12.8(a) and (b)
on the basis of pH changes. Sucrose does, however, appear to adsorb also at low solid
fractions (Ivanova et al., 1980). Nevertheless, we expect that this occurs in a way that
is not detrimental to dissolution.

12.4.5.3 Adsorption on calcium aluminates

Using advanced NMR techniques, Smith et al. found that sucrose does not adsorb on
aluminate hydrates (Smith et al., 2011, 2012). This conclusion has been reached by 2D
27Al{1H} HETCOR and 13C{1H} HETCOR NMR measurements shown for Portland
cement. Based on the absence of any correlation between protons from calcium alumi-
nate hydrates and 13C MAS spectrum of sucrose, they indicate that sucrose is not in
close vicinity to the surface of calcium aluminate hydrates. They concluded that
sucrose must adsorb on C3A, hindering its dissolution (Smith et al., 2011).

Because of the low natural abundance of 29Si, Smith et al. (2011) could not perform
analogous measurements for the silicate phases. They could nevertheless establish that
at the time of measurement, no CeSeH had formed (absence of Q1 and Q2 signals).
However, since they measured sucrose adsorption, they concluded that it must occur
on the surface of C3S and/or portlandite and that this must be where it exerts its retard-
ing action.

As previously mentioned, the unusual conditions of this study must be kept in mind
(95 �C and 1% dosage, which is very high for sucrose). Nevertheless, these experi-
ments offer very important insight into the possible working mechanisms of retarders
and illustrate how modern tools can provide new insights into a very old problem.

12.4.6 Other issues

In summary, the impact of sugars on cement hydration is far from trivial. We have
pointed out that adsorption onto the surface of tricalcium silicate likely appears to
account for the main effect of sucrose. However, this seems to be strongly dependent
on pH, so that changes in alkali concentration, for example due to dilution, may
therefore have an important impact.

Some sugars degrade in alkaline conditions and may lose adsorbing capacity as well
as selectivity. Substances that would adsorb both on aluminates and silicates may a
priori be less retarding because of their consumption by aluminate phases. However,
in this context, there is a possibility that the aluminateesilicate balance may be upset,
which would introduce yet another mode of retardation (Cheung et al., 2011; Meyer
and Perenchio, 1979).
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Finally, we should comment that the adsorption of sucrose on C3S discussed in this
chapter is to be distinguished from a gel-like calcium aluminum hydrate reported in
Luke and Luke (2000). Indeed, such a product is:

• Not compatible with the NMR measurements (Smith et al., 2011, 2012)
• Not compatible with the layer thickness measured by atomic force microscopy
• Not possible in pure C3S, which is also retarded by sucrose

12.5 Conclusions

The retardation of cement hydration due to admixtures is a complex problem of a
coupled system. Although this has been the subject of many studies involving all
the types of superplasticizers, important aspects have not been carefully addressed
and are still not fully understood:

• The exact mechanism through which adsorbed molecules can delay the hydration. Three
fundamental hypotheses have been described in this chapter: complexation with Ca ions,
decreased rate of dissolution, and perturbation of nucleation and growth. Although evidence
(from studies generally performed on pure phases) exists for most of these hypotheses,
questions subsist about their relative importance and possible interactions. Resolving
such issues is of course dependent on the general understanding of cement hydration basics,
which also account for a number of remaining open questions (see Chapter 8: Marchon and
Flatt, 2016).

• The destabilization of the silicateealuminateesulfate balance. It is clear that admixtures
affect aluminates hydration, which in consequence disturbs silicate hydration. However,
the way they act is not yet fully understood. To address this issue, more information about
the different adsorption behaviors of admixtures on aluminates or silicates are needed, as
well as the role of the resulting change of specific surface of aluminate hydrates. Indeed,
superplasticizers are becoming indispensable in numerous applications, many of which
will increasingly suffer from limited early strength in systems using highly blended cements.
Therefore, understanding the relationship between molecular structure and retardation is an
important subject where fundamental insights can be used to design products with a great
market potential.
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13.1 Introduction

In this chapter, we examine the working mechanism through which shrinkage-
reducing admixtures (SRAs) reduce the shrinkage of cementitious materials. The
chemical structures of these compounds are reviewed in Chapter 9 (Gelardi et al.,
2016). While our presentation refers to the case of drying shrinkage, the main princi-
ples can be transferred to situations of autogenous shrinkage and the main conclusions
about mechanisms remain unchanged. In Chapter 23, the application of SRAs will be
discussed by presenting various cases from practice where SRAs have been used to
control either autogenous shrinkage or drying shrinkage (Gagné, 2016).

Another form of shrinkage is plastic shrinkage that develops before concrete starts
to develop substantial strength. In this case, the strategies to mitigate are largely based
on avoiding undesired water loss through various curing measures, many of which are
described in chapter 5 (Aïtcin, 2016). However, in this case also SRAs can be useful
and were found to provide an additional aid to reduce plastic shrinkage (Engstrand,
1997; Holt, 1999, 2000; Holt and Leivo, 2004; Bentz, Geiker et al., 2001; Lura
et al., 2007; Mora-Ruacho et al., 2009; Sant et al., 2010; Saliba et al., 2011; Oliveira
et al., 2015) and cracking of concrete (Bentz et al., 2001; Mora et al., 2003; Lura et al.,
2007; Leemann et al., 2014). Moreover in cases where water curing is imperfect or
simply not conducted, SRAs may be particularly useful as they are included in the
mix and not dependent on workmanship involved in placing the concrete.

For the case of plastic shrinkage reduction, accounting for the action of SRAs is
more straightforward to explain, being much more directly related to changes in inter-
facial energy. For this reason the focus of this chapter is laid on the slightly more com-
plex and less well-described question of the impact of SRAs on drying shrinkage.

As we have seen in Chapter 10, SRAs are surfactants that are characterized by their
ability to reduce the surface tension of the pore solution (Marchon et al., 2016). This
alone, however, is not sufficient to achieve good shrinkage reduction because the
admixture must remain in the liquidevapor interface. For example, polycarboxylate
ether (PCE) superplasticizers are also effective at reducing surface tension, but because
they preferably adsorb on cement particles, their impact on drying shrinkage is only
minor.

In contrast to other admixtures, the dosages of SRAs are relatively high on the order
of 10 times higher than for superplasticizers, except for [ultra]high performance
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concrete. We will see in this chapter that this higher dosage has to do with the fact that
the interfacial area at which they must act increases radically in the course of drying.
This comes from the fact that cementitious materials have large internal surface areas
(3e60 km2/m3 in concrete; compare to Table 23.1). When covered only by liquid films,
this is a very large interfacial area where the SRAs must remain active. This large inter-
facial area is identified as a fundamental limitation of the ultimate efficiency of SRAs at
low relative humidity and helps determine the limits of the efficiency of such products.

Because SRAs must be used in high concentrations and because their molecular
structure requires a hydrophobic part (Chapter 9; Gelardi et al., 2016), some of
them can exhibit a limited solubility. Some commercial formulations deal with this
issue by introducing co-surfactants, as explained in Chapter 15 (Mantellato et al.,
2016). The solubility issue can also manifest itself by the formation of micelles
(Chapter 10; Marchon et al., 2016). If this takes place at low surface tensions, it is
not a problem. Indeed, as the interfacial area is created, SRAs will be consumed
from micelles to maintain the interfacial concentration constant (see Figure 10.8).
However, the adsorption onto solid surfaces is a limiting factor and is discussed
more extensively at the end of this chapter.

Understanding the effect of SRAs requires a proper description of the process of
drying and/or autogenous shrinkage. These are complex processes; readers interested
in a review of the topic may consult Scherer (2015). In this chapter, we present the
basic aspects of drying shrinkage that are needed to discuss the main effects of
SRAs from a mechanistic point of view. For this, we have found that the disjoining
pressure theory provides the most useful insight and is therefore the one that is
most discussed here, although capillary pressure is also briefly outlined.

13.2 Basic principles of the shrinkage of
cementitious systems

The first attempts to relate drying and shrinkage of porous materials to standard ther-
modynamics go back to Bangham’s work on charcoal (Bangham and Fakhoury, 1930;
Bangham et al., 1932; Bangham, 1934, 1937). Later, Powers (1968) published
“Thermodynamics of Volume Change and Creep,” suggesting a combined action of
surface free energy, disjoining pressure, and capillary pressure within the porous
cementitious material, all derived from standard thermodynamics.

Later, Setzer (1973) proposed a thermodynamic approach for calculating pore space
distributions using water vapor sorption isotherms, providing the basis for modeling the
drying of a porous material. Building on this and using Bangham’s approach, a relation-
ship was established between the changes of surface free energy and deformation of
drying of cement paste, mainly for the humidity range below 50% relative
humidity, RH (Setzer and Wittmann, 1974; Hansen, 1987). Ferraris and Wittmann
(1987) concluded that, in such a low humidity range, Bangham’s law describes hygral
length change, while above it (even starting at 40%) it is disjoining pressure that should
be considered. Similar conclusions have also been reached in more recent studies
(Beltzung and Wittmann, 2005; Setzer and Duckheim, 2006; Duckheim, 2008).
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Drying shrinkage models for cementitious material often refer to the concept of
capillary pressure in the pore fluid as driving force for deformation (Mackenzie,
1950; Granger et al., 1997; Bentz et al., 1998). A thermodynamic framework for
drying of cementitious material was developed by Coussy et al. (1998, 2004), along
with the concept of average pore pressure.

However, most models and approaches for predicting drying shrinkage do not
properly account for surface tension effects of the liquidevapor interface. Indeed,
they do not consider that the creation of interfacial area during drying has an energy
cost. In doing so, they neglect a key factor that determines how cementitious materials
minimize their free energy, and more specifically how they distribute interfacial and
deformation energy (i.e., shrinkage).

We will see that this plays an important role in explaining the working mechanism
of SRAs because of their impact on surface tension. Because of this, it is worth
recalling that in the literature two main theories can be found about how surface
tension impacts shrinkage: capillary pressure and disjoining pressure. Both of these
are explained in the following sections, after which we develop a general thermo-
dynamic framework for shrinkage reduction by SRAs. This serves as a basis for
the discussion on working mechanisms developed in the next section.

13.2.1 Capillary pressure theory

The pressure difference DPC between a vapor phase at pressure PV and a liquid at
pressure PL, is given by:

DPC ¼ PL � PV ¼ kLVgLV (13.1)

where kLV is the curvature of the liquidevapor interface and gLV is the interfacial
energy (or surface tension).

Such apressure can develop in capillaries during drying,which iswhy it is referred to as
capillary pressure. If the liquid wets the pores, then the menisci formed lead to a negative
value of kLV, implying that the pressure in the liquid is lower than the atmospheric
pressure. As a result, if the solid skeleton is also at atmospheric pressure, there is a force
imbalance, causing the solid to shrink and the pores to become smaller (Scherer, 1990).

The capillary pressure has been successfully applied to explain the drying shrinkage
of materials with pores larger than about 10 nm (Scherer, 2015; Hua et al., 1995). An
example is cementitious materials in their plastic state (Lura, 2003; Lura et al., 2003).
However, later in the course of hydration, the pores of cementitious materials reduce to
only a couple nanometers and this theory can no more be applied. It also generally fails
below 40e50% RH (Coussy, 2004a,b; Coussy et al., 2004). For this, it is necessary to
consider the disjoining pressure theory.

13.2.2 Disjoining force theory

In the literature on drying and shrinkage of hydrated cement paste, one can find serious
doubts on the importance of capillary pressure and disjoining pressure is often
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presented to be the dominating mechanism (Wittmann, 1973; Badmann et al., 1981;
Ferraris and Wittmann, 1987; Setzer, 1991; Beltzung and Wittmann, 2005; Setzer
and Duckheim, 2006).

The concept of disjoining pressure, which has been redefined by Setzer and
Duckheim (2006), can describe drying shrinkage for the whole range of humidity,
even in materials with a very fine porosity. It considers that pores are formed between
hydrates that are separated by a distance h from each other. When this separation
distance is small, surface forces such as van der Waals or electrostatic ones can be
felt across the gap (see Chapter 11; Gelardi and Flatt, 2016). The disjoining
pressure theory argues that, in the presence of water, repulsive forces exist that resist
the van der Waals attraction. More importantly, the disjoining pressure theory
proposes that by removing water, the overall force balance between opposing surfaces
becomes attractive, causing the solid body to contract. This effect should be particu-
larly important in small pores and is proposed to be the main driving force for drying
shrinkage of well-hydrated cementitious materials.

However, the exact nature of this force is not further specified. For small separa-
tion distances and in a concentrated electrolyte, it could be hydration forces, which
would be consistent with the existence of the minimum distance, which is estimated
to be on the order of 1e2 nm, as mentioned in Chapter 11 (Gelardi and Flatt, 2016).
However, water must also be able to modify attractive forces in pores that are not
fully saturated, which cannot be explained by hydration forces. Rather, it is probable
that the presence of water layers reduces the magnitude of the van der Waals attrac-
tion or introduces surface charge dissociation and corresponding electrostatic repul-
sion. Because the way in which water changes the force balance is not exactly
known, it is not surprising that the exact form of the disjoining pressure is not known
either.

In the context of this chapter, the most important aspect is that, from the disjoining
pressure point of view, the following phenomena must be taken into account to explain
drying shrinkage:

1. As water is removed, the thickness of the liquid films on the pore walls is reduced (Badmann
et al., 1981; Bentz et al., 1998).

2. As a result, the net interfacial force balance becomes attractive and surfaces approach each
other until a new point of equilibrium is reached (Wittmann, 1973; Badmann et al., 1981;
Ferraris and Wittmann, 1987; Setzer, 1991; Beltzung and Wittmann, 2005; Setzer and
Duckheim, 2006).

3. The corresponding displacement depends on the material rigidity (Nielsen, 1973; Granger
et al., 1997; Bentz et al., 1998; Coussy et al., 1998, 2004; Coussy, 2004a,b; Setzer and
Duckheim, 2006). Therefore, a plastic material may shrink while remaining water saturated
(Eberhardt, 2011). In contrast, a rigid one would see its large pores empty and liquid films
being formed, thus creating solideliquid interfacial area within its porous network.

4. This shrinkage mechanism mostly affects pores small enough for interfacial forces of
opposing pore walls to interact (Horn, 1990; Scherer, 1990; Grabbe and Horn, 1993).

This view on how shrinkage develops in cementitious materials has proved to be
very useful in accounting for the impact of SRAs. We therefore use it to explain
their working mechanism. First, however, we establish the general thermodynamic
framework needed to do this in the next section.
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13.2.3 A thermodynamic framework of shrinkage

Let us consider a drying cementitious material as an open pore system exchanging
water with its environment. From a thermodynamic point of view, we consider that
drying takes place as a succession of steps involving first the removal of an incremental
amount of water, followed by a return to equilibrium. The incremental removal of
water changes the Helmholtz free energy of the system and it is in this new condition
that a new equilibrium is sought. This involves a redistribution of the total available
Helmholtz free energy between its two contributions: deformation energy and interfa-
cial energy (Eberhardt, 2011). At each relative humidity, the energy balance for the
available Helmholtz free energy can therefore be written as:

jtot ¼ jdef þ jint (13.2)

where jdef is the energy associated with the deformation of the solid and jint is the
interfacial energy associated with water loss.

Moreover, at each relative humidity, equilibrium is achieved by minimizing this
energy, so that:

djtot ¼ djdef þ djint ¼ 0 (13.3)

In other words, the change of energy at the interfaces should be equal and opposite
to the change of deformation energy. In what follows, we describe successively the
steps leading to a formal description of each of these terms.

13.2.3.1 Deformation energy

The differential form of the deformation energy is:

djdef: ¼ pdisj:dhþ hdpdisj: (13.4)

where h is the average distance between solid surfaces and pdisj. is the disjoining
pressure.

For an elastic solid, using macroscopic material properties, we get:

jdef: ¼
K

2

Z
d2ε (13.5)

where K is the bulk modulus and ε is the volumetric shrinkage strain.
Note that in the literature on of drying cement paste, authors usually focus on the

elastic properties and linear elastic approaches are applied, distinguishing the modulus
of the porous body and modulus of the material forming the solid skeleton (Bentz et al.,
1998; Coussy et al., 1998, 2004; Coussy, 2004a,b).

Independent of the methodology used, shrinkage strains and bulk modulus are
related to the first term of the energy balance in Eqn (13.2). This gives access to the
differential form and can be used to express djdef: in terms of measurable amounts
in addition to dp.
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For this, we further express the pressure difference as a function of relative humid-
ity using the following assumptions:

1. The chemical potential of water in the liquid and the vapor phases only depend on pressure
(temperature being fixed).

2. The liquid and the vapor phases are at equilibrium so the ClausiuseClapeyron relation can
be used to describe the pressure difference between both phases. Together with Kelvin’s
law, this pressure difference can be written as a function of RH, which leads to:

Dp ¼ RT
vm;w

$lnðRHÞ (13.6)

where R is the ideal gas constant, T is the absolute temperature, vm;w is the molar
volume of the component, and RH is the relative humidity.

13.2.3.2 Interfacial energy

The differential change of the interfacial energy jint can be expressed as a function of
the interfacial area a and of the surface tension g of the liquidevapor interface:

djint ¼ g daþ a dg (13.7)

For a cementitious material without SRAs, g does not vary in the course of drying, so
the second term can be neglected. In the initial stages of hydration, g would also be
constant because of the presence of micelles (see Chapter 10, Figure 10.7), but its value
would be lower. Consequently, the main difference between systems withandwithout
SRAs initially comes from first term in Eqn (13.7) involving the following:

1. Absolute differences in tension
2. Differences in the extent of liquidevapor interfacial area created

13.2.3.3 Variation in the total Helmholtz free energy

The Helmholtz free energy is calculated incrementally at each step of the desorp-
tion isotherm, starting at 100% RH where this energy is zero. For each step, some
water is removed and its amount is determined from experimental desorption
isotherms. The energy change linked to this water removal is obtained by the prod-
uct of the incremental water loss and of the chemical potential of water at the rela-
tive humidity of the step in question. While we formally describe this process for
drying shrinkage, a similar approach can be applied to self-desiccation. Indeed, rather
than removing water from the system, it is getting fixed in hydrates. The problem has
the added complication that the volume of solids increases, but on the other hand it
suffers less from the possible presence of gradients in the samples.

With the above procedure, we obtain the total Helmholtz free energy as a function
of RH, as illustrated in Figure 13.1. Moreover, a similar procedure can provide the
cumulated deformation energy using Eqn (13.5), as also shown in Figure 13.1.
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13.3 Impact of SRAs on drying shrinkage

In the previous section, we explained the different theories concerning the driving force
for shrinkage of cementitious materials.We elaborated on the implications of the disjoin-
ing pressure (role of interfaces) to develop a thermodynamic framework for considering
shrinkage and its possible modification by SRAs. In this section, we elaborate on amech-
anistic insight into theworkingmechanismsofSRAs.First, however,webeginbypresent-
ing a brief overview of the main macroscopic effects of SRAs. This mainly serves the
purpose of determining the input parameters needed in the thermodynamic framework.

13.3.1 Macroscopic changes

13.3.1.1 Pore saturation

When a rigid porous body dries, the volume of water lost is not compensated by a
volumetric shrinkage. The pores are emptied and on their walls a liquid films remains.
This corresponds to the creation of liquidevapor interfaces. These can become
extremely large for materials having a fine porosity as cementitious materials. As illus-
trated in Eqn (13.7), this creation of interfacial energy plays an important role in the
interfacial energy term of the Helmholtz free energy.

The quantification of its importance, however, is not trivial and requires a reliable
(enough) representation of the porous structure. For this, we use here the pragmatic
approach proposed by Eberhardt (2011), namely the NormCube. This consists of an
artificial rigid porous network, of which the geometry is adjusted to match the desorp-
tion isotherm of a cement paste without SRA. With this representative porous struc-
ture, it is then possible to consider how the drying is changed in the presence of

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.3

0.6

0.9

1.2

1.5
He

lm
ho

ltz
 fr

ee
 e

ne
rg

y 
Ψ

to
t. ( 

M
J/

m
³)

Relative humidity (–)

0.0

0.3

0.6

0.9

1.2

1.5

 E
ne

rg
y 

of
 d

ef
or

m
at

io
n 
Ψ

de
f. (M

J/
m

³)

Energy of desorption:
 Reference paste CP
 0.5% SRA1
 1.0% SRA1
 2.0% SRA1
 4.0% SRA1

Energy of deformation:
 Reference paste CP
 0.5% SRA1
 1.0% SRA1
 2.0% SRA1
 4.0% SRA1

Figure 13.1 Computed changes of Helmholtz and deformation energy for cement paste
containing an SRA.
Reproduced from Eberhardt (2011) with authorization.

Working mechanisms of shrinkage-reducing admixtures 311



SRAs using a corresponding desorption isotherm. More specifically, it is possible to
show that admixtures facilitate the creation of liquidevapor interfaces.

This explains that SRAs reduce the liquid saturation at most for intermediate values
of RH. Figure 13.2 shows that this depends on surface tension (modeled using Norm-
Cube). Figure 13.3 shows a similar result (measurements) for cement pastes containing
no or different dosages of SRAs. Rather than giving precise surface tensions, the
different curves in Figure 13.3 represent different SRA dosages, where increasing
dosages should be understood to give lower surface tensions.

13.3.1.2 Creation of internal surface in the course of drying

Concerning the efficiency of SRAs, it is important to recognize that in cementitious
materials, the liquidevapor interface increases in the course of drying as a liquid

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Li
qu

id
 s

at
ur

at
io

n 
(–

)

Relative humidity (–)

Water; SFT = 0.072 N/m
 SRA-sol. SFT = 0.050 N/m
 SRA-sol. SFT = 0.030 N/m
 Paste; CEM I; w/c = 0.4
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312 Science and Technology of Concrete Admixtures



film develops on the walls of the emptying pores. According to Eberhardt (2011), the
ratio of pore water volume to exposed liquideair interfacial area is in the range of
3.3 � 10�2 m for water-saturated concrete and less than 10�8 m for dried-out hydrated
cement paste. This has been evaluated using the NormCube, through which the devel-
opment of surface created can be quantified for the respective drying steps. Adjustment
of the NormCube geometry to a measured sorption isotherm of a cement paste, as
presented in Figure 13.2, provides the absolute increase of an internal surface in the
course of drying.

With this, it is possible to show how the SRA concentration at the liquidevapor
interface decreases as a function of RH. In particular, it becomes obvious that at
low RH, this concentration drops radically because of the tremendous increase in sur-
face area (compare to Table 23.1). Consequently, the surface tension increases and the
benefits of SRA are lost. This explains (in part) that incremental shrinkage below a
certain RH is similar in samples with or without such admixtures (Eberhardt, 2011).

To illustrate the importance of this effect, the dependence of surface tension on
changes of the interfacial area has been calculated (Eberhardt, 2011). The results
displayed in Figure 13.4 show that surface tension increases drastically as more and
more liquideair interface is created (i.e., decreasing v/a ratio). To counter this, the
only real solution is to increase the SRA dosage, as also shown in Figure 13.4.

However, it should be noted that as the SRA dosage is increased, micelles eventu-
ally form (above the critical micelle concentration [CMC]). This explains the lower
plateau of surface tensions for high v/a (w25 mN/m) in Figure 13.4. Although
micelles do not affect the surface tension, they can be important because they can pro-
vide surfactants as the interfacial area increases in the course of drying. In this sense,
micelles act as a surface tension buffer.
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This explains that SRAs are typically dosed in high amounts that might exceed the
CMC. The downside to this solution is that surface aggregation may occur and perma-
nently prevent a portion of SRA from being active (see last section of this chapter).
This negative effect can be partially dealt with in terms of formulation by including
co-surfactants, as explained in Chapter 15 (Mantellato et al., 2016).

In summary, considering that the surface tension of the liquidevapor interface
depends on the number of surfactant molecules adsorbed makes it necessary to
consider not only bulk concentration but also the interfacial area. This is key to under-
standing how SRAs impact the drying of cementitious material.

13.3.1.3 Shrinkage strain

As previously mentioned, the deformation energy can be determined from the
shrinkage strain for elastic solid using Eqn (13.5). This possibility is used to determine
the elastic energy variation in the course of drying for different SRA dosages. The
results in Figure 13.1 were therefore obtained from shrinkage strain data measured
at different relative humidities, as given in Figure 13.5.

Figure 13.5 shows more specifically that the shrinkage reduction of SRAs develops
above 50% RH. Below that, the shrinkage increase with decreasing humidity is the
same regardless of the presence of SRAs. Our interpretation of this is that the liquide
vapor interfacial area is then so large that SRAs are too dilute (in the interface) to
notably reduce the interfacial tension. Such conclusions are also supported by the
NormCube analysis presented in the previous section.

13.3.2 Working mechanism of shrinkage reduction

Using the approach described in Section 13.2.3.3, we calculated the variation of the
total Helmholtz free energy jtot and of the deformation energy jdef as a function of
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relative humidity. The example shown in Figure 13.1 indicates that the total energy
does not change much depending on the presence of SRAs. However, there is a
substantial change in the deformation energy. The interfacial energy, which is the
difference between these two, therefore also varies a lot, as illustrated in Figure 13.6
for selected relative humidities.

For assessing the effect of SRAs, a more convenient representation consists of
normalizing these energies by the total. Figure 13.7 shows that the fraction of interfa-
cial energy increases with SRA dosage. This leaves less energy available for deforma-
tion and the direct consequence is that shrinkage is reduced. The other interesting
feature in Figure 13.7 is that the fraction of energy used for deformation decreases
with SRA dosage in a way that is more or less independent of relative humidity.

13.4 Dosage response of SRA on drying shrinkage

In this section, we illustrate a specific case of surfactant adsorption concerning an
SRA. In particular, we examine how much of the dosed SRA is found in solution.
In this case, the SRA is composed of nonionic surfactant and glycol co-solvent
(Eberhardt, 2011). Figure 13.8 shows the bulk concentration of this SRA in pore
solutions extracted cement between 10 min and 28 days. Values are reported versus
the amount of SRA introduced (theoretical concentration “without losses”).

The water content in these samples has also been measured so that the SRA
concentration can be recalculated in the remaining liquid phase at each stage of
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hydration. Indeed, ongoing cement hydration is constricting the pore solution and,
at the same time, the hydrate’s surface is growing (Chapter 8; Marchon and Flatt,
2016a), which also causes the interfacial area of the solideliquid interface to
increase.

Two main phenomena have to be considered for the interpretation of Figure 13.8.
First, in a cementitious material (i.e., charged surfaces and strong aqueous electrolyte),
nonionic surfactants associate onto surfaces at the critical aggregation concentration
(CAC). Second, at higher surfactant concentration, the surfactant molecules start to
self-associate into micelles (CMC).

The results in Figure 13.8 show that at the lowest SRA dosages, all the SRA
remains in the liquid phase. Data follow the dash-dotted line (y ¼ x). In this regime,
SRAs do not adsorb onto solid surfaces and are fully available for reducing the
liquidevapor interface. At about 50 g/L, data depart from the y ¼ x line. This corre-
sponds to the CAC. From this point on, not all added SRAs contribute to reducing
the surface tension. It should be noted that the CAC is substantially lower than the
CMC, which was determined to be about 160 g/L in synthetic cement pore solution
(solid line).

Also, the amount of SRA lost in surface aggregation is limited by the supplied
amount of SRA and not by the specific surface of the system. This explains why results
do not depend on the hydration time. However, the presence of SRAs on surfaces can
modify hydration kinetics (Eberhardt, 2011) as for any other chemical admixture
(Chapter 12; Marchon and Flatt, 2016b). Additionally, the distribution of SRA
between liquid and interfaces may be affected by processes of competitive adsorption
(Chapter 10; Marchon et al., 2016) for which molecular structure directly impacts the
affinity for these surfaces (Marchon et al., 2013).

At higher concentrations than those used in Figure 13.8, the solution concentration
should eventually reach the CMC. Beyond that point, the admixture concentration in
solution should once again increase proportionally to the dosage and be parallel to the
y ¼ x line (dash-dotted). While the micelles would not contribute to reducing surface
tension, they would act as buffers to maintain a low surface tension as the
liquidevapor interfacial increases in the course of drying. In principle, the same would
hold for surfactants aggregated on solid surfaces. However, this would only be the case
if they are not entrapped in the growing microstructure. In fact, leaching experiments
by Eberhardt (2011) show that only part of the surfactants can be extracted, strongly
indicating that part of the surfactants are irreversibly bound to solid surfaces and not
available to reduce surface tensions.

In summary, the most important information from Figure 13.8 is that a substantial
amount of the admixture is associated with solid surfaces. This can substantially
reduce the efficiency of SRAs and may be worsened if they are enclosed by the
evolving hydrates microstructure so that surfactant molecules are not able to migrate
to the liquideair interface in the course of drying. This possibility is supported by
the results of leaching experiments conducted by Eberhardt (2011), revealing that
about 40% of the admixture cannot be extracted.
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13.5 Conclusions

In summary, these results show that the Helmholtz free energy made available by
drying is used in two processes: deformation and creation of interfacial area. SRAs
increase the energy fraction used in the creation of interfacial area by reducing the
surface tension of the liquidevapor interface. It directly follows that less energy is
available for deformation and shrinkage is reduced. A limiting factor in this mecha-
nism is that as drying proceeds, the liquidevapor interfacial area increases. The
surfactant concentration decreases in that interface and the surface tension change is
lost. This can be partly countered by increasing the surfactant dosage, which explains
why SRA dosages are generally high compared to other admixtures. However, as
drying proceeds, the interfacial area becomes much too large and incremental
shrinkage below about 50% RH is unaffected by SRAs.

From these perspectives, the main difference between the capillary pressure theory
and the disjoining pressure one is the role played by the change in interfacial areas.
While both identify an important role of the change in surface energy, only the
disjoining pressure provides insight into the role of the changing interfacial area
during the course of drying and the cap that this puts on the ultimate efficiency of SRAs.

Finally, we note that adsorption onto solid surfaces is a limiting factor for surfac-
tants. It can completely prevent some surface-active products from acting as SRAs
if they preferably adsorb at solideliquid interfaces. It can also reduce the efficiency
of some SRAs by preventing a portion of the added admixtures from contributing to
a reduction in surface tension.
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14.1 Introduction

A chapter on corrosion inhibitors in a book on concrete admixtures needs three intro-
ductory remarks. First, whereas concrete admixtures presented in the other chapters are
added in order to improve properties of fresh or hardened concrete, corrosion inhibitors
are added to prolong the service life of reinforced concrete, primarily acting at the steel
surface. These substances should not be harmful to concrete. Second, the book focuses
on concrete admixtures; thus, the inhibitors are added to the fresh concrete with the
mixing water and are present at the steel surface from the beginning. Transport
properties will play a minor role and all the inhibitors applied from the concrete surface
years or decades after hardening will not be treated here but referred to literature
(Elsener, 2001, 2007; S€oylev and Richardson, 2008; Bolzoni et al., 2014). Third,
only substances that show a chemical or electrochemical interaction with the steel
surface will be, by definition, treated as corrosion inhibitors for steel in concrete.
This is in contrast to the development of more and more multicomponent blends
that are marketed as “corrosion inhibitors” with different and multiple mechanisms
of action (e.g., “pore blockers”).

The service life of a structure (Figure 14.1), since its introduction by Tuuti
(1982), has been subdivided into an initiation phase and a propagation phase. Pre-
vention of corrosion is mainly achieved in the design phase by specifying high-
quality concrete and adequate cover. Corrosion inhibitors as admixtures can thus
be, in principle, an additional means of prevention by acting in two ways: prolong-
ing the initiation time and reducing the corrosion rate in the propagation phase. As
most of the design codes (conservatively) assume the time of depassivation to be
the end of service life, most of the research on corrosion inhibitors has focused
on the delay of corrosion onset.

In this chapter, we briefly present the main corrosion mechanisms of steel in con-
crete, focusing on chloride-induced pitting corrosion, as this is generally the main dete-
rioration mechanism in infrastructure construction. Then, the available literature on
mixed-in corrosion inhibitors is summarized, starting with the “State of the Art Report
on Corrosion Inhibitors” published by the European Federation of Corrosion (Elsener,
2001). We put special emphasis on long-term and especially field studies with corro-
sion inhibitors. Last but not the least, the use of corrosion inhibitors as a preventative
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technique for reinforced concrete structures is critically discussed. Other methods to
improve the durability of reinforced concrete structures are presented in Chapter 24
of this book (Aitcin, 2016).

14.2 Corrosion mechanisms of reinforcing steel
in concrete

In the highly alkaline pore solution of concrete (pH of between 12.5 and 13.8, depending
on the type of cement used) formed during the hydration of cement, a very thin oxide
film (the passive film) protects reinforcing steel from further dissolution. This passive
film remains stable as long as the pore water composition remains constant; its thickness
and composition slightly change with the pH of the pore solution (Elsener, 2000; Ber-
tolini et al., 2013).When, during the initiation phase, a sufficient amount of chloride ions
(from deicing salts or from seawater) has penetrated through the concrete cover and
reached the reinforcement or when the pH of the pore solution has dropped to low values
due to carbonation, the protective film is destroyed and the reinforcing steel is depassi-
vated (time td, Figure 14.1). Depassivated steel in concrete presents a corrosion risk, but
significant metal dissolution (corrosion in the form of rust formation, loss in cross-
section, etc.) is only possible in the presence of oxygen and water (humidity). The
time of corrosion propagation, tp, is given by the admissible degree of damage (loss
in cross-section, spalling) and by the corrosion rate. The initiation phase and propagation
phase are governed by different factors and are treated separately.

14.2.1 Initiation phase

During the initiation phase, aggressive substances (chlorides, CO2) that can depassi-
vate the steel penetrate from the surface into the bulk of the concrete. The initiation
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Figure 14.1 Schematic illustration of service life and the possible effect of corrosion inhibitors
(td ¼ time to depassivation, tp ¼ time from corrosion propagation to the end of the service life).
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phase ends at time td when the steel has been depassivated (Figure 14.1). The duration
of the initiation phase depends on the concrete cover depth, the penetration rate of the
aggressive agents, and the concentration of the aggressive substances necessary to
depassivate the steel. The influence of concrete cover is obvious and all new design
codes define cover depths according to the expected environment class (fib, 2013,
p. 9). The rate of penetration of aggressive substances depends on the quality of the
concrete cover (porosity, permeability) and on the microclimatic conditions (wetting,
drying) at the concrete surface.

Prolongation of the initiation phase can be achieved through additional preventive
measures:

• Reduce the penetration rate of depassivating agents (e.g., chlorides) by adding reactive
binders to the cement (e.g., blast furnace slag, fly ash, silica fume) that diminish porosity
of the hydrated cement matrix or by producing low permeability cover concrete.

• Increase the tolerable concentration of depassivating agents by using more corrosion-
resistant materials for the reinforcement such as epoxy-coated steels, stainless steels, or
nonmetallic materials, by applying electrochemical protection (cathodic prevention) or by
using protective admixtures (corrosion inhibitors).

14.2.1.1 Depassivation due to chloride ions

Chloride ions can penetrate into hardened concrete via different transport mecha-
nisms: diffusion of ions into water-saturated concrete (e.g., in submerged marine
structures), capillary suction into dry or partially dry concrete (rapid transport of
chloride ions with water due to convection), or ion migration (under an electric field).
Diffusion of chloride ions takes place in water-saturated (submerged) concrete. It has
been known for a long time that chloride ingress is more restricted in cement paste
and concrete with a low waterecement ratio (w/c) (Page et al., 1981). Moreover, con-
cretes with reactive binders (fly ash, blast furnace slag, silica fume) may have effec-
tive chloride diffusion coefficients nearly one order of magnitude lower than for
ordinary Portland cement Browne (1980). Studies by Rasheeduzzafar and
Mukarram, 1987 on the time to corrosion initiation show that sulfate-resistant (low
C3A) cement with low binding capacity for chlorides accelerates the initiation of
corrosion.

For the depassivation of steel, only the free chlorides in the pore solution of con-
crete are directly relevant. Chloride ions penetrating into hardened concrete can be
bound physically and chemically in the pore system of concrete. Thus, only a fraction
of the total (acid-soluble) chloride content is free. The amount of bound chlorides
(related to the mass of concrete) depends on the chloride content, the cement type
and content, the porosity and pore size distribution, and the pH of the pore solution.
The hydroxide concentration (i.e., the pH of the pore solution) has a significant effect
on chloride binding because the hydroxides compete with chloride ions for the binding
sites (Tritthardt, 1989; Tang and Nilsson, 1993). With a chloride-sensitive sensor
element for use in cement paste and mortar, the free chloride concentration in
the pore solution can be measured nondestructively (Angst et al., 2010; Elsener
et al., 2003).
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Electrochemically, the condition for depassivation of the steel due to the action of
chlorides is Ecorr > EL; depassivation and subsequent pitting corrosion occurs when
the pitting potential EL becomes lower than the corrosion potential, Ecorr, of the rein-
forcement (Elsener, 2000; Bertolini et al., 2013). In practice, the corrosion potential of
the (passive) steel will have a more or less constant value, depending on the pH and on
the oxygen content of the pore solution. To reach the conditions for depassivation, the
pitting potential EL has to decrease. This occurs when the chloride concentration at the
rebar surface increases. Laboratory experiments have confirmed that the time required
to reach depassivation is not a constant but is distributed around a mean value (Breit,
1998; Zimmermann et al., 2000; Fankel, 1998).

In civil engineering practice, a so-called “critical chloride content” for pitting corro-
sion is often reported. The value 0.4% chlorides per weight of cement frequently cited
is based on results of experiments by Richartz (1996) on chloride binding. A review of
Angst et al. (2009) on chloride threshold values shows a large scatter in the literature
results. A universal “critical chloride content” for pitting corrosion cannot exist,
among other reasons, because every critical chloride concentration is associated to a
certain corrosion potential: both in laboratory samples and in structures, the pH of
the pore solution, concrete humidity, and thus the corrosion potential are expected
to vary significantly.

14.2.1.2 Depassivation due to carbonation

The pH of the concrete can change by ingress of acids from the environment, mainly
CO2 from the air and acid rain. Carbonation leads to neutralization of the alkaline pore
solution of concrete and requires both CO2 and water in order to occur. As soon as the
pH at the reinforcement is near neutrality, the steel becomes depassivated (ACI, 1996).
The time to depassivation of reinforcing steel depends on the total amount of alkaline
hydration products present and on the availability of CO2 and water. The total amount
of CO2 necessary to neutralize the concrete to a certain depth is related to the amount
of alkaline cement hydration products in the concrete. In concretes with higher cement
contents and with cement types that do not consume Ca(OH)2, such as through
pozzolanic reactions, the carbonation front penetrates the concrete more slowly
(Hobbs, 1994).

The rate of carbonation also depends on the permeability of concrete toCO2. The envi-
ronmental conditions determine the moisture content of the concrete in the cover zone
and, in turn, the moisture content determines the degree of saturation of the pores and
hence their permeability to gases such as CO2. Experiments have shown that the carbon-
ation rate is highest at around 60e70% relative humidity (RH) (Wierig, 1984). Under
such constant microclimatic conditions, the penetration rate of the carbonation front
may be approximated by a square root of time law, both in controlled laboratory environ-
ments (20 �C and 65%RH) and in natural exposure conditions sheltered from rain. Under
cyclic wetting and drying exposure conditions, typically small carbonation depths are
found. This is due to the time hysteresis of wetting (rapid water uptake in pores due to
capillary suction) and drying (relatively slow emptying of pores by evaporation), which
strongly limits the time of partial saturation during which the carbonation front can
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penetrate the concrete (Bakker, 1988). Good quality and dense concrete (low w/c) that is
frequently wetted will be less prone to carbonation. Laboratory tests under constant and
relatively dry climatic conditions (70% RH) represent a worst-case scenario.

Finally, for the chemical reaction of CO2 with the alkalis in the concrete (NaOH,
KOH, Ca(OH)2), liquid water is needed. Thus, in very dry conditions (RH < 50%),
CO2 can diffuse rapidly into the concrete because a substantial fraction of the pores
are not water-filled. Nevertheless, no significant carbonation takes place because of
the lack of water.

14.2.2 Propagation phase

Once the steel is depassivated from either chlorides or carbonation, corrosion and the
corresponding loss of steel cross-section can occur in the presence of oxygen and hu-
midity. The corrosion rate determines the time until the end of the service life of a
structure is reached (Figure 14.1). However, this rate can vary considerably depending
on temperature, humidity, and concrete resistivity, among others (Andrade et al., 1996;
Zimmermann et al., 1997)

14.2.2.1 Chloride-induced corrosion

A characteristic feature of chloride-induced corrosion of reinforcement steel in con-
crete (pitting corrosion) is the development of macro-cells (Figure 14.2). Macro-
cells describe the coexistence of spatially separated passive and active areas on the
same rebar that form short-circuited galvanic elements, with the active area acting
as an anode and the passive surface as a cathode. The iron ions dissolved at the anodic
site (in the pit) are hydrolyzed; as a consequence, the pH in the pit decreases. This cre-
ates a local acidic environment that enhances the solubility of iron ions. At the cathode,

Figure 14.2 Chloride induced corrosion leading to an active-passive macro-cell.
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on the other hand, hydroxide ions are produced, which increase the pH and stabilize
the passive film.

The corrosion rate (iron dissolution rate in the pit) empirically depends on the elec-
trical resistivity of the concrete, thus on temperature, conductivity of the pore solution,
and porosity of the concrete (Hornbostel et al., 2013). Depending on exposure condi-
tions, huge variations in the concrete resistivity, humidity, and the instantaneous corro-
sion rate have been observed on laboratory samples exposed to weathering and on
bridge structures. The propagation rate of corrosion schematically shown in Figure 14.1
is an average value.

14.3 Corrosion inhibitors for steel in concrete

As outlined above, the service life of a structure can be achieved by prolonging the
initiation period. Concrete admixtures acting at the steel surface (corrosion inhibi-
tors) can be used as such preventive measures. Corrosion inhibitors are chemical
compounds that, when added in adequate (preferably small) amounts to the concrete
mixing water, can delay the onset or prevent corrosion of the reinforcement. These
admixtures should not adversely affect the concrete properties (e.g., compressive
strength), but they may also affect the microstructure of the cement paste. For rein-
forced concrete, corrosion inhibitors have been studied since 1960, mainly in relation
to chloride-induced corrosion. Several summaries of information on steel corrosion
inhibitors in concrete and a state-of-the-art report by the European Federation of
Corrosion (Elsener, 2000) has been published. In this section, an update on this
information is given.

14.3.1 Mechanism

The long experience and positive track record with chemicals operating as corrosion
inhibitors (e.g., in the oil, gas, or petroleum industry) is commonly taken as an example
for the successful use of corrosion inhibitors, transferring this success also to applica-
tions on reinforced concrete. This is a priori not correct because the mechanisms of in-
hibitor action are different:

• In applications for the oil and gas industry (and most others), the steel to be protected is uni-
formly corroding in slightly acidic or neutral media. Thus, the inhibitors have to protect the
bare metal surface, for example, as adsorption inhibitors acting specifically on the anodic or
the cathodic partial reaction of the corrosion process or as film forming inhibitors blocking
the surface more or less completely (Trabanelli, 1986; N€urnberger, 1996). Usually, a reduc-
tion in the corrosion rate by 95e99% can be achieved with a very small inhibitor concentra-
tion (on the order of 10�3e10�2 mol/L).

• Steel in uncarbonated concrete, on the other hand, is in a highly alkaline environment, where
the high concentration of hydroxyl ions acts as a passivation-promoting inhibitor; indeed,
steel in concrete is passive, thus protected by a thin oxy-hydroxide layer. This passive layer
can be destroyed by the action of chloride ions (see previous section). This is the starting
point for any mechanistic action of inhibitors in concrete.
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Inhibitors for chloride-induced pitting corrosion are by far less studied than inhib-
itors for uniform corrosion (DeBerry, 1993). Inhibitors for pitting corrosion can act by
enhancing passivity, by film forming prior to the ingress of chlorides, by buffering the
pH in the local pit environment, by competitive surface adsorption processes between
the inhibitor and chloride ions, or by competitive migration of inhibitor and chloride
ions into the pit, thereby inhibiting stable pit growth.

14.3.2 Laboratory studies on admixed corrosion inhibitors

Numerous chemical substances have been suggested as corrosion inhibitors, but only a
small group has been investigated in detail. In the 1970 and 1980s, the focus was pri-
marily on anodic inhibitors, especially calcium nitrite, sodium nitrite, stannous chlo-
ride, sodium benzoate, and some other sodium and potassium salts (e.g., chromates)
(Griffin, 1975; Berke, 1989). Later, organic compounds and mixtures were studied
for their inhibitive action (Laamanen and Byfors, 1996; Nmai et al., 1992). Among
the many substances tested as possible inhibitors for steel in concrete, only calcium
nitrite (marketed by Grace Construction Products (DCI or DCI-S), Euclid Chemical
Company (Armatect, Eucon CIA/BCN), and BASF (Rheocrete CNI)), organic inhib-
itor blends and organic inhibitors based on emulsified esters, alcohols, and amines are
discussed here (e.g., marketed by Sika (Ferrogard 901), Cortec (MCI 2000), and BASF
(Rheocrete 222þ)).

Monofluorophosphate (MFP) cannot be used as a preventive admixed corrosion in-
hibitor due to its reaction with the fresh concrete, which removes the active substance
from the concrete pore solution and strongly retards concrete setting; MFP may thus
only be used when applied from the concrete surface.

Note that most of these commercial inhibitors available under different trade names
are blends of essentially unknown composition that even might have been or will be
changed without notice. Thus, the mechanistic action can be multiple and difficult
to identify, even in laboratory studies.

14.3.2.1 Calcium nitrite

Various nitrite inhibitors—including sodium, potassium, and calcium nitrite—have
been extensively studied. The first literature reference regarding use as an inhibitor
in concrete dates back to the late 1950s (Moskwin and Alekseyeev, 1958). Sodium
or potassium nitrites were found to cause moderate to severe loss in concrete
compressive strength and to potentially enhance the risk of alkalieaggregate reac-
tion (AAR). Calcium nitrite, on the other hand, increases the compressive strength
of concrete and no susceptibility to AAR has been reported (Berke and Rosenberg,
2004). Nevertheless, calcium nitrite acts as an accelerator of cement hydration and
thus normally requires the addition of a water reducer and retarder in the concrete
mix. Calcium nitrite has been used in parking, marine, and highway structures
and has a long and generally positive record, primarily in the USA, Japan, and
the Middle East (Gaidis and Rosenberg, 1987; El-Jazairi and Berke, 1990; Page
et al., 2000).
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Mechanism
Nitrite acts as a passivating inhibitor due to its oxidizing properties, which stabilize the
passive film (Page et al., 2000; Elsener, 2000) according to the following reactions:

2Fe2þ þ 2OH� þ 2NO2
� / 2NOþ Fe2O3 þ H2O

Fe2þ þ OH� þ NO2
� / NOþ gFeOOH

At a corroding location, nitrite competes with chlorides to react with the released
ferrous ions. Because the reactions displayed above can take place more rapidly than
migration of dissolved, hydrated ferrous ions—which are maintained soluble thanks
to complexation with chlorides—nitrite can stabilize the passive film even in the pres-
ence of chlorides. This shows that nitrite is consumed when it acts as corrosion inhibitor
and nitrites have to be present in sufficient concentration with respect to chloride ions.

Increasing dosages of Ca(NO2)2 were found to delay the time to depassivation of
rebars in concrete exposed to seawater (Figure 14.3), but even a high dosage of 4%
of Ca(NO2)2 could not prevent corrosion initiation in these severe conditions (Hartt
and Rosenberg, 1989). Note that this research clearly demonstrates that the time to
corrosion initiation greatly varies due to the stochastic nature of pitting corrosion;
results on the efficiency of inhibitors should thus be treated statistically.

Investigations using different experimental techniques in solutions, mortar, and
concrete revealed a critical inhibitor (nitrite) to chloride concentration ratio of about
0.6 (with some variation from 0.5 to 1) in order to prevent the onset of corrosion.
This implies (1) that there were relatively high nitrite concentrations in the pore water
of concrete, and (2) that calcium nitrite dosages should be related to the level of
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chloride concentration expected during the design life of a structure in order to achieve
effective corrosion protection. Too low concentrations of nitrites in poor-quality con-
crete may increase the corrosion risk, as has been found in laboratory studies on
cracked reinforcing beams (N€urnberger, 1996). In contrast to these findings, results
on macro-cell corrosion tests on cracked beams showed that Ca(NO2)2 additions
significantly improved corrosion resistance of the embedded steel at cracks (Berke
et al., 1993), even at low inhibitor dosage. Due to environmental regulations and con-
cerns about a possible increase of the corrosion rate as a result of insufficient inhibitor
concentrations, nitrites have found few applications in Europe.

Long-term efficiency
Leaching out of nitrites from concrete has been a concern in the literature. N€urnberger
and Beul (1991), for instance, found that with admixed chlorides and nitrites, both ions
were leached out at nearly the same rate. Data from outdoor exposure for 2 years
(Tomosawa et al., 1990) or from 7-year-old bridge decks, on the other hand, showed
that nearly all nitrites were preserved in the concrete. Leaching of nitrites can be
avoided by specifying dense concrete (low w/c ratio, supplementary cementitious ma-
terials) and by ensuring concrete cover depths as specified by national and interna-
tional standards for moderate to severe chloride exposures conditions.

Another long-term concern may be the efficiency of calcium nitrite in inhibiting
chloride-induced corrosion over longer time spans. As mentioned above, the inhibitor
competes with chloride ions and thus has to be present in a certain concentration with
respect to the chloride ions. However, calcium nitrite is consumed in the reactions that
stabilize the passive film, which means that the inhibitor concentration decreases upon
its action and may after a certain time reach a concentration that is too low to ensure a
further corrosion-inhibiting action.

In summary, relatively high nitrite concentrations (depending on the expected
maximum chloride concentration at the steel surface) have to be admixed to concrete
in order to delay corrosion initiation in chloride exposure environments. In the form of
calcium nitrite, the inhibitor does not negatively affect the concrete compressive
strength or promote AAR. When used in high-quality concrete and with proper con-
crete covers (to avoid leaching), calcium nitrite has a long and proven track record
in the United States, Japan, and the Middle East. In European countries, on the other
hand, it has not been applied frequently.

14.3.2.2 Alkanolamines and amines

Pure compounds
A number of alkanolamines and amines and their salts with organic and inorganic
acids have been suggested as corrosion inhibitors for steel in concrete (M€ader, 1994
and literature cited). These substances are in principle vapor phase inhibitors (VPI)
or volatile corrosion inhibitors (VCI). Typical compounds are diethanolamine, dime-
thylpropanolamine, monoethanolamine, and dimethylethanolamine. When admixed to
concrete, they do not alter the compressive strength and time of stetting by more than
20% (European patent, 1987; Heren and Oelmez, 1996).
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Figure 14.4 shows the corrosion rates in a solution obtained in laboratory experi-
ments where different hydroxyalkylamines or their mixtures were admixed to rein-
forced concrete samples. In comparison with the control sample (A), all substances
were able to reduce the corrosion rate. Another laboratory study using mild steel in
solutions of NaHCO3 by mono- and dimethylamines and mono-ethylenamine showed
a marked increase of the pitting potential above an inhibitor concentration of 0.1 mol/L
(Abd El Halem and Killa, 1980). The inhibitor concentrations needed to inhibit pitting
corrosion increased with increasing chloride concentration and lower pH in the
solution.

Screening tests on about 80 organic compounds (mainly amines, amino-alcohols,
and carboxylates) were performed in order to identify the best inhibiting substances
(Ormellese et al., 2009). The nine most effective substances contain in their formula
an aminic or carboxylic group, or both. These two functional groups are considered
responsible for the adsorption on the passive film and their protective action against
chloride-induced corrosion (Bolzoni et al., 2014).

Proprietary blends
Several proprietary blends from different producers (e.g., Sika (Ferrogard 901), Cortec
(MCI 2000), or BASF (Rheocrete 222þ)) are based on alkanolamines and amines and
their salts with organic and inorganic acids. These inhibitors are occasionally termed
AMA. The major difficulty with the independent evaluation of these organic corrosion
inhibitors is their unknown or at least uncertain composition. One product, for
example, is described as colorless to pale liquid with an ammoniacal odor, pH
11e12, a density of 0.88 g/cm3, and vapor pressure of 4 mmHg (20 �C) containing
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1.5% of non-volatile products (Cortec, product sheet) with no further information on
composition. This is not near enough information to make sure that the client gets the
product that has the effect documented in the test reports.

A comparative test of different organic amines (Phanasgaonkar et al., 1997) used
simulated concrete pore water solutions with 1.2% (by weight) chlorides to test both
the situation of admixed inhibitor and remedial work. At a concentration of 1% (by
weight), the commercial inhibitor Cortec MCI 2000 showed very good corrosion
inhibition, while pure dimethylethanolamine was found to be practically ineffective.

Research work at ETH Zurich (Elsener et al., 1999, 2000) investigating a commer-
cial migrating corrosion inhibitor blend (MCI 2000) as an admixed inhibitor has
shown that the critical molar concentration ratio of Cl�/MCI 2000 determined in so-
lutions of saturated Ca(OH)2 is w1, thus very high. The efficiency of the inhibitor
to prevent or delay chloride-induced corrosion in mortar samples (lollipop specimens,
w/c ¼ 0.5) for different admixed inhibitor contents is shown in Figure 14.6. The time
to corrosion initiation increased in the presence of the inhibitor: while the first sample
of the series with the highest inhibitor concentration started to corrode after 90 days,
this was the case after 50 days without an inhibitor. After corrosion initiation, howev-
er, no significant reduction in the corrosion rate was found.

Early results of tests with the proprietary inhibitor Sika Ferrogard 901 were summa-
rized by Laamanen and Byfors (1996): electrochemical measurements in solution
demonstrated that the inhibitor blend is effective when present prior to the addition
of chlorides, and that a higher inhibitor concentration shows a more pronounced effect.
The inhibitor blend was also tested as admixture in mortar and concrete samples that
were exposed to seawater and spray with sodium chloride. After 1 year, corrosion had
started in specimens with w/c ¼ 0.6. The chloride threshold values were without
exception higher for the inhibitor containing samples (4e6% Cl� by weight of cement)
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Figure 14.5 Corrosion potentials of rebar samples in solutions containing the two components
of the inhibitor:5, no inhibitor; o, volatile constituent; D, nonvolatile constituent (Elsener et al.,
1999).
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compared to the control samples (1e3% Cl�). At a lower w/c ratio of 0.45, the spec-
imens containing 3% Ferrogard 901 did not start to corrode after 15 months of testing.
Studies of Cigna et al. (1997, 2007) reported a delay of corrosion initiation by a factor
of two (minimum) to four (maximum) for this proprietary inhibitor blend.

A comparative study on the effectiveness of four commercial inhibitors for use in
cement-based materials was performed in mortar samples exposed to cyclic chloride
ponding (Figure 14.7(a)). All inhibitors tested according to manufacturer dosage could
delay the onset of corrosion, but a significant delay was found only for calcium nitrite
with 30 L/m3 concrete (CN30). The reduction in corrosion rate after initiation of corrosion
was moderate, however (Figure 14.7(b)) (Trépanier et al., 2001). These results were
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essentially confirmed by Ormellese et al. (2006) in a study of four commercial inhibitors,
showing that the time to corrosion initiation were prolonged by adding inhibitors, but the
results showeda huge scatter.No significant effectwas found regarding the corrosion rate.

Another proprietary inhibitor blend comprising an oil/water emulsion—wherein the
oil phase comprises an unsaturated fatty acid ester of an aliphatic carboxylic acid with
a mono-, di-, or trihydric alcohol and the water phase comprises a saturated fatty acid,
an amphoteric compound, a glycol, and a soap (Bobrowski et al., 1993)—delayed the
onset of corrosion. Its main action is to reduce ingress of water and chlorides into the
concrete as a pore blocker (Nmai and McDonald, 1999).

14.3.3 Mechanistic action of the organic inhibitor blends

As already indicated, the main difficulty with the independent evaluation of organic
“corrosion inhibitors” are their complex, essentially unknown composition. Most of
the published work has been undertaken with commercially available blends; their
composition might vary over time without notice.

Research work at ETH Zurich revealed that the inhibitor blend Cortec MCI 2000
consisted of two main fractions: a volatile amine, mainly dimethylethanolamine (about
95%), and a nonvolatile part (w5%) (Elsener et al., 1999, 2000). Electrochemical mea-
surements in alkaline solutions showed that both components of the inhibitor are
needed to prevent initiation of corrosion (Figure 14.5). If the volatile or the nonvolatile
component were present alone, they had no beneficial effect as a corrosion inhibitor.
Electrochemical impedance spectroscopy (EIS) measurements performed with steel in
saturated Ca(OH)2 solutions containing 10% of the inhibitor blend MCI 2000 clearly
revealed a second time constant at high frequencies, which implies film formation on
the passive steel surface in the presence of the inhibitor (Elsener et al., 2000). The use
of modern surface analysis techniques (X-ray photoelectron spectroscopy (XPS),
Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)) has revealed that an
organic layer formed on the steel surface in alkaline solutions in the presence of
the inhibitor blend (Rossi et al., 1997), which confirms the electrochemical results
of Elsener et al. (2000). However, when applied to inhibitor blends of unknown
composition, such interpretations remain somewhat speculative.

Summarizing these laboratory studies, several pure organic substances and com-
mercial inhibitor blends can delay the onset of corrosion for chloride-induced corro-
sion on passive steel, both in alkaline solutions and in mortar or concrete. The time
to corrosion in the presence of the studied inhibitors increased by a factor of approx-
imately 1.5e3. However, due to the stochastic nature of localized corrosion, the time
to corrosion onset varies greatly—both in the absence and in the presence of inhibiting
substances (see Figures 14.3 and 14.6). All investigations—independent of the type of
inhibitor—seem to indicate that a critical molar ratio inhibitor/chloride of about 0.5e1
has to be exceeded for the inhibitor to have an effect. This implies that relatively high
inhibitor concentrations have to be present in the pore water of concrete in order to act
against chlorides penetrating from the concrete surface. To limit chloride ingress and
thus the need for excessively high inhibitor concentrations, and also to avoid leaching
of the inhibiting substances, the use of admixed inhibitors is thus only recommended in
combination with high-quality (dense) concrete.
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14.4 Critical evaluation of corrosion inhibitors

Assuming that, for a given substance, a corrosion inhibiting effect is apparent in lab-
oratory experiments, there remain several critical points and open questions for an
application on reinforced concrete structures:

• How to test corrosion inhibiting substances reliably in the laboratory in order to obtain
practice-related results?

• How to ensure that the inhibitor is present at the reinforcing steel in sufficiently high concen-
trations with respect to the aggressive (chloride) ions also over a long period of time?

• How to quantify the effect of the inhibitor on corrosion of steel in concrete in comparison to
inhibitor-free concrete?

14.4.1 Testing corrosion inhibitors

Newly developed corrosion inhibitors for steel in concrete have to be tested in the lab-
oratory before they can be safely applied in practice. Laboratory tests may include both
screening tests in solutions and in mortar and concrete. Accelerated tests should pref-
erably be used in order to allow rapid evaluation of the performance of the inhibiting
substance and to define the necessary dosage. The challenge, however, remains to
extrapolate these laboratory results to long-term and field performance. The gap be-
tween these two situations can only be closed by providing mechanistic understanding
of the inhibiting action. This chapter discusses a few selected test methods that can be
used to study the performance of inhibitors for steel in concrete.

Amacro-cell type of test was standardized by the American Society for Testing and
Materials as ASTM G109-02 “Standard Test Method for Determining the Effects of
Chemical Admixtures on the Corrosion of Embedded Steel Reinforcement in Concrete
Exposed to Chloride Environments.” The test involves a concrete beam
(28 � 15 � 11 cm) with three embedded reinforcing steel bars—one on the top part
of the beam and two at the bottom part. The beams are subjected to cycles of ponding
with 3% NaCl solution on the top of the beam during 2 weeks, followed by a dry
period of 2 weeks. The macro-cell current between the top bar (anode) and the two bot-
tom bars (cathodes), as well as the open circuit potential of the bars, are measured
(reference electrode located in the ponding solution). The end criterion of the test is
when the average macro-cell current of the inhibitor-free control specimens exceeds
10 mA (the 95% limit of test duration is approximately 6 months). For the evaluation,
the current integrated over time of control and test specimens are calculated and the
rebars are examined visually. One disadvantage of this test is its long duration.

Frequently, electrochemical techniques are applied to test inhibitors in a wide va-
riety of different experimental test setups. The simplest test, half-cell potential mea-
surements, can be used reliably to determine the time-to-initiation of corrosion
(Figure 14.1) by a drop in the corrosion potential of the rebar tested. The statistical dis-
tribution of the initiation time has to be taken into account (Figures 14.3 and 14.6).
Alternatively or complementary, corrosion rate measurements (using the polarization
resistance technique) are possible in the laboratory and suitable in principle, also on
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large specimens or in the field. It is strongly recommended to perform visual exami-
nation of steel bars at the end of testing for evaluating the corrosion pit area and depth.

In summary, the effect of delaying corrosion initiation by admixed inhibitors can
usually be clearly established (if present), but its applicability to long-term field con-
ditions is questionable. A reduction of corrosion rate after initiation is more difficult to
quantify and transfer the results to field conditions.

14.4.2 Concentration dependence

The available literature indicates a concentration-dependent effect of inhibitors, in
the sense that a critical ratio inhibitorechloride ratio has to be exceeded (see above).
For new structures, the inhibitor dosage thus has to be specified with respect to the ex-
pected chloride concentration for the design life of the structure. To check if the inhib-
itor dosage is really present at the reinforcement is difficult due to the lack of analytical
methods to measure the inhibitor concentration (Page, 2005). Regarding the long-term
efficiency, it has to be taken into account that inhibitors may be leached out from the
concrete, that volatile components may evaporate, or that the inhibiting substance is
consumed during its action.

14.4.3 Measurement and control of inhibitor action

Oneof themain difficulties in evaluating the performance of inhibitors in real structures or
in field trials is assessment of the inhibitor action on rebar corrosion “on site”. The inter-
pretation of half-cell potential measurements may be difficult due to time-dependent
changes in the concrete humidity and resistivity or due to the presence of alternative redox
couples introduced by the inhibiting substance. Furthermore, a reduction in corrosion rate
due to an inhibitor is not always reflected directly in the half-cell potential.

Results of corrosion rate measurements on site depend on many factors, such as the
type of device used or daily and seasonal changes of temperature and concrete humid-
ity. This time variability makes it difficult to evaluate the efficiency of an inhibitor over
time. Macro-cell current measurements between isolated anodes and the surrounding
cathode (e.g., embedded probes such as “ladders” or macro-cell elements) may give
the most indicative results.

14.5 Concluding remarks

This chapter presents the state-of-the-art concerning corrosion-inhibiting admixtures for
concrete. It is based on an earlier literature review (Elsener, 2001) and includes updates
(Elsener, 2011). The state of the field is similar to 10e15 years ago and can be summa-
rized as follows:

• There is a general agreement that mixed-in corrosion inhibitors can strongly delay the onset
of chloride-induced corrosion (by a factor of 2e3 in time), given a sufficiently high dosage.
This was apparent from both laboratory and field studies.
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• Concerning corrosion propagation, there are no results clearly demonstrating that corrosion
inhibitors can reduce the corrosion rate.

• Conclusive long-term field results that confirm short-term laboratory results are mostly
missing, particularly for organic corrosion inhibitors.

• It appears that the concrete quality (w/c ratio, supplementary cementitious materials, curing,
execution, etc.) have a more pronounced influence on corrosion performance than the pres-
ence or absence of corrosion inhibitors. Obviously, the most durable structures can be
achieved by combining high-quality concrete with corrosion inhibitors.

• Engineers and contractors working in the area of concrete maintenance should be aware of
the fact that the composition of proprietary corrosion inhibitors are marketed under different
trade names and may change in composition with time and geographic region.

References

Abd El Halem, S.M., Killa, H.M., 1980. Inhibition of pitting corrosion of mild steel by organic
amines. In: Proc. 5th European Symposium on Corrosion Inhibitors, Universit�a degli Studi
di Ferrara, pp. 725e740.

ACI Committe 222, 1996. Corrosion of Metals in Concrete. American Concrete Institute,
Detroit, USA.

Aitcin, P.-C., 2016. Corrosion inhibition. In: Aitcin, J.P., Flatt, R. (Eds.), Science and Tech-
nology of Concrete Chemical Admixtures (Chapter 24), pp. 471e480.

Andrade, C., Sarria, J., Alonso, C., 1996. Statistical study on simultaneous monitoring of rebar
corrosion rate and internal RH in concrete structures exposed to the atmosphere. In:
Page, C.L., Bamforth, P., Figg, J.W. (Eds.), Corrosion of Reinforcement in Concrete
Construction. SCI, pp. 233e242.

Angst, U., Elsener, B., Larsen, C.K., Vennesland, Ø., 2010. Potentiometric determination of
the chloride ion activity in cement based materials. Journal of Applied Electrochemistry 40,
564e573.

Angst, U., Elsener, B., Larsen, C., Vennesland, O., 2009. Critical chloride content in reinforced
concreteea review. Cement and Concrete Research 39 (2009), 1122e1138.

Bakker, R.F., 1988. Initiation period. In: Schiessl, P. (Ed.), Corrosion of Steel in Concrete,
RILEM Report. Chapman and Hall, pp. 22e42.

Berke, N.S., 1989. Corrosion Inhibitors in Concrete. Corrosion 89, New Orleans. Paper 445.
Berke, N.S., Dallaire, M.P., Hicks, M.C., Ropes, R.J., 1993. Corrosion of steel in cracked

concrete. Corrosion NACE 49, 934e943.
Berke, N.S., Rosenberg, A.M., 2004. Calcium nitrite corrosion inhibitor in concrete. In:

Vazques, E. (Ed.), Admixtures for Concrete: Improvement of Properties. CRC press,
pp. 282e299.

Bertolini, L., Elsener, B., Redaelli, E., Polder, R., Pedeferri, P., 2013. Corrosion of Steel in
ConcreteePrevention, Diagnosis, Repair, second ed. WILEY VCH.

Bobrowski,G.S., Bury, M.A., Farrington, S.A., Nmai, C.K., 1993. Admixtures for Inhibiting
Corrosion of Steel in Concrete, United States Patent, Patent No. 5.262.089.

Bolzoni, F., Brenna, A., Fumagalli, G., Goidanich, S., Lazzari, L., Ormellese,M., Pedeferri,M.P.,
2014. Experiences on corrosion inhibitors for reinforced concrete. International Journal of
Corrosion and Scale Inhibition 3, 254e278.

Breit, W., 1998. Critical chloride contenteinvestigations of steel in alkaline chloride solutions.
Materials and Corrosion 49 (1998), 539e550.

336 Science and Technology of Concrete Admixtures



Browne, R.D., 1980. Mechanisms of corrosion of steel in concrete in relation to design,
inspection and repair of offshore and coastal structures. In: Malhotra, V.M. (Ed.), Perfor-
mance of Concrete in Marine Environment. ACI Publication SP-65, pp. 169e204.

Cigna, R., Mercalli, A., Peroni, G., Grisoni, L., M€ader, U., 1997. Influence of corrosion
inhibitors containing aminoalcohols on the prolongation of service life of RC structures.
In: Int. Conf. on Corrosion and Rehabilitation of RC Structures, Orlando USA (on CD).

Cigna, R., Mercalli, A., Grisoni, L., M€ader, U., 2007. Effectiveness of mixed in organic in-
hibitors on extending the service life of reinforced concrete structures. In: Raupach, M.,
Elsener, B., Polder, R., Mietz, J. (Eds.), EFC publication 38, pp. 203e210.

Cortec Company, Product Information Sheet. http://www.cortecvci.com/Publications/PDS/
MCI-2000.pdf (last access 09.09.15).

DeBerry, D.W., 1993. Organic inhibitors for pitting corrosion. In: Raman, A., Labine, P. (Eds.),
Review on Corrosion Inhibitor Science and Technology. NACE, Houston.

El-Jazairi, B., Berke, N., 1990. In: Page, C.L. (Ed.), Corrosion of Reinforcement in Concrete
Construction. Elsevier Applied Science, London, p. 571.

Elsener, B., B€uchler, M., Stalder, F., B€ohni, H., 1999. A migrating corrosion inhibitor blend for
reinforced concrete, Part I: prevention of corrosion. Corrosion 55, 1155e1163.

Elsener, B., 2000. Corrosion of steel in concrete. In: Corrosion and Environmental Degradation.
Materials Science and Technology Series, vol. 2. John Wiley, p. 389e436.

Elsener, B., B€uchler, M., B€ohni, H., 2000. Organic corrosion inhibitors for steel in concrete. In:
Mietz, J., Polder, R., Elsener, B. (Eds.), Corrosion of Reinforcement in ConcreteeCorrosion
Mechanism and Corrosion Protection. IOM Communication, London, pp. 61e71.

Elsener, B., 2001. Corrosion Inhibitors for Steel in ConcreteeState of the Art Report. EFC
Publication 35, Maney Publishing.

Elsener, B., Zimmermann, L., B€ohni, H., 2003. Non-destructive determination of the free
chloride content in cement based materials. Materials and Corrosion 54, 440e446.

Elsener, B., 2007. In: Raupach, M., Elsener, B., Polder, R., Mietz, J. (Eds.), Corrosion Inhibitors
for Reinforced Concreteean EFC State of the Art Report. EFC publication 38, pp. 170e184.

Elsener, B., 2011. Corrosion InhibitorseAn Update on On-going Discussion, 3, L€ander Kor-
rosianstagung “M€oglichkeiten des Korrosionsschutzes in Beton” 5/6. Mai. Wien GfKorr
Frankfurt am Main, pp. 30e41.

European Patent Application, 1987. No. 8630438.2, Publication No. 0 209 978, published
28.01.87 Bulletin 87/5.

fib, 2013. Model Code for Concrete Structures 2010 (MC2010). International Federation for
Structural Concrete.

Frankel, G.S., 1998. Journal of Electrochemical Society 145, 2186e2198.
Gaidis, J.M., Rosenberg, A.M., 1987. Cement, Concrete and Aggregates 9, 30.
Griffin, D.F., 1975. Corrosion inhibitors for reinforced concrete. In: Corrosion of Metals in

Concrete, ACI SP-49. American Concrete Institute, p. 95.
Hartt,W.H., Rosenberg, A.M., 1989. American Concrete Institute, Detroit, SP 65-33,

pp. 609e622.
Heren, Z., Oelmez, H., 1996. Cement and Concrete Research 26, 701e705.
Hobbs, D.W., 1994. Carbonation of concrete containing PFA. Magazine Concrete Research 46,

35e38.
Hornbostel, K., Larsen Claus, K., Geiker Mette, R., 2013. Relationship between concrete

resistivity and corrosion rateea literature review. Cement and Concrete Composites 39,
60e72.

Laamanen, P.H., Byfors, K., 1996. Corrosion inhibitors in concreteealkanolamine based in-
hibitors. In: Nordic Concrete Research No. 19, 2/1996, Nordic Concrete Research Oslo.

Corrosion inhibitors for reinforced concrete 337

http://www.cortecvci.com/Publications/PDS/MCI-2000.pdf
http://www.cortecvci.com/Publications/PDS/MCI-2000.pdf


M€ader, U., 1994. In: Swamy, N. (Ed.), A New Class of Corrosion Inhibitors, Corrosion and
Corrosion Protection of Steel in Concrete, vol. II. Sheffield University Press, p. 851.

Moskwin, V.M., Alekseyeev, S.M., 1958. Beton i Zhelezobeton 2, 21.
Nmai, C.K., Farrington, S.A., Bobrowski, G.S., 1992. Concrete International, American Con-

crete Institute 14, 45.
Nmai, C.K., McDonald, D., 1999. Long term effectiveness of corrosion inhibiting admixture and

implications for the design of durable reinforced concrete structures: a laboratory investi-
gation. In: RILEM Int. Symp. on the Role of Admixtures in High Performance Concrete.

N€urnberger, U., Beul, W., 1991. Materials and Corrosion 42, 537e546.
N€urnberger, U., 1996. Corrosion inhibitors for steel in concrete. Otto Graf Journal 7, 128.
Ormellese, M., Berra, M., Bolzoni, F., Pastore, T., 2006. Corrosion inhibitors for chloride induced

corrosion in reinforced concrete structures. Cement and Concrete Research 36, 536e547.
Ormellese, M., Lazzari, L., Goidanich, S., Fumagalli, G., Brenna, A., 2009. Corrosion Science

51, 2959.
Page, C.L., Short, H.R., El-Tarra, A., 1981. Diffusion of chloride ions in hardened cement paste.

Cement and Concrete Research 11 (1981), 395e406.
Page, C.L., Ngala, V.T., Page, M.M., 2000. Corrosion inhibitors in concrete repair systems.

Magazine of Concrete Research 52 (2000), 25e37.
Page, M.M., 2005. Journal of Separation Science 28 (2005), 471e476.
Phanasgaonkar, A., Cherry, B., Forsyth, M., 1997. Corrosion inhibition properties of organic

amines in a simulated Concrete environment. In: Proc. Int. Conference “Understanding
Corrosion Mechanisms of Metals in ConcreteeA Key to Improving Infrastructure Dura-
bility”, Massachusetts Institute of Technology, MIT (Cambridge, USA) section 6.

Rasheeduzzafar, F.D., Mukarram, K., 1987. Influence of cement composition and content on the
corrosion behaviour of reinforcing steel in concrete. In: Malhotra, V.M. (Ed.), Concrete
Durability. ACI SP-100, Detroit, pp. 1477e1502.

Richartz, W., 1996. Die Bindung von Chlorid bei der Zementerh€artung. Zement-Kalk-Gips
10, 447e456.

Rossi, A., Elsener, B., Textor, M., Spencer, N.D., 1997. Combined XPS and ToF-SIMS analyses
in the study of inhibitor function—organic films on iron. Analusis 25 (5), M30.

S€oylev, T.A., Richardson, M.G., 2008. Corrosion inhibitors for steel in concrete: state of the art
report. Construction and Building Materials 22, 609e622.

Tang, L., Nilsson, L.O., 1993. Chloride binding capacity and binding isotherms of OPC pastes
and mortars. Cement and Concrete Research 23, 347e353.

Tomosawa, F., Masuda, Y., Fukushi, I., Takakura, M., Hori, T., 1990. Experimental study on the
effectiveness of corrosion inhibitor in reinforced concrete. In: Proc. Int. RILEM Symp.
Admixture for Concrete Improvement and Properties (1990), pp. 382e391.

Trabanelli, G., 1986. Corrosion inhibitors. In: Mansfeld, F. (Ed.), Corrosion Mechanisms.
Marcel Dekker, N.Y (Chapter 3).

Trépanier, S.M., Hope, B.B., Hansson, C.M., 2001. Corrosion inhibitors in concrete. Part III:
effect on time to chloride induced corrosion initiation and subsequent corrosion rate of steel
in mortar. Cement and Concrete Research 31, 713e718.

Tritthart, J., 1989. Chloride binding in cement: the influence of the hydroxide concentration in
the pore solution of hardened cement paste on chloride binding. Cement and Concrete
Research 19, 683e691.

Tuutti, K., 1982. Corrosion of Steel in Concrete. Swedish Cement and Concrete Research
Institute, Stockholm.

Wierig, H.J., 1984. Long-term studies on the carbonation of concrete under normal outdoor
exposure. In: RILEM Seminar Hannover.

338 Science and Technology of Concrete Admixtures



Zimmermann, L., Schiegg, Y., Elsener, B., B€ohni, H., 1997. Electrochemical techniques for
monitoring the conditions of concrete bridge structures, repair of concrete structures.
Svolvaer Norway. In: Blankvoll, A. (Ed.), Norwegian Road Research Laboratory (1997),
pp. 213e222.

Zimmermann, L., Elsener, B., B€ohni, H., 2000. Critical Factors for the Initiation of Rebar
Corrosion, Corrosion of Reinforcement in Concrete: Corrosion Mechanisms and Corrosion
Protection. EFC Publication No. 31, The Institute of Materials, London, pp. 25e33.

Corrosion inhibitors for reinforced concrete 339



This page intentionally left blank



Part Three

The technology of admixtures



This page intentionally left blank



Formulation of commercial
products 15
S. Mantellato1, A.B. Eberhardt2, R.J. Flatt1
1Institute for Building Materials, ETH Z€urich, Z€urich, Switzerland; 2Sika Technology AG,
Z€urich, Switzerland

15.1 Introduction

Commercial chemical admixtures are classified according to their main action in con-
crete, as listed in EN 206-1 (ASTM C494, 2013). Most admixtures are usually supplied
as low-density aqueous solutions in a range of concentrations by mass between 15% and
40%. Additionally, they can also be present in powder, such as in ready-mix mortars.

Many factors need to be considered when selecting a chemical admixture, the main
onebeing itsfinal application. For instance, in ready-mix concretes, themain requirement
is a good slump retention until the concrete is placed. The time span can go from a few to
several hours. In some circumstances, such as traffic jams or long distances from the
concrete plants to the job sites, the workability should be maintained for a long time.
On the other hand, precast concretes require a high water reduction, whereas the slump
retention is important only in the first 30 min after mixing. Moreover, a fast hardening
process is necessary in precast concretes to increase the number of deforming cycles
during the working hours. This aspect is also becoming important in ready-mix applica-
tions to speed up construction processes. Readers more interested in the chemical nature
of these admixtures may consult the overview proposed by Gelardi et al. (2016).

15.2 Performance targets

Unfortunately, one single pure superplasticizer can most often not efficiently satisfy
all of the above-mentioned requirements at the same time. Therefore, commercial con-
crete admixtures are often multicomponent products appropriately formulated to adapt
to the performance needs of different users. Combining different types of superplasti-
cizers and also other admixtures in a single formulation with reliable performance is
not a trivial task. The presence of one compound can affect the performance of the
others, for example, due to their competitive adsorption on cement (Plank and Winter,
2008; Plank et al., 2010; Bey et al., 2014; Marchon et al., 2016; Marchon et al., 2013).
Moreover, the combination of different chemicals can lead to instability of the formu-
lation and sometimes phase segregation.

Most of the conventional components and combinations of them, mainly accelerators
and retarders, were developed and patented between 1980s and 1990s, and they are still in
use in commercial formulations nowadays (Ramachandran, 1996). At that time, the water

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00015-1
Copyright © 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-0-08-100693-1.00015-1


reduction was obtained by using polynaphtalene sulfonate (PNS) and polymelamine sul-
fonate (PMS) based-plasticizers.

The innovative turning point occurred at the beginning of 2000s with the introduc-
tion to the market of superplasticizers based on polycarboxylate ether polymers
(PCEs), together with the intensive use of blended cements and more extreme con-
struction processes. These factors involved new problems related to the formulation
stability and compatibility with new materials, promoting research and development
toward more robust and advanced commercial products.

15.2.1 Slump retention

A typical commercial admixture may consist of polymers having high water reduction
capability in combination with other ones showing good slump retention. For example,
the workability of high-range water reducers, such as PNS and PMS, can be enhanced
by blending such superplasticizers with lignosulfonates, with the additional advantage
of having a low-cost final formulation (Chang et al., 1995).

Other solutions include blends of pure PCEs. In these blends, the slump-keeper
polymers can be either copolymers having a high grafting degree (low amount
of charges on the backbone) or acrylic-based PCEs, of which the side chains can
undergo hydrolysis in alkaline pore solutions (M€ader et al., 2004).

15.2.2 Environmental conditions

The environmental conditions in which the concrete is used play an important role in the
choice of the admixtures. In summer or in countries with a hot climate, cement hydration
is accelerated and the workability is rapidly lost, affecting the truck discharge, the
pumpability, the final casting, and the surface finish. In these circumstances, retarders
must be added to the concrete to slow down the hydration process. On the other hand,
in cold environments, both setting and hardening can be delayed, and the addition
of accelerators is advisable to keep the construction process at a reasonable speed. In
winter or in cold countries, concretes should also be resistant to freeze/thaw cycles.

15.2.3 Setting and hardening control

Commercial admixtures may be formulated with various accelerators and retarders
either to adapt for climate conditions or accommodate for the retarding effect of one
or more components. The use of such compounds allows also gaining the desired
setting and/or hardening time. Accelerators and retarders may include inorganic or
organic salts or acid-based compounds with a discussing of their working mechanisms
given by Marchon and Flatt (2016).

As accelerators, nitrate, nitrite, formate, thiosulfate, and thiocyanate salts are
preferred in formulations for precast concretes, whereas triisopropanolamine
(TIPA) and triethanolamine (TEA) are more common for ready-mix applications
(Ramachandran, 1996). The use of chloride salts is progressively decreasing because
they can induce corrosion of steel reinforcements. A new generation of accelerators
based on C-S-H seed suspensions has been introduced in recent years (Nicoleau
et al., 2013).
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In superplasticizer formulations, lignosulfonate salts and carbohydrates (e.g.,
sucrose and glucose) as well as hydroxylated carboxylic acids and salts (e.g., sodium
gluconate, citric and tartaric acids) are commonly used as set retarders (Ramachandran,
1996). Phosphonates (ATMP, HEDP, etc.) are preferred in specific applications where
a very strong retardation is required.

In shotcrete, alkali-free admixtures, such as aluminum salts (as hydroxy, sulfate
formate, etc.), silicate salts, or amorphous aluminum oxides are generally used as set
accelerators. Products based on aluminum sulfate most often also contain an organic
or inorganic acid that stabilizes high concentration solutions against precipitation
before use (increase of the shelf-life) (Lootens et al., 2008).

15.2.4 Defoamers

Some concrete admixtures, containing PCEs and viscosity modifying admixtures
(VMAs), both alone and in combination, have the tendency to produce large air bub-
bles in concrete that may be persistent even after vibration, mainly in viscous concrete
mixes (ACI Materials Journal, 2002; Ła�zniewska-Piekarczyk, 2013). Unlike the air
produced by air-entraining agents, the amount and the quality of the entrapped air
are not controlled, which leads to reduced strength without any benefit for freezing
resistance (Dolch, 1996; Nkinamubanzi et al., 2016). To avoid this, defoamers or
antifoam agents—such as tributylphosphate (TBP), dibutylphthalate, silicones, esters
or carbonic acids, and ethylene oxide/propylene oxide (EO/PO)-based copolymers
(Lorenz et al., 2010; Darwin et al., 2000)—are used. They show good effectiveness
in concrete at low dosages and are added to formulations in liquid or emulsion form
(Shendy et al., 2003; Shendy et al., 2005).

The defoamer should in principle maintain a low air content over mixing time (no
spiraling effect) and show good stability. However, part of the defoamer may segregate
upward and separate over long storage, leading to an inhomogeneous composition of
the admixture. The high hydrophobicity of most of the used defoamers (except the
water-soluble TBP) is the reason for the destabilization of aqueous formulations.
Therefore, the choice of the adequate defoamer mainly depends on its compatibility
with the type, polarity, and concentration of the used superplasticizers and other com-
ponents, as well as the dilution of the final product.

15.2.5 Co-surfactants and hydrotropic compounds

For all cases of admixtures containing hydrophobic compounds, such as water-
insoluble defoamers in formulated superplasticizers or nonionic surfactants in
shrinkage-reducing admixtures (SRA), the solubilization capacity of the aqueous
solution can be increased through the addition of co-surfactants (Rosen, 2004) or
hydrotropic substances (Lunkenheimer et al., 2004). Co-surfactants serve as a solvent
to increase molecular solubility, whereas hydrotropic substances impact the water
structure (water structure breaker), thus promoting the formation of micelles or
microemulsions.

The solubilizing agents are added in admixtures to solubilize water-insoluble
compounds in aqueous solutions. Therefore, they prevent the phase separation of
hydrophobic compounds during transport and storage so that the admixture can
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be exactly dosed without prior agitation or remixing, guaranteeing a homogeneous
distribution in concrete.

In particular, the presence of electrolytes in the aqueous phase of fresh concrete
significantly decreases the solubility for hydrophobic compounds. Therefore, formu-
lated admixtures may contain additional amounts of co-surfactants and/or hydrotropic
compounds to mitigate the loss of hydrophobic compounds through phase separation,
self-aggregation, or surface aggregation (Alexandridis and Holzwarth, 1997; Bauduin
et al., 2009; Kabalnov et al., 1995; Leontidis, 2002; Morini et al., 2005; Partyka et al.,
1984; Tadros, 2006).

For some shrinkage-reducing admixtures (Eberhardt and Flatt, 2016), glycols are
used as water structure breakers to solubilize nonionic surfactants in formulation
and to decrease self-aggregation of the nonionic surfactant in concrete (Eberhardt,
2011). In the case of superplasticizers, stable combinations of polymeric dispersants
and water-insoluble defoamers are based on the addition of co-surfactants that provide
sufficient solubilization (Lorenz et al., 2010) or allow the formation of microemulsions
(Darwin et al., 2000; Shendy et al., 2003; Shendy et al., 2005).

15.2.6 Biocides

Another aspect to consider is the stability of aqueous solutions of organic admixtures
toward microbial attack, both during transport and storage. The contamination and
spoilage could lead, in the worst cases, to phase separation of the components and pro-
duction of gases or unpleasant odors in the storage tanks. Therefore, biocides are added
in formulations at dosages far below 1%. Formaldehyde- and isothiazolone-based
derivatives and combinations of both as well as Bronopol and glutaraldehyde solutions
are very common biocides for concrete additives. Biocides should have low toxicity,
good biodegradability, and often be Volatile Organic Carbon (VOC)-free compounds.

15.3 Cost issues

Pure synthetic PCEs are more expensive than older-generation superplasticizers and
the extensive use of such products is not always economically convenient. Therefore,
the use of PCEs to produce blends can represent a way to reduce the cost of such for-
mulations. However, the use of PCEs in blends is limited. Indeed, blends of PNS and
PCE polymers were found to exhibit negative synergy with regard to slump and are not
stable in formulations with most of the used proportions (Coppola et al., 1997). How-
ever, the drastic increase of viscosity observed with this blend might be beneficial for
specific applications in shotcrete (Pickelmann and Plank, 2012). Also, PMSePCE
polymer blends showed intermediate performance regardless of the type of cement
and the cost/benefit ratio was not favorable (Coppola et al., 1997). In contrast, PCE
polymers can be conveniently used with lignosulfonates showing comparable initial
fluidity and slump retention to the pure PCE polymer (Coppola et al., 1997; GonÇalves
and Bettencourt-Ribeiro, 2000).
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Besides the main active ingredient, the superplasticizer, or blends of them, cost-
effective compounds are also often added to formulations to adjust the performance
of the final product to the users’ demands.

15.4 Conclusions

Advanced technologies are required to achieve high performance in terms of fluidity,
strength, and durability, and each concrete mix must be optimized with respect to
them. However, not all properties respond in the same way by varying the type or
dosage of a particular admixture.

This is where the art of formulation comes into play. By the experienced and
balanced combination of a limited number of compounds, a large portfolio of products
is offered to cover a much broader range of performances. However, the complexity of
cementitious systems, in particular blended ones, makes the efficiency of formulations
more demanding. As a consequence, more knowledge-based design of concrete
formulations having both a reduced environmental impact and a reliable performance
need to be found.

This can be seen as an exciting challenge in which the basic science dealing
with cementeadmixture interactions can be integrated to obtain rapid outcomes in
admixture formulations.
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16.1 Introduction

Superplasticizers are used to increase the fluidity of concrete without adding excess
water. Thesemolecules physically separate the cement particles by opposing their attrac-
tive forces with steric and/or electrostatic forces, as explained in Chapter 11 (Gelardi
and Flatt, 2016). As a result, the concrete is easier to place. The concrete workability
can be maintained for a long period of time (1e2 hours or more), which is beneficial
to many processes, including transport, pouring, pumping, compaction, and casting.

These benefits are so important and numerous that superplasticizers have become
key ingredients of modern concretes. For example, they can be used to enhance work-
ability without altering the water-to-binder (w/b) ratio that controls concrete durability
and strength (see Chapter 11; Gelardi and Flatt, 2016). They can also be used to
decrease the w/b ratio of concrete without compromising workability (Aïtcin, 1998;
Dodson, 1990). This can be used to compensate for the lack of initial strength when
mineral admixtures that do not react as quickly with water replace part of the cement
(Bilodeau and Malhotra, 2000; Saric-Coric, 2001).

An important consequence of the above is that superplasticizers can be used to
reduce the environmental impact of concrete construction by reducing the cement con-
tent per cubic meter of concrete (see Preface). Several other environmental benefits
include the reduction of water consumption, the reduction of the amount of concrete
needed to achieve a defined load bearing capacity, and the increase of concrete service
life by enhancing durability (Flatt et al., 2012).

Modern concrete can contain several chemical admixtures, and it is essential for
concrete producers to ensure that the concrete mixture will meet all the requirements
in the fresh and hardened states. Situations of incompatibilities between different
admixtures and/or between admixtures and cements should be prevented. In such
cases, unexpected behavior can arise, occasionally forcing the producer to discard
specific concrete batches. This makes it difficult to guarantee a constant quality over
time and the “robustness” of the concrete mixture is compromised.

Fortunately, the interactions between cement and chemical admixtures are becoming
better understood, so it is possible to paymore attention to the compatibility and robust-
ness of such combinations. To properly address these issues, a brief overview of the
practical benefits coming from the use of the most common superplasticizers is pre-
sented. Then, the basic impact of admixtures on rheology is detailed, combining ideally
expected behaviors with the effect of cementesuperplasticizer incompatibilities.
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16.2 Application perspective on superplasticizers
and their use

16.2.1 Main types of superplasticizers

In Chapter 9, we presented an extensive overview of the chemistry of chemical admix-
tures, in particular on superplasticizers (Chapter 9, Gelardi et al., 2016) Here, the most
used superplasticizers are listed in terms of increased water-reduction capability:

• Lignosulfonates (LS), with a limited water-reduction ability of about 10%, are currently used
mainly in formulations to enhance the workability retention in ready-mix applications.

• Sulfonated naphthalene formaldehyde condensates (PNS), also known as polynaphthalene
sulfonates (PNS), have a weak interaction with clay minerals. They have a water reduction
ability up to 30%.

• Polymelamine sulfonate (PMS) and sulfonated melamine formaldehyde condensate (PMS)
demonstrate a possible decrease of the water content in concrete up to more than 20e30%.

• Synthetic polymers, such as polycarboxylates and acrylic copolymers (PCEs), have versatile
chemical structures and can achieve up to 40%water reduction, but generally they have a low
tolerance to clay minerals.

16.2.2 Practical benefits of dispersion by superplasticizers

The different ways to use high-range water-reducing admixtures, shown in Figure 16.1,
result in either a reduced yield stress at constant solid content or water content or in an
increase of the solid content (or decrease of the water-to-cement [w/c] ratio) at constant
yield stress (Ramachandran et al., 1998). A variety of applications can be achieved by
decreasing the w/c and at the same time increasing the slump of the concrete (Aïtcin,
1998; Saric-Coric, 2001), such as in the case of self-consolidating concretes, needing
high initial slump and high strength of the hardened concrete.
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Figure 16.1 Different ways to use high-range water-reducing admixtures.
Reproduced with permission from Ramachadran et al. (1998).
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Among these practical benefits, the use of admixtures is becoming more impor-
tant in providing sustainable quality concrete mixtures by using supplementary
cementitious materials and more advanced engineering technologies, such as high
performance, self-compacting, underwater, fiber-reinforced, high-volume fly ash,
high-volume slag, and reactive powder concretes.

16.2.3 Rheological tests for superplasticizers in
cementitious systems

Several attempts have been made to determine with a limited number of tests which
combinations of cement and superplasticizer may be incompatible. However, these
efforts partially failed because of the large variety of performance measured with
different water reducers. In addition, cements cannot be fully mastered using
constrained standard norms and the direct testing case-by-case under the appropriate
operative conditions remains the only solution.

It is worth mentioning that an attempt was made to extend the standards of water
reducers to the case of superplasticizers, only to realize that it does not always
work. Additionally, some standards organizations decided to use a particular cement
as a reference, or a composite cement made of a blend of three common cements
used in a particular location. However, these approaches only specifically inform about
the specific cement or blend being used, and their results are not predictive of the
behavior of the broader range of cements used in practice. Consequently, there is no
other way than testing cement/superplasticizer combinations directly.

Because concrete tests are demanding in terms of materials, energy, time, and
space, researchers have developed simplified testing procedures on grouts and
mortars that are much easier and quicker to perform (Roussel, 2012). Recent devel-
opments in rheology have established the fundamental links between many of these
tests and basic rheological properties (Roussel, 2012). The most widely used tests
are the mini-slump, flow spread, and the Marsh cone test. These tests are usually
performed during the 90 min after mixing to evaluate how the rheological properties
change in the timeframe when concrete is placed in practice. The first two relate
directly to yield stress and the third is mainly controlled by plastic viscosity if the
yield stress is low enough (Roussel, 2012).

Surprisingly, a good correlation between Marsh cone tests and mini-slump tests
has been found using PNSs. Indeed, results have suggested that plastic viscosity
also depends on superplasticizer adsorption, but to a lower extent than yield stress
(Hot et al., 2014). This may explain the correlation between both test results. In partic-
ular, it may support the idea that Marsh cone tests may also be effective in determining
saturation points of superplasticizers. These are the dosages leading to full surface
coverage and above which little or no further effect is found (Figure 16.2).

These simplified tests are usually performed on paste rather than concrete. There-
fore, it is worth briefly mentioning that the main differences between the rheology
of these materials come from the presence of coarse aggregates and sands in the
concrete matrix. The paste between these aggregates is subject to high shear forces
(and shear energy), which is why, if prepared alone, it must be intensely mixed to
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experience similar shearing conditions as in concrete. This issue is of even greater
importance in mixes containing chemical admixtures.

Secondly, the mortar matrix in concrete must maintain the aggregates in suspen-
sion, and, in turn, the paste in the mortar must sustain the sand grains. If these condi-
tions are not fulfilled, segregation of aggregates and/or sand will occur.

Besides the mixing energy and segregation issues, the composition of aggregates
can play a key role. Indeed, the presence of swelling clays has a very negative effect
on the fluidity of concretes containing PCE superplasticizers, as explained in Chapter
10 (Marchon et al., 2016) and in Jeknavorian et al., 2003; Ng and Plank, 2012.

It is often observed in concrete that the actual dosage of water reducer used in paste or
mortar is overestimated causing, in the worst cases, excessive bleeding, segregation,
and retardation (Nkinamubanzi and Aïtcin, 1999, 2004; Aïtcin et al., 2001). This
might discourage one from using such scaled-down tests to study the performance of
superplasticized systems. However, experienced operators can easily overcome this
inconvenience by adjusting dosages in concrete depending on the required performances,
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Figure 16.2 Saturation dosages with cement A (Marsh Cone): (a) a case with PC4 illustrating
a well-defined saturation point and stable behavior over time, and (b) a case with PNS
illustrating a case of rapid flow loss, as discussed in Section 16.4.5.1.
Reproduced with permission from Nkinamubanzi and Aïtcin (2004).
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starting from the useful and fast results obtained from those tests. For example, with
PNSs, it is found that the saturation point exceeds by 20e25% the actual dosage that
has to be used in concrete in order to avoid segregation.

The use of the flow test in pastes to optimize the superplasticizer dosage represents a
relatively effective method because one would target the specific yield stress needed to
sustain aggregates of the size to be used in concrete following the relation given in
Roussel (2006a). This approach also offers a relatively effective way to formulate
concrete mix designs.

16.3 Impact of superplasticizers on rheology

It is widely understood and accepted that the main effect of superplasticizers is to reduce
the yield stress. This has very important consequences as the yield stress can be defined
as the limit stress below which the material stops flowing. It is therefore the property
that controls the casting process (Roussel, 2007). Indeed, a theoretical correlation has
been established between yield stress and the shape of the concrete at stoppage
measured by slump tests (Saak et al., 2004; Roussel, 2006b; Murata, 1984) or mini-
cone spread tests (Roussel et al., 2005; Zimmermann et al., 2009; Pierre et al., 2013).

Whether superplasticizers also affect rheological properties other than yield stress is
a subject that has been debated for many years. Results that shed new light on this
question are summarized in the next section.

16.3.1 Yield stress

In this section, we summarize the main effect of superplasticizers on yield stress. This
results from the modification of interparticle forces induced by admixtures, a subject
dealt with in more detail in Chapter 11 (Gelardi and Flatt, 2016).

Yield stress decreases with increasing superplasticizer dosage. Once the surface
coverage is completed, the interparticle distance can be estimated based on twice
the coiled size of the side chains of PCEs (Flatt et al., 2009). This approximation is
valid as long as the van der Waals forces are not large enough to cause substantial
compression of the adsorbed polymers (see Chapter 11; Gelardi and Flatt, 2016).
For a common side chain molar mass of 1000 g/mol, this interparticle distance is in
the range of 5 nm. The relationship between yield stress, the polymer structure, and
dosage has been confirmed by consolidation experiments (Kjeldsen et al., 2006).
Such results are particularly good at high surface coverages. At low surface coverage,
the situation is more complex and also of greater practical relevance. A reliable predic-
tion of the performances at low surface coverage, therefore, remains an important and
challenging subject.

As a practical consideration, this means that at a very low w/c ratio, PCE polymers
with long side chains and high carboxylic to ester (C/E) ratio can counteract more
efficiently the attractive forces than polymers with low C/E ratio and short side chains
(Winnefeld et al., 2007). The effect of superplasticizers on the rheological properties
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of cementitious materials is strongly linked to the amount of polymer adsorbed onto
the surface of cement particles (Schober and Flatt, 2006; Winnefeld et al., 2006)
(Figure 16.3).

It is worth keeping in mind, however, that this simple relationship can be altered by
the incompatibility of superplasticizers with cements, observed in the case of sulfate
competition (Yamada et al., 2001) and formation of organo-aluminate phases (Fernon,
1994; Giraudeau et al., 2009). Further details are given in Chapter 10 (Marchon
et al., 2016).

When the polymer dosage decreases below the saturation dosage, the surface is
only partially covered by the polymer and particles tend to stick together in those areas
where the polymer is not adsorbed. On the contrary, the plateau at a high dosage cor-
responds to a complete surface coverage, where particles are well dispersed and the
yield stress reaches a minimum value (Kjeldsen et al., 2006). Expressions needed to
calculate the interparticle forces in conditions of complete and incomplete surface
coverage are presented in Chapter 11 (Gelardi and Flatt, 2016).

Saturation and critical dosages can be derived by adsorption isotherms as well as by
using flow spread measurements (Yamada et al., 2000), which are related to yield
stress. Regarding the saturation dosage, earlier works have proposed to also obtain
those by Marsh cone test. However, for low yield stress fluids, this test provides
information mainly on the plastic viscosity (Roussel and Le Roy, 2005). Therefore,
the Marsh cone cannot reliably be used to detect differences between well-dispersed
pastes, although it detects differences for poorly fluid ones.

The identification of critical dosage is not as trivial as for the saturation dosage
because it is extremely dependent on the experimental conditions. In a spread flow

Figure 16.3 Correlation between adsorbed polymer and flow of cement pastes prepared with
different PCE polymers having a polymethacrylic-based backbone. (Adapted from Schober and
Flatt (2006).) Polymer notation indicates the C/E ratio as the first number, the side chain length
expressed by the number of PEO monomeric units as the second number, and the molecular
weight (Mw) in brackets. The characteristic data of the polymers were obtained combining the
data reported in Schober and Flatt (2006) and Houst et al. (2008).
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test, flow initiation occurs if the yield stress of the paste is lower than the gravitational
load on the sample, which depends on the sample height (Roussel and Coussot, 2005;
Pierre et al., 2013). Hence, for each and every different mold height, a different critical
yield stress should be obtained. Moreover, for specific cementitious systems, this
mold-specific limiting yield stress will be reached by the right combination between
volume fraction and interparticle forces. The result should therefore also strongly
depend on w/c. Provided such limitations are recognized and understood, the critical
dosage may nevertheless be a useful comparison criteria between superplasticizers.

16.3.2 Plastic viscosity

In practical cases, mainly with very low w/c ratios, concretes can have very low yield
stresses if enough superplasticizers are added, but are nevertheless defined as sticky.
This stickiness is most probably related either to plastic viscosity or to shear thick-
ening. In both cases, the excess of energy needed to increase the shear rate above
the yield stress increases with the packing fraction of solids as, for example, when
w/c is decreased.

A shear thinning behavior in superplasticized systems is generally reported in the
literature (Struble and Sun, 1995; Asaga and Roy, 1980; Bj€ornstr€om and Chandra,
2003; Papo and Piani, 2004) and results from the yield stress. Above the yield stress,
a linear dependence of shear stress on shear rate is often observed, which is why the
Bingham model is often used. As explained in Chapter 7, the slope of this linear regime
is referred to as the plastic viscosity (Yahia et al., 2016). However, the range over
which the linear regime can be assumed is still under debate.

An answer to this question can be found in the work of Hot et al. (Hot et al.,
2014) who introduced the concept of residual viscosity. This isolates the hydrody-
namic contribution from the yield stress by defining the residual viscosity as
ðmapp � s0= _gÞ. In the limit of the Bingham model, the residual viscosity was confirmed
to be independent of shear rate. However, beyond a critical shear rate, the residual vis-
cosity increases, revealing the onset of shear thickening discussed in the next section.

In terms of plastic viscosity, the approach of Hot et al. (2014) offers a less ambig-
uous determination of the shear rate range over which this parameter may be calcu-
lated. Using this procedure and testing different polymers at different dosages, they
found that viscous dissipation decreases with increasing polymer adsorption. This im-
plies that the dependence of plastic viscosity is also affected by superplasticizers,
although much less than yield stress. This occurs mainly because of the ability of
superplasticizers to keep particles apart. An additional effect of the nonadsorbed super-
plasticizer cannot be excluded but appears to be less important.

16.3.3 Shear thickening

The occurrence of shear thickening (increase of apparent viscosity at high shear rates)
becomes relevant as the solids volume fraction increases. The shear thickening
behavior of suspensions was related to a change in the lubrication regimes between
particles as shear is increased (Fernandez et al., 2013). The approach proposed
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involved determining the jamming volume fraction in the Bagnold regime. In partic-
ular, experiments involving centrifugal consolidation were suggested as adequate
means to determine this important parameter.

In an associated systematic study of the effect of polymethacrylate-based PCEs, it
was found that anchoring of PCEs on particle surfaces was the most important factor in
increasing the jamming volume fraction and, therefore, in resisting the transition to
shear thickening (Fernandez, 2014). In particular, a high density of ionic groups or
strong calcium complexing ability came out to be essential features, suggesting that
polymers may detach from the surface under high shear forces if adsorption energy
is not high enough. This aspect should be carefully taken into account when designing
superplasticizers for mixes that may be subject to shear thickening (Fernandez, 2014).

16.3.4 The importance of mixing protocol

Cementitious materials are thixotropic fluids that additionally undergo irreversible
structural breakdown under shear and are modified by ongoing reactions. This means
that their rheological behavior is time and shear history dependent. Consequently,
mixing protocols strongly influence concrete fluidity. As explained in Section 16.2.3,
particular care must be taken when scaling down rheological characterization from
concrete to paste.

As explained in Chapter 10, the addition time of chemical admixtures is a very
important factor in rheology of cementitious systems (Marchon et al., 2016): if they
are added at the beginning with the mixing water, the hydrating aluminate phase
can sequestrate them from the solution either by forming an organo-mineral phases
(Flatt and Houst, 2001; Plank et al., 2006; Giraudeau et al., 2009) or by adsorption
on ettringite, of which the specific surface can be increased in presence of admixtures
(Dalas et al., 2012). Consequently, a part of the polymer is not available for dispersing
the cement and the fluidity is reduced, although the polymer seems to be adsorbed
more extensively. Hence, the sequestration of polymers is more pronounced in
cements having high content of aluminates (Schober and M€ader, 2003). This effect
might to some extent be attenuated with a delayed polymer addition (Uchikawa et al.,
1995; Aiad, 2003).

16.3.5 Fluidity retention

Fresh concrete is well known to lose its workability over time. The extent to which this
happens depends, among several factors, on the type and dosage of the admixture and
the mixing procedure. It was demonstrated that nonadsorbed polymer fraction in
solution can impact the fluidity over time (Vickers et al., 2005). This might be
explained by assuming either the reserve of polymer in solution can interact with
new created surfaces over time or preferential interaction of polymers with aluminates
hydrating faster than silicates in the first hours of hydration. In both cases, high surface
coverages—and therefore fluidity—are maintained longer (Figure 16.4).

In terms of molecular structure, in practice, polymers having a lower amount of
charges on the backbone (lower initial adsorption) and short side chains should be
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preferred if extended workability time is desired (Vickers et al., 2005; Yamada et al.,
2000). This would more likely be the case in ready-mix applications. In precast appli-
cations, where workability retention requirements are of minor interest, more ionic
polymers are generally preferred.

A better workability retention can also be obtained by a delayed addition because
the polymer is not extensively adsorbed initially and its depletion takes longer (Aiad,
2003). This may also impact the initial fluidity that in many cases would be increased.
Higher levels of dispersion may be reached and possible segregation may occur. As a
result, in most cases, the superplasticizer dosage should be reduced. This, in turn,
would reduce the workability time, so that the final benefits are not obvious.

In an earlier section, we mentioned that the mixing process affects the initial fluidity
of concrete. This is also true for its evolution in time. For example, Vickers et al.
(2005) found out that the consumption of the polymer is much higher in concretes
than in cement pastes mixed at 700 rpm at the same conditions of w/c ratio, mixing
time, and polymer dosage. This is attributed to the fact that high energy applied on
the cement paste in concrete might form particles with higher surface area on which
polymers are adsorbed. The origin of these additional surfaces may result from a
more efficient solution exchange on particle surfaces through higher shear, leading
to more extensive formation of etch pits and globally faster hydration kinetics (Juilland
et al., 2010, 2012).

The important macroscopic observation remains, however: a faster slump loss is
generally observed when high shear rates are applied during initial mixing. Ultimately,
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Figure 16.4 Schematic presentation differentiating the polymer that is usually identified as
adsorbed (consumed) and the polymer that is actually effective in the dispersion mechanisms.
Reproduced from Flatt (2004) with permission.
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these effects most likely result from different rates of specific surface generation
through hydration reactions and their modification by shear and/or chemical admix-
tures, something covered in Chapters 10 and 12 (Marchon et al., 2016; Marchon
and Flatt, 2016b).

16.3.6 Delayed fluidification

In concretes, an increase of the fluidity over time, called overfluidification, can be
measured. Regnaud et al. (2006) demonstrated that a higher mixing energy and pro-
longed mixing produce a lower overfluidification. In this study, delayed fluidification
resulted from the competition between sulfates and PCEs.

This effect is more pronounced with PCEs having a lower affinity for the surface. In
fact, they cannot adsorb extensively because of the high initial sulfate concentration.
Consequently, a higher PCE dosage is needed to reach the aimed reference fluidity.
As aluminate hydration progresses and consumes sulfates, PCEs from the solution
are adsorbed onto the cement particles, increasing dispersion and fluidity.

This study also showed that overfluidification is promoted in the presence of
hemihydrate, because it strongly increases the initial sulfate concentration in solu-
tion. Sulfates, with the calcium ions dissolved, react and form ettringite, causing a
stronger time evolution in sulfate concentration than with the alkali sulfates.

Delayed fluidification can also be observed with acrylic backbones because they
rapidly lose their side chains through hydrolysis at high pH (Gelardi et al., 2016,
Chapter 9). Their charges increase over time, as well as their dispersion efficiency
(at least as long as enough side chains remain on the polymer).

Therefore, delayed fluidification is a property that can be beneficial or detrimental.
In many cases, an increased dispersion over time may be undesirable because unex-
pected bleeding or segregation may occur during transportation—or even worse—after
placing. In turn, delayed fluidification is beneficial for extending the workability time,
in particular by combining different types of polymers in formulated products
(see Chapter 15, Mantellato et al., 2016).

16.4 Unexpected or undesired behaviors

16.4.1 General considerations

Now that the technological and economical potential of superplasticizers has
been realized, it has been possible to see unprecedented research efforts devoted
to deeply understand interaction mechanisms responsible for incompatibilities and
slump loss problems. However, unexpected behaviors using superplasticizers
are not restricted to workability loss. Indeed, superplasticizers may detrimen-
tally impact the effect of other chemical admixtures, like in the case of air-
entrainers (see Section 16.4.6). This involves a competitive adsorption at liquidevapor
interfaces, unlike water reducers and superplasticizers working at solideliquid
interfaces.
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As summarized in the previous sections, the effectiveness of superplasticizers
depends on the amount of adsorbed molecules (surface coverage) and on the confor-
mation in their adsorbed state. Any factor affecting them may perturb the performance
in concrete. In particular, various processes can reduce the amount of superplasticizers
available per unit surface of fine particles in suspension. These are discussed in detail
in Chapter 10 (Marchon et al., 2016) and can be summarized as follows:

• Competitive adsorption. Preferential adsorption of a compound that prevents the superplas-
ticizer from adsorbing (e.g., sulfates, hydroxyls, and retarders). This depends on the relative
affinity of the competing compounds for surfaces as well as on their relative concentrations.

• Increased specific surface area. Modification of the surface on which admixtures adsorb, by
the interaction with hydration products, having higher specific surface area than anhydrous
phases.

• Formation of organo-aluminate phases. Sequestration of admixtures in the internal layers
of AFm phase.

• Adsorption onto clay minerals. This process is of particular concern for PCE superplasti-
cizers, because of the strong affinity of their PEG-based side chains for clay minerals, mainly
smectites.

These incompatibilities are intimately related to cement composition and variations
thereof. We therefore dedicate another subsection to this question. On this basis,
we propose a discussion of the processes controlling performance change.

16.4.2 Inadequacy of standard tests to identify incompatibilities

At first glance, it could be thought that all cements that satisfy the same standard
requirements should behave in the same way when tested with the same superplasti-
cizer. Among the documented cases, it can be stated that the use of superplasticizers
in concrete having a low w/c ratio enhances possible problems.

Unfortunately, the workability tests used to qualify cements are done on mortars
without admixture under standard conditions, implying the use of a high w/c ratio
of 0.50 (ASTM C109). The rheology of such a mortar is essentially controlled by
water. Under these conditions, even moderate shear forces are sufficient to break
down agglomerates and initiate the flow. This results from a lower number of fine
particles per unit volume, which, in turn, is controlled by the selected w/c, as explained
in Chapter 7 (Yahia et al., 2016).

This also implies that this standard test makes it almost impossible to see problems
associated with the use of a superplasticizer. This is why superplasticizers must be
generally tested for each particular cement in the actual conditions of use, generally
at much lower water contents. Typically, more particleeparticle contacts per unit
volume of paste are present and their cohesiveness must be reduced for the material
to flow under the same conditions as before. Therefore, at low w/c and with superplas-
ticizers, it is the effective surface coverage of cement particles by superplasticizers that
controls workability (see Section 16.3.1 and Chapter 11 (Gelardi and Flatt, 2016))—
something that standard mortar tests are not designed to evaluate.

Finally, in a system without admixture, the flow evolution in time depends on the
formation rate of the first hydration products. On the contrary, in superplasticized
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systems, these reactions can have a much greater efficiency because the surface
coverage of cement grains by superplasticizers can be reduced.

16.4.3 Robustness of cement/superplasticizer
combinations in concrete

A concrete mixture is considered to have a robust behavior when a little variation in the
composition of one of the ingredients of the mixture does not lead to a big variation of
the properties of the concrete (Figure 16.5).

Tests done with different combinations of cements and superplasticizers showed
that a good compatibility and a well-optimized concrete mixture do not necessarily
mean a robust mixture. Indeed, a little variation in the dosage of the admixture could
lead to detrimental side effects such as segregation, excessive set retardation, or excess
air content in concrete.

In the so-called incompatible cement/superplasticizer combinations, it is always
possible to find a very narrow range of the superplasticizer dosage necessary to achieve
good performance in fresh concrete. However, a very slight deviation from the ideal
dosage might result in either a rapid slump loss, unacceptable bleeding/segregation,
excessive set retardation, or excess air content in concrete. Such behavior is usually
referred to a nonrobust combination or process (Nkinamubanzi and Aïtcin, 2004).

Of course, any industry is looking for robust combinations or systems, and would
reject very efficient but nonrobust combinations to the profit of less efficient ones
that are much more robust. However, for cost reasons, one would also like to use
a highly effective product of which only a small amount must be used. This high
efficiency at low dosage, however, goes against the principle of robustness, as the
response to dosage slope increases. As a general rule, modern industries always
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Figure 16.5 Robustness of an industrial process. In the case of the effectiveness of cement/
superplasticizer combinations, the variable V typically represents either the superplasticizer
dosage, the grading of the aggregates or the sand humidity, while the property P represents
either, the concrete’s slump, setting time, or initial strength.
Reproduced with permission from Aïtcin et al. (2001) and Nkinamubanzi and Aïticn (2004).
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make compromises between efficiency and robustness: the first is often linked to
costebenefit issues, the latter for obtaining constant performances.

16.4.4 Role of cement composition

As observed from the example in the previous paragraph, the cement composition and
physico-chemical properties influence the compatibility between cement and super-
plasticizer. Among these, C3A content, fineness, the nature of the calcium sulfate
(CaSO4) used to control the aluminate phase reactions, as well as the soluble alkalis
content are considered the most relevant factors in controlling the rheological proper-
ties of cementitious systems.

16.4.4.1 Soluble alkalis and their relation with aluminates

Soluble alkalis, mostly based on Na and K sulfates, dissolve almost immediately,
providing sulfates ions to the aqueous phase. These negatively charged species
compete with the superplasticizers (also negatively charged) for incorporation in
aluminate hydrates (Yoshioka et al., 2002; Giraudeau et al., 2009; Yamada et al.,
2001) and/or adsorption at the surface of hydrated and/or anhydrous phases (Yamada
et al., 2001).

In cements with low alkali contents, the aspect of incorporation (or specific surface
modification) appears to dominate. Indeed, such cements strongly adsorb the super-
plasticizer in a few minutes, leaving too low amounts of admixture in solution to
maintain the fluidity over time (see Section 16.3.5).

These interpretations are supported by the fact that the amount of PNS adsorbed on
the cement grains decreases quasi-linearly when the alkali and alkaline sulfate contents
increase in the cement grouts (Figure 16.6).

However, additions of small amounts of sodium sulfate can improve the
slump retention for low-alkali cements, because of the reduced consumption of
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superplasticizers in organo-mineral phases and/or limited increase in specific surface
area (Aïtcin et al., 2001; Kim et al., 2000; Flatt and Houst, 2001; Giraudeau et al.,
2009).

Based on the above result, a reduction in the degree of adsorption would improve
workability (retention), which might be viewed as a contradiction to basic dispersion
mechanisms. It has been proposed that, in this case, sulfates reduce the scavenging of
superplasticizers by aluminate phases, leaving a large amount available for dispersion
(Flatt and Houst, 2001). This should be related to the reactivity of C3A and the
availability of the sulfate carriers as well as the alkali content.

The contents in C3A and soluble sulfates, as well as the fineness of the cements, are
key parameters to be considered because they play an important role in the very early
stage of hydration reactions, affecting the interactions between cement and admixtures
(Jiang et al., 1999; Kim, 2000; Tagnit-Hamou et al., 1992; Flatt and Houst, 2001).
Some authors (Nkinamubanzi et al., 2002) have reported that the ratio of the C3A
content and its soluble sulfate (SO3 sol.), expressed as soluble SO3/C3A, is a key
parameter that governs the compatibility and the robustness of the cemente
superplasticizer combinations (Figure 16.7).

Similar conclusions have recently been obtained in a study also involving PCEs
(Habbaba et al., 2014). The authors adjusted dosages for cement pastes to exhibit
the same initial flow and evaluated the flow changes induced by both direct and
delayed addition. They suggested that flow increase observed in the case of the delayed
addition is justified by the fact that a certain amount of superplasticizer has been
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mobilized during the initial formation of aluminate hydrates. Conversely, in case of
similar flow, the superplasticizer remains available. In their selection of cements,
this occurred if the molar ratio of soluble sulfate to C3A is larger than about 2. On
this basis, these authors similarly concluded that the amount of soluble sulfates deter-
mines the amount of polymers that are “scavenged” during the initial hydration of C3A.

This result is interesting and useful. However, it is not clear if the molar ratio of two
has a chemical meaning and if it can be generalized. Indeed, during the initial contact
of water and cement, a large portion of the alkali sulfates is solubilized, but only a
small fraction of the C3A reacts. This brings us to the question of the initial reactivity
of mineral phases in cement and their exposure to water, presented in the next section.

16.4.4.2 Surface mineralogy

The interaction between cement and superplasticizer is a surface phenomenon. The
surface mineralogy of cement particles conditions the nature and density of the
electrical charges, being the interstitial phase enriched in positive sites and the silicate
phases in negative sites. In past years, relatively little attention has been cast on this
aspect. In this section, some concepts are schematically presented to illustrate the
possible impact of changes in surface composition of cement grains.

For this, we return to the five hypothetical cement particles presented in Chapter 3
(Figure 3.7; Aïtcin, 2016a). They all have the same interstitial phase/silicate phase
ratio. However, their surfaces exposed to water and superplasticizers are very different
(C3S for G1, C3A and C4AF for G2, C3S and a small amount of interstitial phase for
G3, etc.). This has a strong effect on initial reactivity (rate of formation of new sur-
faces), but also on the affinity that superplasticizers can have for these surfaces. Conse-
quently, the performance of these admixtures can be expected to be very different
between these different cases.

These examples are extreme and differences between cements will be lower.
However, they illustrate how surface rather than bulk mineralogy can influence super-
plasticizerecement interactions in the initial stages of cement hydration. Therefore, the
fundamental question is whether the surface mineralogical composition is or is not the
same as the bulk one. This would be expected if during grinding, cracks do not
substantially deflect at grain boundaries. Recent numerical modeling results of this
process do not indicate that such deflections are important (Carmona et al., 2015;
Mishra et al., 2015). Therefore, bulk composition probably represents a relatively
good first approximation for surface composition.

16.4.5 Role of superplasticizers

16.4.5.1 PNS and PMS

Nowadays, the quality of PNS and PMS for use in concrete technology is well
mastered. A good commercial PNS polymer has a sulfonation degree around 90%,
with more than 85% of these groups in the b-position. Crosslinking can also
be well under control in order to maintain the maximum of flexibility of the polymer
chains (Piotte, 1993; Nkinamubanzi, 1993; Jolicoeur et al., 1994; Spiratos et al., 2003).
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Beyond these process parameters, the only real leverage on these superplasticizers
is their molecular mass, in the range of 32e75 kD in the case of PNS (Spiratos
et al., 2003). This only leaves a narrow range of variations, so that incompatibilities
with cement should come mainly from the cement. More specifically, as mentioned
above, soluble alkali and C3A content play an important role.

Results in Figure 16.2(a) show that, beyond the saturation dosage, the risk of
bleeding and segregation increases rapidly and drastically for nonrobust combina-
tions. Moreover, the extra superplasticizer added beyond that saturation dosage results
in a strong retardation. On the contrary, a high initial fluidity can be achieved with a
quite low superplasticizer dosage, 0.6e0.8% for a PNS, and this fluidity is easily
maintained up to 2 h at 20 �C using different cement/superplasticizer combinations
(Figure 16.2(b)). The sensitivity of PNSs to cement composition follows the principles
described in Section 16.4.4.

16.4.5.2 Different sensitivity of PCEs

Polycarboxylate comb-copolymers allow a much larger flexibility in molecular design
(Gelardi et al., 2016, Chapter 9). From this perspective, it is important to insist on the
fact that there is not one PCE but a family of PCEs that may have quite different be-
haviors. Specifically, their susceptibility to incompatibilities with cement relates to
their molecular structure.

To illustrate this point, let us consider cements with a high (enough) alkali content
so that they are not sensitive to scavenging. In these cases, variations in the alkali
content affect the extent of competitive adsorption. Specifically, an increase of the
alkali sulfates reduces both adsorption and flow (Yamada et al., 2001). However,
the susceptibility of superplasticizers to this depends on their affinity for the surface,
which can be related to molecular structure (Marchon et al., 2016, Chapter 10).

Concerning cement with low alkali content, the work of Habbaba et al. (2014) (see
Section 16.4.4.1) illustrates that there are differences among the polymers, but it does
not determine how these variations relate to molecular structure. In what follows, we
propose to examine the flow increase due to the shift from direct to delayed addition.

For PCEs, flow spread diameters vary linearly with the amount of adsorbed poly-
mer (Figure 16.3). Hence, the consequent flow increase is expected to be proportional
to the amount of polymer scavenged during the initial aluminate reaction. As shown in
Figure 16.8, there is a clear trend with respect to the polymer side chain length: longer
side chains lead to less PCE consumption and decreased fluidity, as explained in
Habbaba et al. (2014). Furthermore, this trend is qualitatively the same whether the
cement with the lowest (almost zero) alkali content or the average of those with a
soluble alkali-to-C3A ratio lower than 2 are considered (the other not being relevant
for the present discussion).

A priori, it can be assumed that the polymer consumption relates to the affinity of
the polymer for a surface. From this perspective, we propose the use of the adsorption
equilibrium constant scaling law presented by Marchon et al. (2013) and explained in
Chapter 10 (Marchon and Flatt, 2016a). Moreover, because adsorption energy is prob-
ably the driving force of excess polymer consumption, polymers with higher adsorp-
tion energy must be more effectively mobilized by the forming aluminate hydrates.
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Therefore, we plot data versus the natural log of this equilibrium constant, which
relates to adsorption energy. As shown in Figure 16.9, we obtain a linear relation
with a very high correlation coefficient. The fact that it passes through the origin is
probably coincidental because there are unknown numerical constants whose variation
would shift the curve up or down. Nevertheless, in the context of this section, this
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Figure 16.8 Illustration of the flow increase obtained in Habbaba et al. (2014). Values shown
here are for the close-to-zero alkali cement as well as the average over the five cements for which
the soluble alkali-to-C3A ratio is <2. The number in front of the polymer label indicates the
number of groups EO units in the side chains.

Figure 16.9 Dependence on the flow increase (assume proportional to the amount of scavenged
polymer) with respect to the natural logarithm of the adsorption equilibrium constant calculated
from molecular structure (Marchon et al., 2013). For this, we use the C/E value of 6 common to
all the polymers and the molar mass information given in Plank et al. (2010).
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result at least suggests the possibility to develop molecular structure-based arguments
to account for the scavenging of PCEs during the hydration of aluminate phases.

In general terms, it is important to emphasize that well-designed PCEs aremore effec-
tive than PNS at equivalent surface coverage. This results from a thicker polymeric layer
with PCEs and, consequently, more effective steric hindrance, as explained in Chapter
11 (Gelardi and Flatt, 2016). Therefore, lower dosages of PCEs are needed to obtain
the same or better workability (provided the PCEs adsorb enough). Consequently,
because less PCEs are available in the pore solution, their ability to moderate initial reac-
tivity of C3A may be reduced. This is, of course, an ultrasimplified statement because
dosage, molecular structure, and formulation play very important roles. However, it
has the advantage of helping us to remember that a decrease of admixture dosages
can a priori make the fluidity retention more difficult even if the initial flow is preserved.

16.4.6 Interaction with other admixtures

Modern concrete very often contains two or more chemical admixtures in order to
improve its fresh and/or its hardened properties. Besides admixtureecement interac-
tions examined in the previous sections, it is also important to master possible
problems due to admixtureeadmixture interactions and incompatibilities.

The air content stability of the fresh concrete and the quality of the air voids system of
the hardened material necessary to achieve the frost resistance of concrete in the pres-
ence (or not) of deicing salt is the most frequent problem. In this case, a competitive
adsorption at liquidevapor interfaces is involved, unlike water reducer and superplasti-
cizers working at solideliquid interfaces.

Most of the water reducing admixtures may affect the air-entraining capability
of both air-entraining cement and air-entraining admixtures (AEAs) (Rixom and
Malivaganam, 1999). Lignosulfonates entrain air to various degrees ranging from
2% to 6%, although higher amounts have been reported. Bedard and Mailvaganam
(2005) reported that concretes in which lignin-based water reducers (WRA) and
AEAs were combined showed a substantially higher air content than those concretes
in which AEA was added alone. However, the specific surface of the air bubbles
in fresh concretes with WRA was substantially reduced. Furthermore, the delayed
addition of WRAs was further detrimental to the stability of the air-void system.

As explained in Chapter 6, the addition of superplasticizers, which to some extent
can be also considered as surfactants, can modify the relationship between the air con-
tent and the spacing factor (Aïtcin, 2016b) and sometimes significantly destabilize the
air-void system (Rixom and Mailvaganam, 1999). Details of the mechanism of air
entrainment in concrete are discussed in Chapters 10 and 15 (Marchon et al., 2016;
Mantellato et al., 2016). Concretes with high-range water reducers can have larger
entrained air voids and higher void-spacing factors than normal air-entrained concrete
(Baalbaki and Aïtcin, 1994; Plante et al., 1989; Nkinamubanzi et al., 1997). This
would generally indicate a reduced resistance to freezing and thawing. However,
laboratory tests have shown that concretes with a moderate slump using high-range
water reducers have good freezeethaw durability, even with slightly higher void-spacing
factors (Rixom andMailvaganam, 1999).

370 Science and Technology of Concrete Admixtures



The effect of naphthalene- and melamine-based superplasticizers on the air entrain-
ment in high-performance concrete has been extensively studied. It has been demon-
strated that a higher amount of air-entraining admixture was needed to entrain an
adequate air voids systems in high-performance concrete when these families of
high-range water reducers were used (Lessard et al., 1993; Pigeon et al., 1991; Baabaki
and Aïtcin, 1994). Laboratory and field tests have shown that high-performance
concretes with an adequate air content in the fresh state and a required air-voids system
in the hardened concrete can be achieved with these types of high-range water reducers
(Aïtcin and Lessard, 1994; Rixom and Mailvaganam, 1999).

Polycarboxylate-based superplasticizers are well known to cause significant air-
entraining issues (Macdonald, 2009; Eickschen and M€uller, 2013). This is one of
the most problematic issues in the North American market. In practice, it might happen
that the air-void parameters measured on the hardened concrete are not met despite the
total air content of the fresh concrete complied with the requirements. The combination
of a proper defoaming agent with polycarboxylates admixtures in formulation solves
mostly this problem (Xuan et al., 2003; Chapter 15, Mantellato et al., 2016). However,
some presently used defoaming agents have been reported to produce unacceptable re-
sults in the field (Kuo, 2010). In past years in North America, cases of concrete mix-
tures rejection on the job site due to air content fluctuation caused by the use of
inadequate combinations of PCEs and defoamers are not negligible. In North America,
when the air-voids system properties (spacing factor) are critical, PNS-based admix-
tures may be preferred.

16.5 Conclusions

Superplasticizers are essential components of modern concrete, allowing the produc-
tion of highly durable structures with reduced environmental impact. Their working
mechanisms rely on their molecular structures and physicalechemical interactions
taking place between them and the surface of cement particles. Unfortunately, standard
workability tests in cement norms are not adequate for testing these interactions, so
combinations of cement and superplasticizers must be tested on a case-by-case basis.
In some situations, it is difficult or impossible to find a robust combination giving the
desired workability and workability retention without excessive retardation. Such
situations are described as cementesuperplasticizer incompatibilities.

Such situations represent a major concern in practice. However, they are relatively
poorly documented in the literature. This is probably due to the fact that incompatibil-
ities can have several origins and manifest themselves in various ways. It is also some-
thing that typically emanates from practical situations in which empirical quick-fix
solutions are rapidly sought through changes of mix design. In most cases, this
approach may be effective in the short term, but it can lead to situations in which small
changes in the composition of one or the other mix components (amounts, nature, or
purity) will sooner or later lead once again to inadequate concrete quality, as it has
been shown for nonrobust combinations.

Superplasticizers in practice 371



This chapter has attempted to better define the origin of these incompatibilities,
highlighting the role of soluble alkali, C3A, and specific surfaces. It is hoped that
the mechanistic insight provided along with recommended testing approaches will
help users to better control the quality of admixed concrete.
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Air entraining agents 17
R. Gagné
University of Sherbrooke, Sherbrooke, QC, Canada

17.1 Introduction

Concrete always contains a (more or less important) volume of air bubbles. These bub-
bles are formed during the mixing of concrete. In the absence of an air entraining
agents (AEA) or a contaminant that entrains air, the total volume of air entrapped in
concrete is usually between 1% and 3%. In order to increase the amount of air present
in the concrete, it is necessary to introduce an AEA in the concrete (see Chapter 6;
Aïtcin, 2016b).

Generally speaking, the entrainment of a small amount of tiny bubbles improves
some other properties of the fresh and hardened concrete (see Chapter 6;
Aïtcin, 2016a). In Nordic areas, the use of entrained air is recommended in
concrete exposed to freezing and thawing cycles, depending on the presence of
deicing salts.

17.2 Mechanisms of air entrainment

The shear paddles of a mixer create vortexes that trap air bubbles in the paste and the
mortar. In the absence of an AEA, the air bubbles that are trapped in the paste or in the
mortar are not stable and coalesce to form coarser bubbles. These coarse bubbles are
submitted to a buoyancy upthrust so that they are eliminated at the top surface of the
concrete. Later, the vibration will also facilitate the elimination of the last coarse air
bubbles still trapped in the fresh concrete so that the final volume of entrapped air
in concrete is quite small, usually less than 3%. These entrapped air bubbles have
diameters of 0.3e5 mm, close to that of sand grains. These bubbles cannot efficiently
protect concrete against an attack of freezing and thawing cycles (Pigeon and Pleau,
1995).

During concrete mixing, the introduction of an AEA favors the formation of
numerous finer air bubbles that are very stable and do not coalesce. These intention-
ally entrained tiny air bubbles have usually a diameter of 5e100 mm, like cement
particles. When formulating a concrete mix, it is possible to control the volume of
entrained air and the structure of the bubble network through the selection and the
dosage of an appropriate AEA.

As seen in Chapters 6 and 9, AEAs are organic molecules having various chemical
compositions that are acting as surfactants (Aïtcin, 2016b; Gelardi et al., 2016).
These molecules have usually a hydrophilic termination bound to a hydrophobic
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chain, as described in Chapter 9 (Gelardi et al., 2016). The hydrophobic and hydro-
philic ends of the AEA are adsorbed at the airewater or cementewater interfaces
(see Chapter 10; Marchon et al., 2016). This adsorption decreases strongly the aire-
water superficial tension. The higher the concentration of the surfactant, the greater
the decrease of the surface tension of the solution, so that the AEA favors the stabi-
lization of small bubbles because of this decrease of the superficial tension at the
airewater interface.

Two principal mechanisms are proposed to explain the stabilizing function of the
AEA (Kreijger, 1967). The first one implies the hydrophilic termination of the air-
entraining molecules that can be fixed on the positive sites existing at the surface of
cement particles. The air bubbles are maintained at a certain distance from each other
and are fixed on a solid surface of the suspension.

The second mechanism involves the capacity of certain types of molecules to pro-
duce an insoluble hydrophobic precipitate that forms a membrane at the watereair
interface so that the air bubbles are coated with a sufficiently thick and strong solid
film to generate a steric effect that favors the dispersion of the air bubbles and avoids
their coalescence (Mielenz et al., 1958).

17.3 Principal characteristics of a bubble network

The principal characteristics of an air bubble network are as follows:

• The total volume of the entrained air
• The average volumic surface of this system
• The spacing of the air bubbles in the network

The total volume of the air bubbles is usually expressed as a percentage of the total
volume of a concrete. In a non-air-entrained concrete, usually this volume is smaller
than 3%. In an air-entrained concrete, the total volume of air may vary between 4%
and 10% according to the specifications.

Two standard testing methods exist to measure the total volume of air in fresh
concrete. For normal weight concretes made with relatively dense aggregates, the
ASTM C231/231M test method (Air content of freshly mixed concrete by the pres-
sure method) is based on the change in volume of concrete with a change in pres-
sure. It uses a portable apparatus (air meter) with a basic operational design
employing the principle of Boyle’s law (ASTM, 2010). For lightweight concrete
or concretes made with highly porous aggregates, the ASTM C173/C173M test
method (Air content of freshly mixed concrete by the volumetric method) measures
the air contained in the mortar fraction of the concrete, but it is not affected by air
that may be present inside porous aggregate particles. It uses a portable apparatus
(air meter) to measure the volume change after the addition of water and isopropyl
alcohol to dispel air void and foam (ASTM, 2012a). Using these test methods to
measure the total volume of air does not provide any indication of the dimension
and spacing of air bubbles.
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The spacing of the air bubbles is a very important parameter that influences the degree
of protection of a concrete facing freezing and thawing cycles. This spacing is charac-
terized by what is called the spacing factor ðLÞ. In fact, the spacing factor characterizes
the average spacing of the air bubbles as measured when observing bubbles sections
appearing on a polished concrete surface under an optical microscope (ASTM C457/
C457M, 2012b; Chapter 6; Aïtcin, 2016b). The calculation of L takes into account
the total volume of the bubbles and their dimensions. For a uniform air-bubble network
composed of an average-size air bubble, L is the half-distance between two adjacent air
bubbles (Figure 17.1). The spacing factor of a non-air-entrained conventional concrete is
usually greater than 700 mm, while a concrete well protected by a satisfactory network of
entrained air has a spacing factor that varies from 100 to 200 mm.

The average volumic surface of a bubble network (a) corresponds to the ratio of the
surface and the volume of an average dimension air bubble (expressed in mm�1). The
average volumic surface is obtained when calculating the spacing factor using the
ASTM C457/457M standard procedure. When the average dimension of the air bub-
bles decreases, the volumic surface increases. The volumic surface of a satisfactory
bubble network obtained using an appropriate dosage of an AEA is usually greater
than 25 mm�1 (Pigeon and Pleau, 1995). Figure 17.2 shows that the fulfillment of
this requirement results usually in the production of a spacing factor lower than
200 mm (Saucier et al., 1991).

17.4 Production of a bubble network

To optimize the composition of an air-entrained concrete, it is necessary to select and
find the dosage of the AEA that will produce a network of air bubbles, of which the
total volume and spacing factor are within the specifications. It is also necessary to

Figure 17.1 Schematic representation of the spacing factor of air bubbles ðLÞ.
Courtesy of Prof. Richard Gagné.
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check the stability of the network of air bubbles in order to be sure that it will not be
modified during transportation, pumping, and placing.

The process of formulating an air-entrained concrete is not always easy and neces-
sitates very often an iterative approach. It is not possible for admixtures companies to
propose precise dosages of their proprietary product, permitting them to immediately
obtain the bubble network corresponding to the specifications. This is mainly due to
the wide diversity of commercial AEA and the high number of mixture designs and
placing parameters influencing the production of the bubble network. The process
of selecting the AEA optimal dosage must start with the values found in the technical
sheets of the AEA, starting with the lowest value, then the average value, and finally
the highest value (the artillery technic for fixing the firing parameters). Then, it is easy
to make an interpolation.

The selection of the optimum dosage depends on the materials used to make con-
crete (cement, supplementary cementitious materials; aggregates particularly sand and
other admixtures) of the waterecement ratio (w/c) or waterebinder ratio (w/b), the
mixing method, the type of mixer, and the conditions of placing (temperature, vibra-
tion, etc.).

First, trial batches are made in the laboratory to find a dosage as close as possible to
the final dosage before doing field trial batches with the mixing system used and
ambient conditions. Of course, the increase of the AEA dosage results in an increase,
not necessarily linear, of the volume of entrained air. It must be mentioned that the
increase of the volume of air often results in an increase of the workability of concrete
and a decrease of its compressive strength. Therefore, in some cases, it will be neces-
sary to decrease the w/c or w/b or adjust the water dosage to satisfy at the same time the
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Figure 17.2 Typical relationship between the volumic surface (a) and the spacing factor ðLÞ of
an air-bubble network in concrete (Saucier et al., 1991).
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requirements on workability and strength. However, the production of the total volume
of entrained air within the specification does not guarantee that the spacing factor of
this network of air bubbles is satisfactory. However, usually commercial AEAs pro-
vide a satisfactory spacing factor for a good protection against the action of freezing
and thawing cycles. ASTM procedures C233/C233M and C260/260M cover the test
methods and the standard specifications for air-entraining admixtures for concrete
(ASTM 2011, 2010b).

The volume of entrained air necessary to obtain a spacing factor of 200 mm is var-
iable and depends on the type of AEA, the type of concrete, and the mixing equipment
to produce it. Figure 17.3 presents experimental data showing the relationship between
the spacing factor and the total volume of air (Saucier et al., 1991). The same total
volume of air may correspond to different spacing factors. For a total volume of air,
the smaller the average dimension of the air bubbles, the smaller the spacing factor
(bubbles are closer to each other). The average dimension of the air bubbles varies
greatly depending on the type and dosage of the AEA and, of course, of the mixing
equipment. The data of Figure 17.3 show that the usual range of specified total volume
of air (4e8%) gives spacing factors varying between 100 and 400 mm.

17.4.1 Influence of formulation parameters

17.4.1.1 Cement

In the technical data of commercial AEAs, the dosage of the AEA is usually
expressed as a function of the mass of cement (mL of AEA/kg of cement). When
the cement dosage of 1 m3 of concrete increases, the volume of paste increases so
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it is necessary to stabilize more air bubbles to protect it against freezing and thawing
or to improve concrete rheology. Therefore, when expressing the AEA dosage as a
function of the mass of cement, it is easier to determine the quantity of AEA required
to achieve the desired air volume. Moreover, the efficient use of an AEA is directly
linked to the dosage of water in concrete. The air entrainment is less efficient when
the water dosage is high; therefore, it is necessary to have a higher amount of AEA.
Concretes having a high cement dosage have usually a high water dosage. Therefore,
again, when expressing the AEA dosage as a function of the mass of cement, it is
easier to optimize the AEA dosage as a function of the water dosage of the concrete.

The finer the cement is, the higher is the AEA dosage necessary to produce a certain
volume of air. For the same amount of cement, a higher fineness increases the amount
of AEA absorbed on solid surfaces (see Chapter 10; Marchon et al., 2016). Conse-
quently, less AEA remains in solution for producing and stabilizing the air bubbles
(Du and Folliard, 2005).

The alkali content of a cement may also influence the production and stability of a
network of air bubbles. An increase of the alkali content of a cement from 0.6% to
1.25% Na2Oeq. has resulted in a 0.5% increase of the total volume air for concretes
with and without entrained air (Samoui et al., 2005). A cement rich in alkalis increases
the stability of the bubble network (Plante et al., 1989).

17.4.1.2 Consistence and superplasticizer

The consistence and rheological properties of a concrete may have a great influence on
the production of the network of air bubbles. The air bubbles are produced by the action
of the vortexes created by the paddles of the mixer. If the concrete is too fluid, the vor-
texes are formed easily, but the paste and the mortar cannot stabilize sufficiently the air
bubbles. These bubbles rapidly migrate to the surface of concrete under buoyancy up-
thrust so that they are lost very rapidly after their formation during mixing, transporta-
tion, and placing (vibration). On the contrary, when the viscosity of concrete increases, it
is more difficult to shear concrete during mixing so that it is necessary to generate more
energy to create the vortexes responsible for the formation of the air bubbles, but the
network obtained is usually very stable due to the great viscosity of the paste that limit
the mobility of the air bubbles. Experience shows that it is possible to produce a satis-
factory network of air bubbles in viscous concrete using a higher dosage of AEA. In
practice, it is observed that for a certain amount of AEA, the volume of entrained air in-
creases when the slump passes, for example, from 75 to 150 mm. When the slump ex-
ceeds 150 mm, the volume of entrained air may decrease due to the increasing instability
of the big bubbles that are moving upward to the surface of the concrete (Dodson, 1990).

A variation in the w/c could influence concrete consistency and consequently the
entrainment of air. For example, a decrease of w/c results in an increase of the yield
stress and the viscosity of the paste. According to Du and Foliard (2005), an increase
of the yield stress and the viscosity of the paste generates “energy barriers” that prevent
the formation of air bubbles. Moreover, it is possible to define a relationship between
the yield stress of the paste and the size of the largest stable inclusion having a different
density than the paste (Roussel, 2006).
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Superplasticizers may increase or decrease the volume of entrained air according to
their dosage, their chemical nature, and the slump of concrete. These variations depend
on two essential mechanisms:

• The modification of the consistency of the cement paste
• The possibility of a chemical interaction with the AEA

According to the mechanism described in the previous paragraphs, the addition of a
superplasticizer usually facilitates the production of a network of air-entrained bubbles
by decreasing the yield stress and the viscosity of the paste (Du and Folliard, 2005). It
is necessary to avoid an overdosage of superplasticizer because a too low yield stress
of the paste can create an instability of the air bubble system (air loss during transpor-
tation and placing).

The chemical nature of the superplasticizer can influence the mechanism of
production and the stability of the air-entrained bubble network (see also Chapter 16;
Nkinamubanzi et al., 2016). Polynaphtalene-based superplasticizers have usually
very few chemical interactions with commercial AEA. For example, for a given
polynaphtalene-based superplasticizer, the relationship between the AEA dosage
and the volume of entrained air is rather linear. Therefore, it is easy to optimize
the dosage of the AEA in order to obtain the total volume of air required.

As a consequence of their chemical nature, the polycarboxylate-based superplasti-
cizers present usually have secondary effects: they entrain some air. In order to fight
this air entrainment, commercial polycarboxylate formulations often contains a certain
amount of defoamer to limit the production of an excessive volume of air. Moreover,
presently, the chemical composition of polycarboxylate-based superplasticizers is
quite variable; therefore, the possibility of an interaction with the AEA is more
frequent and difficult to predict. When polycarboxylate-based superplasticizers
contain some defoamer, it is usually necessary to use a higher dosage of AEA to coun-
teract the action of this defoamer.

The relationships between the dosage of a PCE superplasticizer and the AEA
dosage and the total volume of air are not linear. For example, low AEA dosages pro-
duce very little air; however, as soon as a critical dosage of the AEA is reached, the
volume of air increases rapidly. It has been observed that a particular
polycarboxylate-based superplasticizer had increased drastically the total volume
of air over 10% during the transportation of the concrete from the plant to the field
(Gagné et al., 2004).

When combining the use of a polycarboxylate-based superplasticizer and an AEA,
a more or less great proportion of the total volume of entrained air may be produced by
the action of the superplasticizer and not by the AEA. The bubbles produced by the
superplasticizer are usually coarser than those produced by the AEA (Pigeon et al.,
1989; Plante et al., 1989). The coarse air bubbles entrained by the superplasticizer
do not protect concrete against the action of freezing and thawing cycles because
they do not decrease the spacing factor. In the case of some cement/AEA combina-
tions, the spacing factor may pass from less than 200 mm before the introduction of
the superplasticizer to close to 400 mm after the addition of the superplasticizer (Plante
et al., 1989).
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From a practical point of view, producing a satisfactory bubble network giving
good protection against freezing and thawing cycles requires that the network of air
bubbles is entrained principally by the AEA and not by the secondary function of
the superplasticizer. The specific nature of the interactions controlling this means
that general relations between superplasticizer and AEA cannot be given in the
same way as for the role of cement types. Being aware of the possible problem is
part of finding an adequate solution.

17.4.1.3 Supplementary cementitious materials

The size and reactivity of the particles of supplementary cementitious materials influ-
ence greatly the production of a bubble network as well as the AEA dosage.

Silica fume, when used at a 5e10% dosage of the mass of cement, has very few
effects on the production of the network of air bubbles (Pigeon et al., 1989). In
some cases, silica fume may decrease the volumic surface (smaller bubbles) and in-
crease slightly the volume of entrained air. This increase of the volume of air is noticed
only when a superplasticizer is used to compensate for the greater water demand of the
mix (Pigeon et al., 1989).

The use of fly ash usually decreases the efficiency of AEA. Zhang (1996) has shown
that a concrete containing a certain amount of fly ash necessitates higher dosages of
AEA, in some cases up to 5 times the dosage used in a concrete containing only
Portland cement. Several physicochemical characteristics of the fly ash are responsible
for that increase of the AEA dosage. From a physical point of view, it is sometimes the
specific surface area of the fly ash that is greater than that of the volume of cement it
replaces in the mix. Fly ash has a specific gravity significantly lower than that of
Portland cement; a given mass of cement is replaced by a higher volume of fly ash
and consequently by a material has a higher external surface so that a higher amount
of AEA can be absorbed at the surface of the fine particles. Moreover, some fly ash
particles can be hollow (see Chapter 5; Aïtcin, 2016a) or porous so that the absorption
of the AEA is increased. From a chemical point of view, fly ash may also contain some
highly absorptive unburned carbon particles that are partially neutralizing the effect of
AEA, particularly when that carbon is present as a very thin layer of soot covering the
fly ash particles (Du and Folliard, 2005). The absorptive properties of the carbon pre-
sent in the fly ash depend on the size of the particles, their surface chemistry, and the
shape of the reactive sites (Du and Folliard, 2005).

In spite of these interferences, most of the time it is possible to produce an efficient
network of air bubbles having the required spacing factor that respects the other design
requirements to provide to concrete an efficient protection against freezing and thaw-
ing cycles (Bouzoubaa et al., 2003; Langley and Leaman, 1998; Zhang, 1996).

Blast furnace slags decrease the efficiency of AEA. For a given volume of entrained
air, it is necessary to increase the AEA dosage as the slag dosage increases. Saric-Coric
and Aïtcin (2003) have shown that in concretes containing 50e80% slag, it was neces-
sary to multiply the AEA dosage by a factor of 2e4. According to these authors, the
increase of the slag dosage resulted in a very low production of Ca2þ ions. These ions
that are forming insoluble salts with the hydrophilic ends of the AEA play a key role in
the stabilization of the bubble network.
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17.4.1.4 Aggregates

The shape and the texture of aggregate particles, their grain size distribution, and the
maximum size of the coarse aggregates may decrease the volume of entrained air (Du
and Folliard, 2005). For a constant cement and AEA dosage, the volume of entrained
air increases when increasing the dosage of the fine aggregate. Sand particles having a
diameter between 160 and 630 mm favor the entrainment of air and, on the contrary,
an increase of the proportion of particles having a diameter smaller than 160 mm
decreases significantly the volume of air entrained (Du and Folliard, 2005). Some
aggregates contaminated by oil or organic matters may generate large variations in
the entrained air.

17.4.1.5 Admixtures

AEA can present some physicochemical interactions with some other admixtures used
in the concrete formulation (water reducer, superplasticizer, retarder, accelerator, etc.).
These interactions can be generally associated with the presence of inorganic electro-
lytes or polar organic molecules (Du and Folliard, 2005).

The great variety and complexity of the molecules contained in commercial admix-
tures do not permit the formulation of general recommendations that could eliminate
rapidly incompatible combinations. However, certain technical data sheets clearly
indicate incompatibilities between certain types of admixtures. In the absence
of such recommendations, there is no other solution than to check the compatibility
between trial mixes and commercial admixtures.

17.4.1.6 Fibers

During mixing, the presence of fibers reduces the formation of vortexes in which air
bubbles are generated so that the efficiency of the AEA is greatly reduced. In many
cases, it is necessary to increase by 50% the AEA dosage to compensate for the
loss of efficiency of the mixer to form vortexes. The negative influence of the fibers
on the entrainment of air increases with the length, rigidity, and dosage of the fibers.
Whenever possible, it is better to start to build a correct air bubble network in the con-
crete before adding the fibers. Gagné et al. (2008) have shown that it is possible to pro-
duce a bubble network of good quality having a spacing factor lower than 200 mm in a
concrete containing 0.5% by volume of hooked steel fibers or 0.5% of synthetic struc-
tural fibers 60 mm long.

17.4.2 Influence of the mixing procedure parameters

17.4.2.1 Type of mixer

The type of mixer influences the air-entraining mechanism as well as the distribution of
the air bubbles in the paste and the mortar (fractioning and coalescence). The mixing
parameters (e.g., sequence of addition of the materials, duration, speed, torque,
shearing) influence the generation of the bubble network (Du and Folliard, 2005).
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The volume of concrete in the mixer has also its importance: a too low or too high
amount of concrete in the mixer affects the degree of shearing of the mix and the for-
mation of vortexes.

The wear of the paddle as well as its cleanliness may result in a significant decrease
of the entrainment of air bubbles and their dispersion so that it is sometimes necessary
to increase the mixing time to entrain the required volume of air.

17.4.2.2 Temperature

The increase of concrete temperature results in a decrease of the volume of entrained air.
In winter, AEAs can lose some of their efficiency when hot water is used to heat con-
crete; in such a case, it is better to start to introduce the hot water and later the AEA
when the water has increased the temperature of the concrete. Otherwise, it will be neces-
sary to increase the AEA dosage and the spacing factor will have a tendency to decrease.
On the contrary, if the AEA dosage is decreased in order to take into account the drop of
concrete temperature, the spacing factor will increase. Relatively complex physicochem-
ical mechanisms have been proposed to try to explain the decrease of AEA efficiency
when concrete temperature increases (Du and Folliard, 2005).

17.5 Stability of the network of entrained bubbles

The stability of the network of air bubbles is a very important parameter. The agitation
of the concrete during its transportation, the addition of admixtures in the field, the
pumping, and vibration may result in the disappearance of some air bubbles at the sur-
face of the fresh concrete and on the coalescence of the small bubbles to form coarser
air bubbles. This loss of air and the formation of coarse bubbles increase the spacing
factor. From a practical point of view, it is important that the characteristics of the bub-
ble network—total volume and spacing factor—remain stable from the beginning of
the mixing to the end of placing.

17.5.1 Influence of the transportation of the fresh concrete

The agitation of the fresh concrete during its transportation may favor the fusion of
small bubbles to form coarser bubbles and also their elimination. This modification
of the bubble network changes some of its characteristics, particularly its spacing fac-
tor, but usually the composition of commercial AEA is adjusted to produce and stabi-
lize the bubble network during normal operations of transportation and placing.

Saucier et al. (1990) have measured the evolution of the characteristics of the
air-entrained bubble network in concrete between the end of the mixing at the
ready-mix plant and its placing in the field. The characteristics of the network of
the air bubbles were measured on hardened concrete samples taken after 15, 25, 70,
and 90 min after the first contact between the cement and the water. These concretes
were produced in central mixer or directly in a ready-mix truck (dry batch). Two types
of AEA, two types of superplasticizers, and three different cements were studied. In the
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absence of superplasticizer, the two AEAs under study produced a stable network
during transportation and placing. The addition of a superplasticizer at the plant had
sometimes destabilized the bubble network, resulting in an increase or decrease of
the volume of the entrained air and of the spacing factor. The less stable networks
were obtained with the lowest dosage of AEA.

17.5.2 Influence of vibration and pumping

The volume of entrained air decreases when the duration of the internal vibration in-
creases. The air loss is more important in concretes having a high slump and a high
volume of entrained air. However, a well-controlled vibration usually results in a rela-
tively small loss of air. In that case, the loss of air corresponds to the loss of coarse
bubbles, which is good from a mechanical point of view. This loss of coarse bubbles
has very little influence on the value of the spacing factor, which is good for
freezeethaw durability.

The influence of the placing technique on the bubble network has been studied dur-
ing the construction of a slab on ground on a concrete containing initially 8% of
entrained air at the exit of the mixing truck (Hover and Phares, 1996). Four methods
of placing were considered:

• Direct pouring from the truck
• Pumping (two configurations)
• Pouring with a bin
• Pouring with a conveyer

In all the cases, a vibrating screed was used to finish the surface.
Globally, the measured characteristics of the bubble network of the fresh and hard-

ened concrete indicated that the method of placing had very little effect on the volume
of air. The pumping with a configuration resulting in a free fall of the concrete in the
final vertical section of the pump line generated an air loss between 0.5% and 2%
(percentage point). The use of a flexible end forming a half-loop at the end of the
vertical conduct of the pump resulted in a smaller air loss. The use of a bin generated
an air loss between 0.5% and 1%. The loss of air associated with the use of a conveyer
was between 1% and 1.5%. The finishing of the surface with the vibrating screed
generated a loss of air of 0.5%. In spite of these air losses, in all the cases, the air
bubble network had a spacing factor under 200 mm.

The pumping configuration using tubes laying horizontally on the soil has very little
effect on the volume of air and on the spacing factor (Lessard et al., 1996). A config-
uration including a vertical final part giving a free fall of the concrete generates very
limited air losses on the order of 1%, but the spacing factor may increase drastically,
passing from 180 to 300 mm (Lessard et al., 1996). The use of a constriction at the end
of the last vertical part of the pumping line avoids the free fall of concrete in the pump-
ing line so that the spacing factor does not decrease too much. The increase of the
spacing factor measured in vertical sections results essentially from the coalescence
of the air bubbles, the impact forces generated during the decompression, and the
free fall of the concrete in the vertical section from the pumping tube.
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17.6 Conclusion

Entrained air modifies the rheology of concrete and its durability to freezing and thawing
cycles. The air-entrained bubble network is characterized by the total volume of
entrained air expressed as a percentage of the volume of concrete, the diameter of the
bubbles (in mm or mm), the spacing factor that represents the average half-distance be-
tween two adjacent air bubbles (in mm), and the average volumic surface (mm�1). The
spacing factor is only important when concrete has to be freezeethaw resistant.

Air bubbles are entrained by the AEA in the form of very tiny spherical bubbles
having a diameter varying from 1 to 100 mm—a diameter similar to that of cement par-
ticles. On the contrary, the coarse entrapped air bubbles rather have a diameter varying
from 0.5 to 5 mm, a diameter similar to that of sand particles.

Many factors such as the parameters of formulation, the cement type and fineness,
the consistency, the superplasticizer dosage, the presence of supplementary cementi-
tious materials, the use of other types of admixtures, the use of fibers, the mixing
and transportation techniques, as well as concrete temperature influence the character-
istics of the air-entrained network. It is also important to check that the air-entrained
bubble network remains stable during transportation, placing, pumping, and finishing.

Despite the complexity of the action of all these factors, usually it is not difficult to
fix the formulation of a mix by trial and error and produce a network of entrained air
bubbles that satisfies the design requirements.
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Retarders 18
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18.1 Introduction

It may be necessary to delay the initial setting time of concrete for various reasons,
such as the following:

• In summer when the concrete temperature is high, causing the concrete loses its slump too
rapidly if its setting time is not delayed

• When concrete delivery takes more than 1.5 h
• When cold joints have to be avoided in massive concrete construction
• When concrete is slipformed at a very slow rate

It is possible to delay concrete setting time using two different approaches: one
physical, the other chemical:

• Concrete can be cooled using ice or liquid nitrogen. Using this “physical approach,” the
initial setting time of concrete can be delayed by a few hours at maximum.

• A chemical retarder can be introduced into the concrete during its mixing. In this case,
concrete setting can be delayed almost at will, up to 24 h or more if necessary, without
any negative effects on its final strength and durability.

Usually, the second approach is the most popular one because it is simple to imple-
ment, easy, and not very expensive. However, the control of the initial setting by a
chemical retarder is not so easy due to the numerous factors that are simultaneously
affecting this delay, such as the precision of the dosage system of the concrete plan
and the temperature of all the ingredients used to make the concrete.

All admixture companies offer different types of retarders, quite often combined
with a water reducer or a superplasticizer. Personally, the author of this chapter prefers
to use separately a water reducer and/or a superplasticizer, and to adjust the retarder
dosage to fine-tune the specific dosage of each of these basic admixtures. Using this
approach, it is possible to obtain the desired effect on the retardation of the setting
time, taking into account the initial temperature of the different ingredients of concrete,
the ambient temperature, the length of the delivery time, etc.

During the construction of the Hibernia offshore platform in Newfoundland, setting
had to be delayed for 24 h to provide enough time for the placing crew to place a lift of
concrete in the very congested area all around the platform base, which had a diameter
of 100 m. In such a case, it was necessary to adjust the amount of retarder to take into
account the effect of the ambient temperature because, in a slipforming operation, it is
very important that the concrete has the right consistency and strength when proceed-
ing with the lifting of the forms. Some days, when the ambient temperature was
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changing very rapidly, it was necessary to adjust the retarder dosage several times. If in
one place the concrete had not set enough, it would collapse during the lifting;
however, if it hardened too much, it would stick to the forms and tear the freshly
deformed surface.

18.2 Cooling concrete to retard its setting

The hydration reaction—or rather, the hydration reactions of the different hydraulic
phases of a Portland cement—are all exothermic so that they are self-activated accord-
ing to an Arrhenius’ type of law (Baron and Sauterey, 1982):

K ¼ A e�
Ea
RT

where K is the specific hydrating rate, A is a constant, Ea is the activation energy,
R is the gas constant, and T is the temperature expressed in degrees Kelvin. From this,
the following practical relationship can be deduced:

t1
t2

¼ exp
E

R

�
1
T1

� 1
T2

�

where t1 and t2 represent the hydration time at temperatures T1 and T2.
Therefore, by cooling concrete, it is possible to retard its setting. From a practical

point of view, it is quite easy and not very costly to decrease the concrete temperature.
It is only necessary to replace a part of the mixing water with an equivalent weight of
ice or to use liquid nitrogen when the replacement of the mixing water is not enough to
decrease the concrete temperature to a targeted value.

Portable ice-making machines that produce ice flakes are commonly rented in
Canada to decrease concrete temperature in summer. However, when the concrete
must contain a certain amount of entrained air, a minimum of water has to be used
to allow the entrainment of the specified air content. It happens that the decrease of
the initial temperature of the concrete when replacing most mixing water by ice
may still not be enough to produce a concrete whose temperature falls within the
recommended range of temperature prescribed in the specifications. In such a case,
it is necessary to use liquid nitrogen, as was done during the summertime construction
of the CN Tower in downtown Toronto (Bickley, 2012) (Figure 18.1).

It is easy to calculate the effect of the substitution of a mass Mi of ice on the
temperature of a fresh concrete using the following formula (Mindess et al., 2003):

T ¼ 0:22ðTaMa þ TcMcÞ þ TwMw þ TwaMwa � 80Mi

0:22ðMa þMcÞ þMw þMma þMi

where T is the temperature in degrees Celsius of the fresh concrete; Ta, Tc, Tw, and Twa
are the temperatures in degrees Celsius of the aggregates, cement, added mixing water,
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and free moisture on aggregates, respectively (generally Ta ¼ Twa); Ma, Mc, Mw, and
Mwa are the mass in kilograms of the aggregates, cement, free moisture on aggregates,
and mixing water, respectively; and Mi is the mass of ice.

What is more difficult to calculate is the retardation of the setting corresponding to a
certain quantity of ice. From a practical point of view, the best way to find it is to make
three batches containing, for example, 25, 50, and 100 kg of ice and to measure the
effect of these substitutions on the setting time. The substitution of some of the mixing
water by an equivalent mass of ice is also commonly used in mass concreting to limit
the maximum temperature of the concrete and the risk of thermal cracking.

When substituting ice to water, it is always necessary to keep a minimum of liquid
water in the mix to ensure a uniform mixing.

18.3 The use of retarders

When it is necessary to retard the setting of concrete for several hours, a retarder must
be used.

18.3.1 Different chemicals used to retard concrete setting

It has been found that the following chemicals retard concrete setting:

• Some salts of lignosufonic acid known as lignosulfonates (the sodium salt, in particular);
these retarders act also as dispersants

• Some salts of carboxylic acid that also act as dispersants
• Sugar or sugar derivatives that act only as retarders
• Certain inorganic salts

During the 1950s, some inorganic salts were used in the concrete industry, such as
zinc oxide (ZnO), sodium metaborate (Na2B2O7), sodium tetraborate (Na2B4O7),

Figure 18.1 Cooling concrete with liquid nitrogen.
Courtesy of John A. Bickley.
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tin sulfate (SnSO4), lead acetate (Pb(C2H3O2)2), and calcium phosphate (CaP2O3).
However, this practice is not used today; currently, concrete producers prefer to use
liquid organic retarders that can be automatically introduced into the mixer through
the water line.

However, it is important to know about the effect of these chemicals on concrete
setting time because some of these chemicals can contaminate some of the concrete
ingredients and create setting problems (see Section 18.6.1). The mechanism of the
retardation of cement setting by these different chemicals can be explained in different
ways depending on the chemical nature of the retarders. Fluorides and phosphates
isolate the anhydrous cement particles from the interstitial solution by forming
insoluble salts (Young, 1976). Zinc oxide retards C3S hydration without affecting
C3A hydration like lead.

18.3.2 Different retarders standardized in North America

ASTM recognizes three types of retarders, identified as of Types B, D, and G. In fact,
only retarders of Type B are true retarders; retarders of Type D and G are also disper-
sants. Type D retarders are water reducers that retard cement setting, while Type G are
superplasticizers that also contain some retarder. In this chapter, only Type B retarders
will be discussed. More precisely, the discussion will be confined to retarders based
on sugar.

18.3.3 Sugar as a retarder

Even though sugar is used to retard cement hydration according to Ramachandran
(1995), the retarding effects of sugars are not perfectly understood, despite the progress
realized in recent years (see Chapter 12). We are not still able to explain clearly why
some sugars are very efficient retarders and other are not (Marchon and Flatt, 2016b).
All of the explanations found in the literature deal with absorption, precipitation,
complexion, and nucleation phenomena. An overview on these phenomena is given
in Chapter 10 (Marchon et al., 2016), while basic information on the chemistry and
cement chemistry is respectively covered in Chapters 9 and 8 (Gelardi et al., 2016;
Marchon and Flatt, 2016a).

It appears that sucrose is the best retarder. Glucose, maltose, and lactose have
moderate retarding effects, while other sugars like trehalose have no retarding effects
at all. The most accepted explanation for the retarding effect of sugars is that sugars
and their derivatives essentially retard the hydration of the C3S by retarding the precip-
itation of Ca(OH)2.

We do know that sucrose is a very efficient retarder. It is very simple to dose it to
obtain a targeted retardation. We also know how to use it. The unanswered questions
are why and how sucrose retards cement hydration. These issues are discussed in
Chapter 12 (Marchon and Flatt, 2016b).

Sugar may be used in combination with temperature to retard cement hydration, as
seen in Figure 18.2, which represents the combined effect of the temperature of a con-
crete temperature and its dosage of retarder on its setting time.
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Sugars also favor the dissolution of calcium ions in the interstitial water so that the
precipitation of portlandite is delayed. It is well recognized that it is the precipitation of
portlandite that results in the rapid formation of CeSeH from C3S.

However, most authors are convinced that sugars also affect C3A hydration. Thus,
the retardation of the C3S can be altered because some of the C3A absorbs a part of the
retarder, which will then not be available later to retard the hydration of the C3S. This
is of some importance when deciding the timing of the introduction of the retarder
during the mixing.

18.3.4 Dosage

The technical data provided by admixture companies suggest dosages that can
usually vary by a factor of two. These values are always given in terms of the
mass of active solids related to the mass of cement. In fact, from a practical point
of view, the effect of a certain mass of active solids is influenced by the following
factors, among others:

• The composition of the cement to be retarded
• Concrete initial temperature
• Ambient temperature
• Desired duration of the retardation
• The duration of the concrete delivery

In Section 18.2, the influence of initial temperature of concrete and ambient
temperature is discussed because hydration reaction obeys an Arrhenius type of law.
Therefore, some experimental work must be carried out for the fine-tuning of the
dosage of retarder. This experimental work should be done on an experimental
concrete having about the same initial temperature as that expected in the site.
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Figure 18.2 Combined effect of the temperature and the dosage of a retarder on the setting time.
From Neville (2011), Massaza and Testolin (1980).
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During this experimental work, it is always wise to proceed with different dosages
covering the dosages recommended by the manufacturer. The first dosage should be
selected in the lower part of the suggested dosage, the second one in the middle,
and the third one in the higher part. It is always good to select the three dosages as
far as possible from each other, in order to be sure that the desired retardation of the
experimental concrete can be obtained. It is always safer to make an interpolation
rather than an extrapolation. It is the most rapid way to obtain the correct dosage of
retarder to provide the right time of retardation looked for.

When a retarder is used simultaneously with a superplasticizer (rather than using a
Type G retarder, where the proportions of retarder and superplasticizer have been fixed
by the admixture manufacturer), it is always better to do a factorial design experiment
(see Appendix A2) to find the right amount of retarder for that particular application.

18.4 Addition time

Most of the technical data sheets provided by admixture companies suggest retarder dos-
ages based on their experience in the local market they are serving; very few of these
technical data sheets suggest an optimum timing for the introduction of the retarder dur-
ing mixing. The time at which the admixture is added can be as important as the absolute
value of the dosage. In most batching plants, the admixtures are all introduced almost at
the same time in the water line. However, for complex placing situations such as slow
slipforming, where relatively high dosages of retarders have to be used, it is better to
delay as long as possible the introduction of the retarder. This provides the maximum
time for the sulfate ions provided by the calcium sulfate added during the grinding to
neutralize the maximum amount of C3A contained in the cement. In this way, a mini-
mum amount of retarder will react with the C3A and most of the active solids will remain
in the mix to control the setting of the C3S. This also applies when high performance
concretes (HPCs) having a low w/c or w/b have to be retarded.

18.5 Some case history of undue retardations

18.5.1 Cracking of prefabricated slabs just after
the removal of the forms

Because some prefabricated slabs were to be exposed to very harsh environmental con-
ditions, the use of galvanized reinforcing bars was specified. Just after ordering the
reinforcing bars, the precaster was informed that the project was delayed for several
months. When the galvanized reinforcing bars were delivered, they were stored in
the outside storage yard without any special protection. When the precast slabs were
finally cast 6 months later, the reinforcing bars were covered with a white film of
zinc oxide (known as white rust), to which nobody pay any attention.

After the removal of the forms of the first series of slabs, during their transportation
to the storage yard, all of the slabs showed severe cracking, in spite of the fact that the

400 Science and Technology of Concrete Admixtures



surface concrete was quite hard and the tested specimens had the expected compres-
sive strength permitting them to be manipulated without any problem. The following
day, production was stopped in order to find the reason for this unusual severe
cracking. The cracking problem was finally linked to the zinc oxide layer present on
the surface of the reinforcing bars, which acted as a strong retarder for the concrete
in contact with the reinforcing bars. Owing to the retarding action of the zinc oxide,
the reinforcing bars were separated from the hardened concrete by a layer of unhy-
drated concrete, so the slabs behaved almost as unreinforced slabs. To solve this
cracking problem, it was only necessary to brush the reinforcing bars to remove the
zinc oxide cover before using them.

18.5.2 A particularly hard-working aggregate trucker

Some years ago, one Tuesday morning in mid-November, the quality control (QC)
manager of a large concrete ready-mix producer in Montréal received several phone
calls indicating that the concrete delivered on Monday morning had not started to
harden. Quickly, the QCmanager realized that all the suspect concretes had been deliv-
ered roughly between 10 a.m. and noon. The concrete delivered on Monday morning
before 10 a.m. and that delivered in the afternoon were fine. He could not blame it on
the cement, because all of the concrete had been batched using the same cement
delivery. On Wednesday morning, all of the suspect concretes had hardened, but
one engineer in charge of the construction of some bowling lanes demanded that
the bowling lanes be demolished. This was not so easy because the concrete was
already quite hard when the demolition started.

During the rest of the week, the production of concrete was absolutely normal.
The following Tuesday morning, the same problem occurred. All of the customers

facing the problem were told that, for some unknown reason, the concrete produced in
the ready-mix plant between about 10 a.m. and noon was exhibiting a strong retarda-
tion and that, in spite of an exhaustive checking of the fabrication of the concrete, the
reason for this retardation was unknown.

This phenomenon happened for 4 weeks in a row in November and then stopped
quite miraculously.

During the company Christmas party, discussions about that strange phenomenon
were rampant among the employees of the concrete plant. During a discussion between
the QC manager and the yardman, the yardman told the QC manager that since the hir-
ing of a new independent truck driver to transport the aggregates, there were no longer
any problems related to aggregate deliveries. The aggregates were always delivered on
time and the truck driver was always ready to do overtime. The yardman added also
that this truck driver was a very hard-working person and that, during his weekends
in November, he had been transporting the waste from a nearby sugar plant.

The QC manger suddenly realized what happened on the Tuesday mornings in
November. Because the truck driver had not washed the bin of his truck after transport-
ing the sugar wastes, the first load of sand delivered on Monday morning was contam-
inated by the sugar left in his bin. As this sand started to be used around 10 a.m. after
the sand delivered on Friday, the contaminated sand unduly retarded the concrete
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produced between 10 a.m. and noon. When the second delivery of sand started to be
used in the afternoon, the retardation problem no longer occurred because the bin of
the truck had been cleaned by the first load of sand. The truck driver was therefore
told to wash the bin of his truck after transporting a material other than the sand for
the concrete plant, which he did very scrupulously. The following November, on
weekends, the truck driver continued to clean the sugar plant, but without any undue
consequences on the hardening of the concrete, because every Sunday evening he
cleaned the bin of his truck.

Note that on the first Tuesday morning that this problem happened, the QC manager
took some specimens of the concrete of the bowling lanes to test them at 28 days. He
was happy to send the excellent results to the engineer who had demanded the demo-
lition of the concrete lanes.

18.5.3 An accidental overdosage of retarder

Hydro Quebéc, the hydropower company of Quebec, was doing some repair work on
a dam located a 5-h drive from the closest ready-mix plant. As this repair work
involved only about 30 m3 of concrete, it was decided to use this ready-mix plant
rather than transporting a small portable batching plant to the site. Of course, the con-
crete produced in the ready-mix plant had to be retarded in order to be sure that after a
5-h drive it still had a slump between 100 and 150 mm, but also that the concrete would
be hard enough the next day for the removal of the forms. The contract included a
$10,000 fine for each day of lost electricity production if the repair work was delayed.

Owing to some delays while carrying out certain preliminary work, the concrete
deliveries were scheduled only 4 days before the critical day when the fine would
begin to apply. The owner of the small ready-mix plant decided that he would be in
charge of the operation, and that he would personally add by hand the retarder in
each of the six ready-mix trucks. He prepared six doses of retarders in six plastic pails
that were placed on the floor of the concrete plant.

During the batching of the third load of concrete, the owner of the batching plant
received an urgent phone call that obliged him to stay in his office for about
15 min. The operator of the plant, believing that his boss had not added the retarder,
put a pail of retarder in the truck.

At the end of the day, when the sixth load of concrete had to be delivered, the boss
realized that the last pail of retarder was missing, so he concluded that one truck had
received a double dosage of retarder. As he had personally added the retarder to trucks
1, 2, 3, 4, and 5, he asked his batcher if he had added some retarder to a particular truck
load. The answer was, “Yes, when you had a long phone call during the loading of the
third truck.”

Therefore, the third load of concrete that was already placed in the forms had
received a double dosage of retarder. The next morning, as expected, the concrete
from the first, second, fourth, fifth, and sixth loads had hardened, but a hole made
in the forms at the level of the third load of concrete showed that this concrete had
not yet started to harden. The solution to avoid the $10,000 fine was to rapidly build
a small heated shelter so that 24 h before the critical date, the forms could be removed.
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The heating of the concrete was sufficient to counteract the retarding action of the
overdosage of retarder.

18.5.4 Slipforming the gravity base of an offshore platform

During a cold, sunny, but windy period of 3 days, the QC manager in charge of the
production of the concrete for the construction of a gravity base faced a serious prob-
lem. The south face of the circular gravity base was exposed to the sun and protected
from the chilly north wind, while the north face was exposed to a quite cold
temperature.

This temperature difference created problems when the forms had to be lifted. If the
lifting was carried out when the concrete of the north face was hard enough, on the
south face the concrete would be too hard and stick to the form, so that during the lift-
ing the surface concrete would be torn quite deeply. If the slipping of the form was
done when the concrete of the south face was hard enough, on the north face the con-
crete would be too weak and collapse because it had not enough time to set.

This difficult situation lasted for 3 days before normal winter conditions prevailed
again and no longer disturbed the slipforming operation. That problem did not occur
on the inside face of the base because it was not exposed to the same thermal situation
as the external surface. The torn surface had to be repaired at a very high cost
(Figure 18.3).

To prevent this type of problem, it is only necessary to isolate the concrete placed
between the slip-forms with 50 mm of Styrofoam so that the external temperature no
longer influences the hardening conditions of the concrete placed between the forms
(Lachemi and Elimov, 2007). Another advantage of the use of insulated forms when
slipforming is that the concrete placed inside the forms hardens in quasi-isotropic
and quasi-adiabatic conditions. Insulated slip forms have been used successfully
during the construction of three large liquefied gas reservoirs of 180,000 m3 in
St. John, New Brunswick, Canada.

Figure 18.3 External surface of an offshore platform due to the fact that the slipforming
occurred too late.
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18.6 Conclusion

By using chemical retarders, it is possible—but not always easy—to retard concrete
setting for almost as long as necessary. The most common retarders are sugar based.
The dosage of the retarder has to be adjusted to take into account the necessary time of
retardation, the reactivity and fineness of the cement, the actual temperature of the con-
crete produced, and the ambient temperature. In each specific case, the retarder dosage
should be fine-tuned by preparing two-to-three trial batches, or using a factorial design
plan in the most complicated cases. The cooling of concrete with ice and/or liquid
nitrogen can also be used to somewhat delay concrete setting or to control the temper-
ature of concrete in summer.
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Accelerators 19
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

19.1 Introduction

Sometimes, it is necessary to accelerate the hardening of concrete, such as in the case
of urgent repair work, or to accelerate the production rate in a precast concrete plant to
be able to remove the forms earlier. The theoretical solution is quite simple: as seen in
Chapter 1, from a physical point of view the only thing to do is to decrease the average
distance between cement particles in the cement paste (Aïtcin, 2016a). In fact, as the
system is flocculated, what this really means is that the number of contacts between
grains in the paste must be reduced. From a chemical point of view, it is necessary
to increase the hydration rate of the C3S, which is essentially responsible for the
production of CeSeH, the “glue” of cement paste. Both answers can be implemented
at the same time. The physical answer improves the long-term strength and durability
of concrete.

However, it is important to point out that chemical acceleration of the hydration of
C3S can have negative secondary effects: in many cases it can, but does not always,
result in a loss of long-term strength and durability. Therefore, before deciding to
chemically accelerate C3S hydration, it is appropriate to see if this acceleration of
the hardening of concrete may not be obtained by a reduction of the waterecement
ratio (w/c) or waterebinder (w/b), which will also improve the long-term properties
of concrete. More specifically, changes in w/c and w/b have little effect on the rate
of chemical reactions. However, the time needed to reach a given strength is reduced
if less water is used. In this sense, a change in w/c or w/b is not a true acceleration, but
it is nevertheless effective with respect to the requirement from practice, which is to
reach the given properties at a specified time. As an alternative, different chemical
products have been found to increase, in a matter of few hours, the early strength of
concrete. These products are known as accelerators of hardening or, more simply,
accelerators.

19.2 Different means to accelerate concrete hardening

19.2.1 The use of high-strength cement

To increase concrete early strength at a specified time, the use of high-strength and/or
high early-strength cement has to be considered first. Usually, this cement is richer in
C3S and C3A, which is ground finer than for normal Portland cement. Of course, when
using such cement, it is necessary to increase the water and/or superplasticizer dosages

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00019-9
Copyright © 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-0-08-100693-1.00019-9


to obtain the same initial workability. Usually, the rate of the slump loss is greater
when using this cement, and concrete temperature increases more rapidly because of
the accelerated hydration of the C3S. This increase of temperature has two effects:

• Positively, it increases the initial strength more rapidly due to the autoactivation of the hy-
dration of the C3S, which obeys an exponential Arrhenius type of law.

• Negatively, it creates large thermal gradients within concrete elements. This can result in
cracking problems when the temperature of concrete decreases down to ambient temperature
after the removal of the forms.

19.2.2 Decreasing w/c or w/b

Decreasing the w/c or w/b with an appropriate dosage of superplasticizer results in
an increased number of bonds created by the CeSeH in the percolating particle
network of the paste (Chapter 1; Aïtcin, 2016a). It was seen that when the w/c
or w/b is decreased, the cement particles are getting closer on average to each
other so that the hydrates formed at their surface have to grow on a shorter dis-
tance before intermixing with the hydrates grown on adjacent cement particles;
thus, strong early bonds are created rapidly. The alternative view considers that
particles are not regularly distributed in space and separated from each other
but rather flocculated and form a three-dimensional percolated particle network.
In this case, the previously discussed effect of decreasing w/c or w/b is to increase
the number of connections in this network and therefore also to increase the
strength. It is an analogous case to the yield stress model, YODEL (Flatt and
Bowen, 2006), presented in Chapter 7 (Yahia et al., 2016). Both explanations
account for the effect of the w/c or w/b effect but use a different microstructural
representation of the paste.

During the construction of the Passerelle de Sherbrooke (see Chapter 25; Aïtcin,
in this volume-b), a 55 MPa compressive strength was obtained at 24 h, in spite of the
fact that the cement used was a cement developing a very low heat of hydration due
to its very low content of C3S and C3A. This high early strength was obtained
because of the very low w/b (0.26) used to make this concrete. To reach such a close-
ness of the cement particles, it was necessary to use as much as 19 kg of active solids
of a polynaphtalene superplasticizer corresponding to a dosage of 35 L/m3. However,
the use of such a high dosage of superplasticizer succeeded in neutralizing the very
early hydration of the C3S and C3A. The initial setting time was only retarded by a
few hours.

19.2.3 Heating of concrete

If the first two options do not adequately accelerate the short-term strength gains
looked for, concrete may be heated. Because hydration reactions obey an exponential
Arrhenius type of law, an increase of the initial temperature results in an acceleration
of cement hydration, more quickly liberating its heat of hydration. Most often, the
associated increase of the C3S hydration results in a rapid slump loss and a long-
term loss of strength. Usually, the increase of the initial temperature of concrete
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during its batching is obtained by heating mixing water. Using the following formula,
it is possible to calculate the final temperature of concrete:

T ¼ 0:22ðTaMa þ TcMcÞ þ TwMw þ TwaMwa

0:22ðMa þMcÞ þMw þMwa

where T is the temperature of the fresh concrete in degrees Celsius; Ta, Tc, Tw, and Twa
are the temperature of the aggregates, cement, added mixing water, and free moisture
on aggregates, respectively, in degrees Celsius (generally, Ta ¼ Twa); andMa,Mc,Mw,
and Mwa are the mass of the aggregates, cement, free moisture on aggregates, and
mixing water, respectively, in kilograms.

In precast plants, it is easy to implement the external heating of the precast ele-
ments. In such a case, a metallic formwork is particularly advantageous because it fa-
vors heat transfer, but large thermal gradients are created because fresh concrete is not
a very good heat conductor. In these situations, it is the superficial part of the heated
concrete element that become hotter than its inside part. This is not too problematic
because this external layer is in compression.

19.2.4 Insulated forms

When considering the heating of concrete to increase its early strength, it is too often
forgotten that the use of insulated forms is beneficial because it takes advantage of the
heat of hydration to increase concrete temperature. For sustainability, it is a very good
solution. Because self-compacting concretes are commonly used in precast plants, it is
no longer necessary to vibrate intensively concrete (and the forms) so that the addition
of a fragile insulating material over the forms is not such a big problem. This option
can be combined with the three previous ones.

19.2.5 Use of an accelerator

It is only when all of these options to increase concrete’s early compressive strength are
not sufficient to reach the targeted initial compressive strength on time that the use of a
chemical accelerator can be considered, if permitted by local construction codes.

Several chemical products are known to accelerate to a certain degree concrete
initial strength, but up to now none of them have been found to be as efficient as cal-
cium chloride (CaCl2)—which has, unfortunately, a great negative secondary effect on
the durability of the reinforcing bars. However, an interesting alternative consisting of
the use of suspensions of dispersed CeSeH particles has appeared as an effective
alternative, as explained in Chapter 8 (Marchon and Flatt, 2016a).

19.3 Different types of accelerators

The American Concrete Institute (ACI)Manual of Concrete Practice (Committee 212)
for the use of admixtures in concrete recognizes four types of accelerators:

• Some inorganic salts such as chlorides, bromides, fluorides, carbonates, thiocyanates, ni-
trites, thiosulfates, silicates, aluminates, and alkaline hydroxides
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• Some soluble organic compounds such as triethanolamine (TEA), calcium formate, calcium
acetate, calcium propionate, and calcium butyrate

• Setting accelerators such as sodium silicate, sodium aluminate, aluminum chloride, sodium
fluoride, and calcium chloride

• Various solid accelerators such as calcium aluminate, silicate, finely divided magnesium
carbonate, and calcium carbonate

These accelerators can be used without any problem in conjunction with water
reducers and superplasticizers.

However, despite this impressive long list of chemicals that can be used to accel-
erate concrete hardening, it must be admitted that none of them beat calcium chloride
when concrete initial compressive strength has to be rapidly increased.

19.4 Calcium chloride as an accelerator

In this chapter on accelerators, we present only in detail the use of calcium chloride
because it is the most efficient and the most used in practice and it is not very expen-
sive. Moreover, its action on concrete has been abundantly studied. However, it will be
seen that its operational mode is not entirely understood and that there still exist some
controversies among researchers (Ramachandran, 1995) to explain its mode of action.
It must also be pointed out that its negative effects on the durability of the reinforcing
bars are attenuated in low w/c or w/b concrete, which are particularly impervious due
to the great compactness of their microstructure.

According to Ramachandran (1995), calcium chloride has been used in concrete
since 1873 and a patent was taken in 1885. Between 1960 and 1990, large research
efforts were done in order to better understand its mode of action. Cook, cited by
Ramachandran (1995), found 240 references on the use of calcium chloride that
were published between 1960 and 1986. Even in 1981, Ramachandran published a
book entitled Calcium Chloride in Concrete Science and Technology. However,
despite all of these research efforts, Ramachandran (1995) admitted:

“Many aspects of the action of calcium chloride are controversial, ambiguous and
incompletely understood. In spite of, the above, to this day, enormous interest is being
shown on various aspects of calcium chloride because it is not only economical to use
but also is the most efficient of all accelerators”.

When researchers working for admixture companies are asked why so little
research is being done to better understand the accelerating role played by calcium
chloride, the same answer is always given: calcium chloride works well but we do
not make money selling it. When the author tells them that if the mode of action of
calcium chloride was better understood, it could be possible to find chemicals that
could accelerate C3S hydration without presenting the negative secondary effect of cal-
cium chloride on reinforcing steel, the answer is always also: the use of calcium chlo-
ride is not a priority for our company. Economic reality overcomes scientific
knowledge in private companies. To date, all the research done on a trial-and-error
mode has shown that there is not a more efficient accelerator than calcium chloride.
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19.4.1 Mode of action

Although calcium chloride has been used for a long time, it is surprising to see how its
mode of action is not perfectly understood. Everybody agrees on the fact that if early
strength is increased, it is because C3S hydration is accelerated; however, the actual
mechanism that accelerates C3S hydration is not well understood.

Several researchers studied the acceleration mechanism of calcium chloride on
pure C3S, C3A, C2S, and C4AF phases and in each case proposed a mechanism
of action. However, experience shows that the hydration of the three other phases
is also accelerated. In his literature review on calcium chloride acceleration,
Ramachandran (1995) gives not less than 12 reasons that could explain the accel-
erating effect of calcium chloride. While we do not believe in several of these op-
tions based on more recent research on cement hydration, we feel that it is useful to
reproduce the list of reasons that Ramachandran cited. This gives an overview of
the possible interpretations. Those formulated reasons were that calcium chloride
does the following:

1. Combines with C3A and C4AF so that the setting is accelerated because these compounds
create active sites that favor C3S hydration

2. Increases the hydration of C3A and C4AF and consequently that of the C3S
3. Reacts with the hydrated lime (portlandite) produced by the hydration of the C3S and forms

3CaO$CaCl2$12H2O
4. Could form hydration nuclei having a low C/S ratio (Calcium/Silica ratio) on the initial

porous CeSeH
5. Forms a special type of ettringite
6. Favors the formation of a complex salt containing chloride ions on C3S that activates C3S

hydration
7. Acts as a catalyst of C3A hydration but does not act directly on one of the four principal

hydraulic phases of Portland cement
8. C4AH13 forms rather than C3 AH6 when C3A is hydrated in the presence of CaCl2
9. The coagulation of the hydrosilicates could be responsible for the acceleration
10. Could decrease the pH of the interstitial solution and would increase the dissolution rate of

the hydrated lime
11. All of the cement phases are getting faster in solution in the presence of calcium chloride
12. Following the diffusion of Cl� ions in the hydrates that are formed initially, OH� ions are

diffusing faster and accelerate the precipitation of calcium hydroxide and consequently, the
dissolution of the silicates

Based on more recent research in cement hydration covered in Chapters 8 and 12,
we must emphasize that hydration is a coupled chemical process in which it is difficult
to distinguish causes and consequences (Marchon and Flatt, 2016a,b). The main
factors related to calcium chloride are, however, in our opinion dealing both with
nucleation and dissolution kinetics.

19.4.2 Mode of addition

Calcium chloride is commercially available under three different forms: two solid
forms and one liquid. Calcium chloride can be bought in the form of flakes containing
77e80% of calcium chloride or granules containing 94% of calcium chloride. In its
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liquid form, it contains from 30% to 42% of calcium chloride per liter of solution, usu-
ally sold as 30% solution.

From a practical point of view, the ACI Manual of Concrete Practice (Committee
212) recommends the introduction of liquid calcium chloride in the water line in order
to avoid direct contact between cement and calcium chloride that could cause a flash set.
When flakes or granules of calcium chloride are introduced directly in the mixer, these
flakes and granules have not always enough time to dissolve during the mixing of con-
crete. Undissolved calcium chloride may generate undesirable dark spots on concrete
surface.

19.4.3 Rules concerning the use of calcium chloride

In some countries, the use of calcium chloride is prohibited; in other countries, it is
permitted without any restrictions (Russia); in still others, it is permitted with restric-
tions and its dosage is limited to a critical dosage. For example, in Canada, it is
possible to use up to 2% of calcium chloride in nonreinforced concrete. Kosmatka
et al. (2011) stated that calcium chloride should be used with caution in the following
cases:

• Vapor-cured concretes
• When two different metals are embedded in concrete
• For concrete slabs supported by permanent galvanized steel forms in the production of

colored architectural concrete

On the contrary, the use of calcium chloride is absolutely prohibited in the
following cases:

• Concrete for parking structures
• Prestressed beams
• Concrete elements containing pieces of aluminum
• Concrete made with potentially reactive aggregates
• Concrete containing aggregates potentially reactive to soils or water containing sulfates
• In floors that are receiving metallic hardeners that could react with alkalies (USA)
• In mass concrete
• In hot weather
• In nuclear power plants (In this case, specifications even forbid the use of sodium naphtha-

lene sulfonate superplasticizer because the soda used to neutralize the sulfonic acid can
contain some Cl� ions remaining from its fabrication from sea water. In such a case, it
is mandatory to use a calcium salt of polynaphthalene sulfonate obtained by the neutrali-
zation of the sulfonic acid by lime. The same situation should hold for other types of
superplasticizers.)

19.5 Shotcrete accelerators

Accelerators for shotcrete represent a very separate class of products that have very
specific requirements. In this section, we give a brief overview on their role, compo-
sition, and working mechanisms.
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In tunneling and mining, the most widely spread use of concrete is wet spraying. In
this situation, fluid concrete is pumped to a nozzle, where it is accelerated and intermixed
with an airflow containing a liquid accelerator (Bl€umel and Lutsch, 1981). The material
is projected at a very high speed, about 30e40 m/s (Tidona, 2004). The shotcrete must
adhere to the surface it is projected onto. It must therefore change from a fluid to a sticky
material in a matter of about 50e60 ms (Lootens et al., 2008). After that, it must
continue to develop strength to be able to build up a respectable layer of sprayed con-
crete, typically 200e400 mm in a period of about 1 h (Eberhardt et al., 2009). More
importantly, its strength must continue to increase to secure material, typically over a
period of couple of hours (Eberhardt et al., 2009). This is particularly important in cases
of water infiltrations that can build up important hydrostatic pressure behind the sprayed
concrete. In this respect, the use of fibers is also very important in shotcrete, even more
for overhead applications.

From a chemical point of view, shotcrete accelerators may be divided into two main
classes: silicates and aluminum salts. Silicates were the first products to be used. They
have a lower performance than aluminum-based products, not allowing as thick layers
to be built up. However, they are very cost-effective and remain highly used in some
parts of the world (e.g., China). The products based on aluminum salts are themselves
divided into two classes: alkali and alkali-free products. Concerning the alkali prod-
ucts, these are basic salts of aluminum. They are highly effective to obtain fast early
strength gain, although the long-term strength is lower (Paglia, 2000). However, alkali
shotcrete accelerators present a major health and safety issue as they can be the cause
of severe burns when they contact skin. The most serious cases are if they get in con-
tact with eyes, as they can cause blindness.

Alkali-free accelerators are acidic solutions of aluminum salts. They have largely
been marketed because they do not entrain the same health and safety issues as their
alkali counterparts. They also do not exhibit a reduction of the long-term strength
(Paglia, 2000). Chemically, these products are based on highly concentrated aluminum
sulfate solutions that are stabilized against precipitation by including various mineral
and/or organic acids (Lootens et al., 2008).

The initial action of shotcrete accelerators has been shown to result in the fast pre-
cipitation of ettringite (Paglia, 2000; Xu and Stark, 2005; Lootens et al., 2008). This
causes a fast flocculation of the system, but it does not have much of an effect on
the hydration of alite (Paglia, 2000; Xu and Stark, 2005). To reach the desired setting
time, the accelerator must include a high aluminum concentration. In fact, in many
cases, this leads to concentrations in excess of various aluminum salts, so that precip-
itates may form over time, which is clearly undesirable (limited shelf life). To stabilize
the admixture, various acids are added. However, as already noted, some of these acids
may compromise the intermediate or even long-term strength development (Lootens
et al., 2008; Eberhardt et al., 2009). This effect is linked to the nature of the anion
in the acid, which can strongly alter alite hydration. As a consequence, the stability
of sprayed concrete can be compromised, and this is an issue that is given very serious
consideration in the industry.

Finally, it is important to point out that the introduction of a shotcrete accelerator
can perturb the cement reactivity by modifying the aluminateesilicateesulfate balance
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(Juilland, 2009). The importance of this balance has been explained in Chapter 8 and
the possibility for admixtures to perturb it is discussed in more detail in Chapter 12
(Marchon and Flatt, 2016a,b). Juilland (2009) demonstrated that these same principles
can specifically influence the setting and hardening behavior of shotcrete systems.

19.6 Conclusions

There exist different means to accelerate concrete hardening and initial strength, such
as the use of high-strength cement, cement with low w/c or w/b ratios, heat, or insu-
lated forms. If any of these options cannot provide an initial strength that is high
enough, then it is necessary to use calcium chloride if the local codes permit it. It is
important to check in what cases its use is permitted and what is the maximum dosage
permitted. Despite its potentially negative secondary effects, calcium chloride remains
the most efficient and cheapest accelerator used in the concrete industry.

Accelerators for shotcrete are completely different products based on silicates or
aluminum salts. Some commercial products may contain alkalis, which make their
handling dangerous. Usually, their use results in a reduction of the long-term compres-
sive strength.
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Working mechanism of
viscosity-modifying admixtures 20
M. Palacios, R.J. Flatt
Institute for Building Materials, ETH Z€urich, Zurich, Switzerland

20.1 Introduction

Viscosity-modifying admixtures (VMAs) are essential to control the stability and
cohesion of concrete with very specific rheological requirements, such as self-
compacting concrete, underwater concrete, or shotcrete. In self-compacting concrete,
high amounts of fine powder materials such as fly ash, silica fume, or limestone have
been normally used to prevent segregation and bleeding. However, these fine powders
are not always locally available and/or might have a variable composition. For this
reason, the use of VMAs has progressively increased in recent years to provide
more robust mix designs. In addition, some VMAs, such as cellulose and guar gum
derivatives, have water retention properties and they are mainly used in rendering
mortars. They reduce the adsorption of water into a porous substrate, increasing
cement hydration and mechanical strength of the mortar.

As explained in Chapter 9 (Gelardi et al., 2016), there is a high variability of VMAs.
Inorganic VMAs such as colloidal silica are frequently used; however, in this chapter,
we mainly focus on polymeric VMAs because they allow a greater deal of structural
variations. Polymeric VMAs enhance the stability of the mix by increasing one or
several rheological parameters at the same time, such as plastic viscosity, yield stress,
shear thinning behavior, and thixotropy. Their mode of action depends on their
physico-chemical properties, dosage, and the presence of other admixtures in the mix.

A comprehensive review of the effects of VMAs on the rheological properties of
cementitious systems has recently been given elsewhere (Khayat and Mikanovic,
2012). Here, we will focus mainly on the working mechanism of these admixtures,
their compatibility when they are used in the presence of superplasticizers, and their
effect on the hydration of cement.

20.2 Performance of VMAs

20.2.1 Mechanisms of action of VMAs

VMAs increase the stability of cementitious systems due to a combination of different
physico-chemical phenomena that depend on the nature of the VMA and its concen-
tration (Khayat and Mikanovic, 2012). Polymeric VMAs are highly hydrophilic and
have high capacity to bind water molecules, increasing their effective volume in
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solution. This leads to an increase of the dynamic viscosity of the interstitial solution
and to an increase of the macroscopic viscosity of the cement suspension (Brumaud,
2011; Brumaud et al., 2013).

In addition, depending on the nature and concentration of the polymer, the
following mechanisms can occur (see Figure 20.1):

• Bridging flocculation involves the adsorption of a chain of a high-molecular-weight polymer
onto two or more cement particles, physically holding them together (Fellows and Doherty,
2005). This mechanism involves an increase of the yield stress of cement suspensions.

• Polymerepolymer association. Associative polymers contain segments distributed along the
chain that have a tendency to interact with each other. As a consequence, intramolecular and
intermolecular associations between the polymer chains can develop, producing a three-
dimensional network and an increase of the viscosity of the interstitial solution (Chassenieux
et al., 2011).

• Entanglement. At high concentrations, the chains of VMA polymers can entangle and
increase the apparent viscosity of the interstitial solution and cement suspension (Khayat
and Mikanovic, 2012).

• Depletion flocculation occurs because nonadsorbed polymers are depleted from a “volume
exclusion shell” around larger particles. The difference of polymer concentration in bulk
solution with respect to the depleted zone leads to an increase of the osmotic pressure in
the system, which causes its flocculation. This mechanism does not modify plastic viscosity
of suspensions, but it leads to an increase of the yield stress (Palacios et al., 2012).

20.2.2 Impact of VMAs on the rheology of cementitious systems

A common feature of all polymeric VMAs is that they increase the apparent viscosity
of the aqueous solution, being higher the increase with the dosage of polymer.

Polymer solvation and swelling Polymer association and entanglement

Bridging flocculation Depletion flocculation 

Cement
particle

Cement
particle Cement

particle

Cement
particle

Figure 20.1 Sketch of the different mechanisms of action of polymeric VMAs.
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As shown in Figure 20.2, aqueous systems (as cement pore solutions) containing
VMAs have a shear-thinning behavior where apparent viscosity decreases with shear
rate. At low shear rates, disruption of polymer entanglements is balanced by the
formation of new interactions and no effect on the viscosity is observed. At higher
shear rates, the disentanglement of polymers predominates and chains align in the
direction of the flow, consequently decreasing the apparent viscosity with the shear
rate. This shear thinning behavior is observed not only in aqueous solutions but also
in cementitious systems containing VMAs. This is highly desirable in concrete produc-
tion, as VMAs increase the stability of the concrete once it is placed and enhance
fluidity during mixing and pumping operations.

There are very few studies on the rheology of cementitious systems containing VMAs
as the only admixture, andmost of themdealwithwater retention agents. Brumaud (2011)
showed that cellulose derivatives increase the viscosity of cement pastes.

Regarding the impact of water retention agents on the yield stress, contradictory
results have been found in the literature. Some authors confirm that cellulose derivative
(CE) admixtures slightly decrease the yield stress (Patural et al., 2011; Hossain and
Lachemi, 2006). Patural et al. (2012) explained this decrease in base of the steric hin-
drance induced by the CE adsorbed onto cement particles. On the contrary, Brumaud
(2011) observed an increase of the yield stress of cement pastes due to bridging floc-
culation prompted by the adsorbed admixture (see Figure 20.3). The difference ob-
tained in the literature might come from the different structure and molecular weight
of the CE polymers used. For example, Brumaud used CE with higher molecular
weight than Patural et al.

20.2.3 Performance of VMAs in the presence
of superplasticizers

In applications such as self-compacting concrete, it is essential to accomplish opposing
rheological requirements, in particular high fluidity during casting and high viscosity
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Figure 20.2 Examples of shear thinning behavior induced by (a) welan gum on aqueous
solutions and (b) hydroxypropylguar on mortar pore solution.
Reproduced from Xu et al. (2013) and Poinot et al. (2013), respectively, with permission.
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at rest to avoid segregation. For that reason, a combination of superplasticizers and
VMAs is widely used. Chemistry and mechanism of action of both types of admixtures
are different and problems of incompatibility might appear in practice. For example,
adsorbing VMAs might compete with superplasticizers to absorb onto cement parti-
cles, reducing their dispersing properties.

20.2.3.1 Impact of VMAs on the rheological properties
in the presence of superplasticizers

As observed in Figure 20.4, for a fixed dosage of superplasticizer, the addition of
VMAs increases the plastic viscosity and/or yield stress. In practice, this increase of
yield stress is normally corrected by the addition of extra water or more superplasti-
cizer. In the cases illustrated in Figure 20.4(a), the CE shows a much more marked
increase of plastic viscosity than yield stress. This observed effect might come from
a specific combination of cellulose with a superplasticizer, but it is not necessarily a
general behavior. In contrast, the other polymers show similar relative increases in
both plastic viscosity and yield stress, as can be seen in Figure 20.4(b).

Welan gum and diutan gum are VMAs commonly used in combination with super-
plasticizers. Shear-thinning behavior is more pronounced in the presence of diutan
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Reproduced from Brumaud et al. (2014) with permission.
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gum than welan gum because of its higher molecular weight (Sonebi, 2006). As shown
in Figure 20.4(b), both gums and modified starch increase 2e5 times the plastic vis-
cosity and yield stress of cement mortars with respect to those without VMA (Khayat
and Mikanovic, 2012). This contrasts with the previously mentioned behavior of the
cellulose derivative admixtures that mainly control the stability of the cementitious
systems by significantly increasing the plastic viscosity. It should, however, be empha-
sized that these differences are illustrated on systems containing specific superplasti-
cizers. Therefore, these observations should be taken as illustrations of possible
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Figure 20.4 (a) Effect of type and concentration of VMAs on the rheological parameters of
concrete-equivalent mortar of Self-compacting concrete (SCC) consistency. Dosage of super-
plasticizer was kept constant. (b) Image shown in detail.
Adapted from Khayat and Mikanovic (2012).

Working mechanism of viscosity-modifying admixtures 419



differences between combinations of a superplasticizer and a VMA rather than a
general rule.

As explained before, polymeric VMAs physically adsorb large amounts of water
by hydrogen bonds, increasing their effective volume and consequently the viscosity
of the interstitial fluid of cementitious systems (Brumaud, 2011; Brumaud et al.,
2013; Oosawa and Asakura, 1954). Apart from this specific effect on the continuous
phase, the increase of yield stress observed in presence of welan gum and diutan gum
could be explained by a combination of two mechanisms. On one hand, both gums
have an anionic character and can also adsorb onto cement particles (see Figure 20.5
or Plank et al., 2010). For basic information on factors governing polymer adsorption
as well as more specifically the role of molecular structure of PCEs on their adsorp-
tion, readers are referred to Chapter 10 (Marchon et al., 2013, 2016).

In the presence of a PCE superplasticizer, a competition between welan gum and
superplasticizer to adsorb onto cement particles may occur as both polymers have a
similar affinity for cement surface in the range of dosage of polymers normally used in
concrete (see Figure 20.5). In this situation, yield stress would increase because of
bridging flocculation. However, if not all the welan gum polymer is adsorbed, this poly-
mer still remains in solution and could contribute to the increase of the yield stress by the
depletion flocculation mechanism explained at the beginning of this chapter. However,
first-order calculations of the depletion flocculation force do not seem large enough to
explain themagnitude of yield stress change.More careful calculationswould be needed.
Furthermore, the competitity adsorption between PCE superplasticizer and a cellulose-
based VMA has been probed by Bessaies-Bey et al. (2015) by using a combination of
two techniques, total organic carbon (TOC) analyzer and dynamic light scattering (DLS).

In the case of modified starch VMAs, several studies have concluded that they signif-
icantly increase the yield stress. Again, this increase could be explained by a combina-
tion of both bridging and depletion flocculation. However, the effect of modified starch
on the plastic viscosity is not clear. While Palacios et al. (2012) concluded that this
VMA does not increase significantly the plastic viscosity of cement pastes,
Figure 20.4(b) shows that starch-modified VMAs triple this rheological parameter.
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20.2.3.2 Compatibility of polymeric VMAs with superplasticizers

Kawai and Okada (1989) confirmed that cellulose-derivative VMAs are compatible
with melamine-based and PCE superplasticizers. On the contrary, Figure 20.6 suggests
certain incompatibilities of these VMAs with naphtalene-based superplasticizers
(PNS) as the addition of cellulose derivatives decreases the slump flow (increases
the yield stress) without much improvement in the stability of the mix (Khayat and
Mikanovic, 2012). For the same reason, Figure 20.6 also reveals that PCEs and welan
gum are incompatible while welan gum seems to be compatible with naphtalene- and
melamine-based superplasticizers (Khayat and Mikanovic, 2012).

20.3 Working mechanisms of water retention agents

In building materials, cellulose ether (CE) and hydroxypropylguar (HPG)-derived
polymers are normally used to improve the ability of a render or plaster to retain its
constitutive water. In particular, they reduce the water loss due to capillary absorption
into the porous substrate, onto which an overlay material is applied. This makes it
possible for cement to hydrate and for adhesive and mechanical properties to develop
(Brumaud et al., 2013; Marliere et al., 2012).

The working mechanism of both types of polymers has been proven to be similar.
Firstly, CE and HPG admixtures increase the viscosity of cement pore solution.
Brumaud et al. (2013) measured the influence of different CEs on the viscosity of
distilled water and synthetic cement pore solutions. They confirmed that hydroxye-
thoxy methoxy cellulose (HEMC) and hydroxypropoxy methoxy cellulose (HPMC)
increase the viscosity of these solutions; this increase depends on the molar mass,
nature of the ether(s), and its dosage. However, as shown in Figure 20.7, at dosages
lower than 1%, the viscosity increase does not depend on the molecular parameters,
such as degree of substitution (DS) or mass substitution (MS). Only at very high

Figure 20.6 Stability of cement pastes as a function of spread flow (w/c ¼ 0.65 and constant
dosage of superplasticizer).
Reproduced from Khayat and Mikanovic (2012) with permission.
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CE dosages (higher than 1%) is there a slight dependency on these molecular param-
eters and viscosity of the aqueous solution.

Water retention of cementitious systems increases with the molecular weight and
dosage of CE admixtures. Several studies (Brumaud et al., 2013; B€ulichen et al.,
2012) have confirmed that the mechanism controlling the water retention of CE poly-
mers depends on the concentration used. Below a critical concentration corresponding
to the overlap of the polymer coils, water retention of mortars is dictated by the
increase of the viscosity of the interstitial solution, no matter the polymer structural
parameters (Brumaud et al., 2013). Most of the studies conclude that the increase of
the viscosity induced by CE admixtures may reduce the mobility of the interstitial
solution and increase water retention.

In contrast, Patural et al. (2012) showed by nuclear magnetic resonance dispersion
measurements that the surface diffusion coefficient of water is not modified by the
presence of CE, despite the high increase of the solution viscosity induced by these
polymers. However, CEs transiently increase the fraction of mobile water molecules
present at the solid hydrate surfaces.

At dosages above the critical concentration, the associative nature of the CE mol-
ecules mainly governs their water retention ability. There are two reasons for this. The
first is that CEs form aggregates in solution, increasing the viscosity of the interstitial
fluid. The second is that these polymer aggregates are a few micrometers in size (see
Figure 20.8), so that they may jam and/or plug the porosity of the fresh paste or mortar
(Sonebi, 2006; Patural et al., 2011; Brumaud et al., 2013). In addition, Jenni et al.
(2003, 2006) found that methyl hydroxyethyl cellulose (MHEC) is transported through
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Figure 20.7 Apparent viscosity at 2.5 s�1 for various dosages of hydroxyethoxy methoxy
cellulose (HEMC) in distilled water. HEMC B has a molar mass that is 2.5 times higher than the
molar mass of HEMCs A and C. HEMCs A and C have an equivalent mass substitution (MS)
and a different degree of substitution (DS) whereas HEMCs A and B have a different MS and
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Reproduced from Brumaud et al. (2013) with permission.
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the capillary pores of mortars and accumulated at the interface between the layer in
contact with the substrate and the substrate surface, reducing the porosity.

Similar results as those presented above for CE have been obtained by Poinot et al.
(2014) for HPG. They confirmed that water retention of cement mortars depends on
HPG concentration. They also found that at concentrations higher than the overlapping
concentration, a high increase of the water retention is induced due to the formation of
polymer aggregates. However, at dosages below the critical concentration, almost no
effect of HPG on water retention is observed. This last result contrasts with the case
of CE polymers (see Figure 20.9) (Poinot et al., 2014). The reasons for this are not clear
but may be to be found in the lower intrinsic viscosity of the selected polymers.
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Reproduced from Brumaud et al. (2013) with permission.

Figure 20.9 Effect of polymer agglomerates formation on water retention for
(a) hydroxypropylguar (HPG) and (b) hydroxypropoxy methoxy cellulose (HPMC).
Reproduced from Poinot et al. (2014) with permission.
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In cement pastes containingCEpolymers,Brumaud (2011) determined that the viscos-
ity of the interstitial solution was lower than expected from the dosage used. This differ-
ence was explained by a partial adsorption of these polymers onto the surface of cement
particles, causing a decrease of polymer concentration in the pore solution and therefore
also of the viscosity. Other authors have also confirmed that CE polymers can adsorb on
cement particles (B€ulichen et al., 2012; Khayat and Mikanovic, 2012; Brumaud et al.,
2013) and that the extent of this depends on DS, as shown in Figure 20.10.

However, because CEs are nonionic polymers, the origin of this adsorption is
unclear. According to B€ulichen et al. (2012), the adsorbed polymer may not corre-
spond to the cellulose derivative but to byproducts present in commercial MHEC
that are able to adsorb onto cement particles. In any case, authors agree that the water
retention properties of CE are not related to CE adsorption onto cement particles.

At this point, it is worth mentioning that adsorption measurements of CEs are not
easy to perform by the depletion method without introducing artifacts, specifically at
dosages above the critical concentration where CE aggregates could be trapped within
the porosity of the cement pastes (Brumaud et al., 2013; B€ulichen et al., 2012).

20.4 Influence of polymeric VMAs on hydration
of cement

Most of the studies on the impact of VMAs on cement hydration have been done using
cellulose derivatives or hydroxypropylguar retention agents. They were done by con-
ductivity measurements on highly diluted systems and isotherm calorimetry using lower
waterecement (w/c) ratios. In this section, we propose only a brief review of some find-
ings of the literature concerning these specific cases. More detailed information on
cement hydration mechanisms and how chemical admixtures can affect them can be
found in Chapters 8 and 12, respectively (Marchon and Flatt, 2016a,b).
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Figure 20.11 shows the typical conductivity curve of cement reaction where the
initial precipitation of portlandite involves a drop of the electrical conductivity
(Comparet, 2004; Pourchez et al., 2010). In the presence of CE and HPG, a delay in
the time of portlandite precipitation is observed, indicating a delay of C3S hydration
that is higher with the dosage of polymer (see Figure 20.12) (Pourchez et al., 2010).

Pourchez et al. (2010) analyzed the concentration of silicate and calcium as disso-
lution of C3S progressed in highly diluted systems. They found that CE polymers had
almost no influence on the dissolution of pure C3S. These authors measured the con-
centration of calcium and silicates over time and calculated the amount of initial
CeSeH nuclei based on the decrease of silicate concentration during the hydration
of C3S where the calcium concentration is constant. This was calculated according
to Eqn (20.1) based on the works of Garrault and Nonat (2001) and Pourchez (2006):

CeSeH initial nuclei ¼ D
�
H2SiO4

2��
1
3

�
C
S

�� 1
(20.1)

where C/S is the calcium-to-silicon ratio of the CeSeH.
As shown in Figure 20.13, the amount of initial CeSeH nuclei decreases in the

presence of CE polymers.
Additionally, Figure 20.12(a) shows that CEs have very limited impact on the rate

of CeSeH growth, as the slopes in the stage of hydration are relatively similar to the
reference. On the contrary, HPGs (see Figure 20.12) decrease the slope of the curve,
indicating that they mainly slow down the growth of hydrate phases rather than their
nucleation (Poinot et al., 2013). For both polymers, these authors have proposed that
the adsorption onto CeSeH and portlandite is the main reason for the induced delay.
They also indicated that the increase of the viscosity of the aqueous media, and
possible decrease of water migration, does not play any role on the slowing down
of the hydration induced by CEs and HPGs.
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The effect of other VMAs on the hydration of cement still remains unclear.
Leemann and Winnefeld (2007) showed that in mixes containing both PCE-based
superplasticizer and VMAs, the presence of polymeric VMAs does not significantly
modify cement hydration (see Figure 20.14). On the contrary, Khayat and Yahia
(1997) observed a clear delay of the setting time of cement grouts containing a
naphtalene-based superplasticizer and a welan gum VMA.

Finally, we can note that the addition of inorganic VMAs, such as microsilica or
nanosilica slurries, accelerates cement hydration as they introduce additional nucle-
ation and/or growth surfaces that can consume ions released by the dissolving anhy-
drous phases (Leemann and Winnefeld, 2007). From this point of view, when
retardation is an issue, such compounds may be valid alternatives, provided they are
effective enough in modifying the other more essential properties.
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Figure 20.12 Conductometric curves of C3S hydration in the presence of (a) cellulose
derivatives and (b) hydroxypropylguars.
Reproduced from Pourchez et al. (2010) and Poinot et al. (2013), respectively, with permission.
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20.5 Use of VMAs in SCC formulation

In recent years, SCC application has progressively increased. Table 20.1 shows the con-
crete mix design of three SCCs containing different types of VMAs used in Canada. The
three concretes had a compressive strength of 35 MPa at 28 days (Table 20.2).

SSC1 was used in the Fermont in Quebec Province to build a special tank. The high
density of steel reinforcement (see Figure 20.15) required the use of an SCC. This SCC

Figure 20.14 Isothermal heat flow curve of cement pastes with w/c ¼ 0.4% and 1% of
superplasticizer (SP) and different VMAs (ST, starch derivative; PS, natural polysaccharide;
MS, microsilica; NS, nanosilica; EO, ethylene oxide derivative).
Reproduced from Leemann and Winnefeld (2007) with permission.
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Figure 20.13 The impact of CE on the amount of initial nuclei of CeSeH after 30 min of C3S
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Reproduced from Pourchez et al. (2010) with permission.
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Table 20.1 Composition of SCC

Nomenclature
Sand
(kg)

Aggregates
(kg)

Water
(L)

Cement
(kg)

Fly ash
(kg) Water/binder

Superplas-
ticizer (L) VMA (L)

Water
reducer
(L)

Retarder
(L)

SCC1 794 885 (5e14 mm) 168 378a 42 0.40 5.0c 1.0e 0.80 e

SCC2 762 793
(2.5e10 mm)

179 460b e 0.40 4.0d 3.0f e e

SCC3 810 889
(2.5e10 mm)

153 400a e 0.40 3.5d 1.0e 0.75 1.0

aCement containing 7e7.5% of silica fume.
bTernary cement containing 20% of fly ash and 5% of silica fume.
cPNS.
dPCE.
eBiopolymer.
fWelan gum-based.
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was prepared using a mix of several chemical admixtures, a PNS superplasticizer, a
water-reducing admixture, and a biopolymer-based VMA.

SCC2 was used to build a retaining wall at Les Escoumins in Quebec Province (see
Figure 20.16). In this case, the use of the SCC allows observation of the defects of the

Table 20.2 Fresh and hardened properties of SCC

Nomenclature Spread (mm) Air content (%)

Compressive
strength at
28 days (MPa)

SCC1 650 � 50 6e8 35

SCC2 675 � 50 6e8 35

SCC3 625 � 50 6e8 35

Figure 20.15 Construction of Fermont tank in Quebec using SSC1.

Figure 20.16 Retaining wall at Les Escoumins in Quebec.
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formwork. Highly fluid and stable SCC was obtained by using a PCE superplasticizer
in combination with a welan gum-based VMA.

Finally, SCC3 was used in Parc Forillon in Quebec Province. Again, a mix of
different chemical admixtures was required to obtain the suitable fresh properties of
the concrete. Specifically, a PCE superplasticizer, a water reducer, a retarder, and a
biopolymer based VMA were used.

20.6 Conclusions

Modern concrete, such as self-compacting concrete, underwater concrete, or shotcrete
require very specific rheological properties. The addition of VMAs allows a reduction
of the amount of fine powder materials in concrete at the same time that its stability,
cohesion, and robustness are substantially increased. The understanding of the work-
ing mechanism of VMAs promotes the design of robust concrete mixes that can pro-
vide the best fresh and hardened state properties.

This chapter focuses on polymeric VMAs as they allow a higher variability of struc-
tural variations. The mechanism of action of these admixtures and their impact on the
rheological properties depends on the nature of the VMA and the presence of other
admixtures in the mix. In general, water retention admixtures delay cement hydration
while the influence of other VMAs on cement hydration depends on its chemical
composition.

In practice, problems of incompatibility between specific combinations of VMAs
and superplasticizers must be avoided. These could lead to a quick loss of fluidity
without much improvement in the stability of concrete. An understanding of the mech-
anism of action of the different types of polymers may decrease the risk of having such
problems on site.
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Antifreezing admixtures 21
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

21.1 Introduction

Despite the fact that antifreeze admixtures are currently used in Russia, Finland, Poland
and China for placing concrete without any special protection under temperature as low
as �15 �C, antifreeze admixtures are not used in Canada, Alaska and the northern parts
of the United States, or elsewhere in Europe (besides Finland and Poland). Presently in
Finland, it is possible to buy on the market prepacked sacks of concrete and mortars in
which an appropriate dosage of calcium nitrite has been included. These prepacked mix-
tures can be used under temperatures as low as �10 �C without any special protection
against such a very low temperature. Very little English literature can be found on the
subject except one comprehensive article written by Ratinov and Rozenberg in Rama-
chandran’s book on concrete admixtures (Ramachandran, 1995).

The basic idea of using an antifreeze admixture is very simple: it consists of incor-
porating in the mixer a soluble salt that lowers the freezing temperature of water.
Lowering the freezing temperature of water by adding a soluble salt is a well-
known phenomenon. Fahrenheit used it when he selected the origin of his temperature
scale: The temperature 0 �F corresponds to the minimum temperature at which a satu-
rated solution of calcium chloride freezes. Seawater freezes around�1.8 �C according
to its salinity.

21.2 Winter concreting in North America

When facing the first low temperature at the beginning of winter season, Canadian
concrete producers start to heat the mixing water in order to increase the temperature
of the fresh concrete. As the temperature continues to decrease, they start heating the
coarse aggregates and the sand with steam.

In the field, when night temperature is decreasing close to 0 �C, contractors protect
the freshly poured concrete with insulating blankets. When it freezes harder, they build
temporary polyethylene heated shelters to protect concrete against freezing. Of course,
there is a price associated to the application of all these measures: on average, they
charge 25% more for winter concreting.

When the ambient temperature is lower than �10 �C in Canada, concrete is deliv-
ered only for inside applications. At�15 �C, ready-mix plants stop producing concrete
until the ambient temperature goes up. Currently, antifreeze admixtures are not used at
all in Canada.
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21.3 Antifreeze admixtures

According to Ratinov and Rosenberg, nitrites, nitrates, calcium chloride, sodium chlo-
ride, ammonia, etc. have been used as antifreeze admixtures in Russia (Ramachandran,
1995). Usually, a combination of some of these chemicals is used. In practice, the most
popular formulations are the ones based on nitrites. In China and Finland, a mixture of
sodium nitrite (NaNO2) and sodium sulphate (Na2 SO4) is used, as well as a mixture of
sodium nitrate and calcium nitrite, Ca(NO2)2. Pedro Hernandez (1989), during his
master’s thesis, used essentially calcium nitrite as an antifreeze admixture.

As calcium nitrite is currently available in North America to provide an additional
protection against the corrosion of reinforcing bars, the use of calcium nitrite as an
antifreeze admixture should become an interesting alternative for winter concreting.
Of course, the dosage of calcium nitrite that has to be added as an antifreeze admixture
is much higher than the one used as a corrosion inhibitor. A saturated solution of
Ca(NO2)2 freezes at a temperature of about �20 �C.

21.4 The construction of high-voltage power lines in the
Canadian North

The anchors of the power lines erected in the Canadian North could benefit from
this technology. In the Canadian North, high-voltage power lines are erected in
winter because it is very easy to transport on the snow all the materials needed
to erect the lines as well as the personnel. The frozen rivers and lakes are no longer
obstacles for the progression of the construction of the lines. The only negative
point is that the rock in which the anchors have to be fixed is totally or partially
frozen, depending on the latitude at which the power line is located. In both cases,
it is necessary to heat the rock around the anchorage hole in order to create an
unfrozen zone around it before injecting the grout that will fix the anchor.
In fact, the rock has to be unfrozen deep enough so that when the heating stops
there is enough time for the grout to harden and get enough strength before the
rock comes back to its initial frozen temperature.

The use of an antifreeze admixture could avoid such a long and complicated pro-
cess. In order to prove the feasibility of such an alternative, experimental anchors
were cast in Nanisivik in the extreme north of Baffin Island.

21.5 The use of calcium nitrite in Nanisivik

Nanisivik is a village located in the extreme north of Baffin Island at the 73 parallel
where Nanisivik Mines exploits a zinc mine (Figure 21.1). An airport is connected
to Ottawa twice a week and a harbour facility exists to ship the extracted zinc ore.

To study the feasibility of using grouts containing calcium nitrite as an antifreeze
admixture, it was possible to take advantage of all of the facilities of the mining
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company (food and dwelling, drills, transportation, etc.) and establish a temporary
small laboratory inside a garage.

Two series of experiments were done: the first one in a cap of rock close to the plant
as seen in Figure 21.2 and a second one in a gallery of the mine where the rock and the
air were all year round at �12 �C (Figure 21.3).

At 300 mm below its surface, the temperature of the rock was �12 �C for the 12
anchors tested. The ambient temperature was �15 �C when the grouting was done.

The grouts were prepared in a garage using water at 10 �C and transported to the
site immediately to be poured in the anchor holes. They contained some aluminium
powder in order to create a small expansion of the volume of the grout to improve
the bonding of the grout with the anchor and the rock. Only the first 300 mm of the
anchors were grouted and thermocouples installed at the bottom of the anchor to
monitor the temperature of the grout (Figures 21.4 and 21.5). The composition of
the grout is shown in Table 21.1.
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Figure 21.1 Location of Nanisivik in Baffin Island.
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Dosages are given in proportion of the cement mass. In the case of the superplasti-
cizer and the calcium nitrite, the dosage corresponds to that of their solid content.

On the cap of rock, the anchors were pull out after 14 days. In the frozen gallery of
the mine, the anchored bars were supposed to be pulled out 1 year later. A small rect-
angular base was built around each anchor to support the base of the hollow jack used
to pull out the anchors (Figure 21.5).

Figure 21.2 The selected rock cap for the testing outside the mine.

Figure 21.3 Grouting the anchors in the mine gallery.

436 Science and Technology of Concrete Admixtures



Figure 21.4 Installation of the 12 anchors.

Table 21.1 Composition of the grout

High early strength cement (O) 1

Water (W) 0.44

Silica fume (FS) 0.10

Aluminium powder 0.7 � 10�4

Superplasticizer 0.03

Sodium nitrite (N) 0.12

N/(N þ E) ratio 0.21

W/(C þ FS) ratio 0.40

Figure 21.5 The small rectangular base built around each anchor to support the base of the
hollow jack used to pull out the anchors. The temperature of each grout was monitored by a
thermocouple.
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The results obtained on the cap of rock were compared to those obtained in an un-
frozen rock in Sherbrooke; they were excellent (Benmokrane et al., 1987). However, in
the case of the anchors grouted in the frozen gallery, after a year at �12 �C it was
impossible to pull them out because by error the grouted length was too long; the
load that had to be developed to extract them was well over the capacity of the
jack. It was necessary to cut the anchors with acetylene torches and seal the anchoring
hole with a grout to avoid any accident in the gallery.

21.6 Conclusion

This experience of the Université de Sherbrooke in the Canadian Arctic has shown the
great potential of using antifreeze admixture in concrete or grouts, as is currently done
in Finland, Russia and China. The use of this technology could result in important
savings when erecting power lines. Antifreeze admixtures can also be used to increase
the length of the concrete season in the Canadian North by adding 2 months to the
usual concreting season. Concreting could start 1 month earlier and stop 1 month later,
which would be a great advantage in the short concreting seasons of the north.
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Expansive agents 22
R. Gagné
University of Sherbrooke, QC, Canada

22.1 Introduction

Expansive agents are admixtures sold as powders that are added to concrete. In the
early stage of hardening, they produce a controlled internal reaction so that the
apparent volume of concrete increases. A concrete containing an expansive agent is
also known as shrinkage compensated concrete (ACI, 2011). This type of concrete
is used in constructions where it is absolutely necessary to decrease as much as
possible the cracking of concrete related to drying and/or autogenous shrinkage.
The main practical application of expansive agents deals with the construction of con-
crete slabs on ground, large walls, and concrete repairs (ACI, 2011; Collepardi et al.,
2005, 2008; Gagné et al., 2008).

The internal expansion occurs typically during the first 7 days following the batch-
ing of concrete; usually, it is not greater than 0.1% after 7 days of curing (Bissonnette
et al., 2008). Although the resulting expansion is not very large, it decreases signifi-
cantly the risk of cracking in the case of restrained shrinkage.

Internal expansion can be produced using different types of expansive agents that
produce expansive hydrates when they react with water. It must be emphasized that
most of these reactions lead to products that occupy less volume than the reactants.
However, as for cement hydration, the volume of solids increases. The expansion is
understood to result from conditions causing the hydrates to grow under supersaturated
conditions. Crystallization pressure is therefore the underlying process explaining this
expansion (Scherer, 1999). In particular, the process of dissolution of an anhydrous
phase coupled with the precipitation of a hydrate can generate important expansive
forces by crystallization pressure (Flatt, 2002; Flatt et al., 2014). The kinetics and
intensity of this internal expansion depend on different parameters, particularly:

• The chemical nature of the expansive agent
• The dosage of the expansive agent
• The type and duration of water curing
• The cement dosage

22.2 Principle

An expansive agent is used during the early hardening of concrete to produce a volu-
metric expansion that, according to different chemical mechanisms, mitigates totally or
partially the volumetric contraction induced by the different forms of shrinkage.
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Figure 22.1 presents the free shrinkage of two concretes containing or not an expansive
agent. It is shown in Figure 22.1 that when concrete does not contain any expansive
agent, it presents a small expansion when it starts to be water cured. The reason for
this expansion is not clear, but most likely results from an expansive reaction, such
as hydration of the free lime present in any clinker.

Immediately after the end of the water curing, concrete drying generates a loss of
water that is responsible of the drying shrinkage of concrete, as shown in Chapter 6
(Aïtcin, 2016). At the beginning, this shrinkage progresses rapidly, but in the long
term it stabilizes. The kinetics and final extent of drying shrinkage depend on several
parameters, such as concrete composition, environmental conditions, and the geometry
of the concrete elements.

A concrete containing an expansive agent presents an initial swelling larger than
that of a similar concrete that does not contain any expansive agent. This expansion
occurs during the water curing of concrete. According to the type of the expansive
agent, the maximal expansion in obtained between the second and the seventh day
of water curing. Then, drying shrinkage starts as soon as the water curing is finished.
Usually, the kinetics and extent of drying shrinkage are not influenced by the type of
expansive agent used (Collepardi et al., 2005; Bissonnette et al., 2014). This can be
seen in Figure 22.1 in that the dimensional change after curing is similar in both cases.

However, in situations of restrained shrinkage discussed below, what matters most
is the total shrinkage, which is defined as the dimensional change between the initial
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Figure 22.1 Schematic representation of the swelling and the drying shrinkage of two
concretes, one containing an expansive agent and another that does not contain an expansive
agent.
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condition and the final one. In that case, as also illustrated in Figure 22.1, the expansive
agent reduces the total shrinkage.

When volumetric variations (swelling as well as shrinkage) are not restrained, con-
crete is not subjected to any stress (Bissonnette et al., 2014). On the contrary, when
these volumetric variations are restrained, the development of drying shrinkage gener-
ates internal tensile stresses that may result in the cracking of concrete. For example, in
the case of a concrete slab on the ground, drying shrinkage is partially restrained by the
friction of the slab with the soil. A too-large drying shrinkage may result in the
cracking of the slab. A similar cracking can also develop in the case of a thin concrete
overlay used to repair a damaged concrete. It is the bonding between the overlay and
the concrete sub-base that is responsible for this cracking. Finally, in the case of large
concrete elements, the core of the concrete can exert self-restraint of its exterior. In all
of these cases, in order to reduce the risk of cracking, it is necessary to reduce the effect
of drying shrinkage. An expansive agent may be used to reduce this risk, but it is not
the only way to reduce it, as it will be shown in Chapter 23 (Gagné, 2016).

Figure 22.2 represents the stress variations in a concrete sample submitted to
restrained volumetric variations. In the case of the concrete that does not contain
any expansive agent, restrained drying shrinkage results in tensile stresses when
shrinkage is progressing. Cracking occurs when the tensile stress developed by the
restrained shrinkage becomes greater than concrete tensile strength (Bissonnette
et al., 2014).

In the case of concrete that contains an expansive agent, concrete expansion is also
restrained, so that it generates an internal compressive stress during water curing
(chemical prestressing). When drying shrinkage starts to develop at the end of the
curing period, the internal compression is relaxed. Finally, in the long term, the final
tensile stress is smaller than in the previous case and may eliminate or at least decrease
significantly the risk of cracking (Figure 22.2). However, it should be noted that, in the
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Figure 22.2 Schematic representation of the development of stresses in concrete with or without
an expansive agent when volumetric variations are restrained.
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case of self-restraint, the benefit of the expansive agent would not be present as the
concrete core would also expand. However, the situation of a large element only sub-
ject to self-restraint is probably relatively rare.

22.3 Expansion mechanisms

Different types of expansive agents are used to produce this initial expansion. The two
most important ones are one containing a calcium sulphoaluminate and the other gran-
ules of dead-burn lime (CaO). The American Concrete Institute (ACI) Committee 233
proposed a classification of the expansion mechanisms that is a function of the chem-
ical nature of the minerals that are responsible for the formation of these expansive
hydrates (ACI, 2011). For example, an expansive agent of Type K (calcium sulphoa-
luminate) results in the formation of ettringite. Expansive agents of Type G are based
on dead-burn lime; they result in the formation of hydrated lime (portlandite)
(ACI, 2011).

22.3.1 Expansion due to the formation of ettringite

In this case, the expansive agent is essentially composed of a mixture of calcium sul-
phoaluminate (C4A3S) and dead-burn lime (CaO) that results in the rapid formation of
ettringite during water curing (Ish-Shalom and Bentur, 1974; Bentur and Ish-Shalom,
1974). This kind of expansion is also used in Type K cements in the United States.
This type of agent of expansion is formulated so that the final expansion stops
when the reactive product is fully hydrated and has produced an expansion almost
equal to the anticipated drying shrinkage. A Type K component agent, sold in the
form of a powder, is directly added to concrete during its batching. In this approach,
the expansive agent is diluted in some Portland cement that should be subtracted from
the cement dosage. Replacement rates of 10e16% of Portland cement are used in order
to compensate for drying shrinkage in a concrete repair (Bissonnette et al., 2014). This
dilution of the expansive agent in Portland cement avoids dosage errors for the very
small quantities of expansive agents that have to be used.

In order to occur, the expansion reaction necessitates the use of a large quantity of
water during the initial days. In optimal conditions, 7 days of water curing are enough
to provide the maximal expansion, which is reached after 4e7 days as seen in
Figure 22.3 (Bissonnette et al., 2014). External temperature plays a very important
role in the final expansion; at a temperature lower than 5 �C, the expansion mechanism
is slowed down and does not reach the anticipated expansion at 20 �C.

The use of a sulphoaluminate-based expansive agent can result in a rapid decrease
of concrete workability because of the initial important water consumption (Phillips
et al., 1997). When the loss in workability is too large, it is useful to use a superplas-
ticizer in order to maintain an adequate workability that will result in an easy placing
of concrete. For a given waterecement ratio (w/c), concretes containing an expansive
sulphoaluminate-based expansive agent are developing a compressive strength equal
to or even slightly higher than that of a regular concrete (Phillips et al., 1997).
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Some interactions between the expansive agent and certain admixtures have been re-
ported in the literature, particularly in the case of air-entraining agents. However,
numerous field projects in which superplasticizers and air-entraining agents have
been used simultaneously show that it is possible to find the right dosage of these
two admixtures to obtain a concrete meeting the most stringent specifications (Phil-
lips et al., 1997).

22.3.2 Expansion due to the formation of portlandite

Portlandite formation is also another way to produce a rapid expansion in the cement
paste. The expansive agent contains granules of dead-burn lime (CaO) that produce
crystals of portlandite (Ca(OH)2) when they enter in contact with water. Commercial
products are added directly in the mixer; usually, they are diluted in Portland cement.
These expansive agents are of Type G according to the previously mentioned ACI 223
Committee report (ACI, 2011).

The expansion observed is quite rapid and reaches its maximum within 48 h
(Figure 22.4) (Bissonnette et al., 2014). The formation of portlandite crystals necessi-
tates some water, so an efficient water curing must be put in place in order to achieve
the expected expansion. The curves observed in Figure 22.4 show that the expansion is
quite rapid and occurs essentially during the first 24 h. Therefore, it is very important
that concrete setting is not too much delayed by ambient temperature or by the admix-
tures used in the mix because otherwise most of the expansion may occur in the plastic
states of concrete and will be lost.

Usually, commercial products are used at a dosage of 3e10% of the cement mass.
They can be used in replacement or in addition to the mass of concrete. When they are
used in addition, they must replace an equivalent volume of sand. Calcium
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Figure 22.3 Free expansion of a concrete containing a Type K component expansive agent
(w/b ¼ 0.38; Type K component dosage ¼ 10%) (Bissonnette et al., 2014).
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oxide-based expansive agents do not influence significantly concrete rheology and
admixture dosage. When they are used in addition to the mass of cement, they can
result in a slight increase of compressive strength.

22.4 Measurement of free and restrained expansion

The expansion induced by expansive agents can be measured in free or restrained con-
ditions. Free expansion characterizes the expansion of a concrete specimen that is not
confined by the side of the mold or by any reinforcing bar. Restrained expansion is
measured on a sample presenting a very light reinforcement equal to 0.3%, according
to ASTM C878 Standard Test Method (ACI, 2010).

22.4.1 Free expansion

The measurement of free expansion is used to characterize the expansion that can be
obtained with an expansive agent. It is used to find the appropriate dosage of the
expansion agent. Expansion is measured on concrete prisms comporting metallic in-
serts. These prisms can be of the same size as the ones recommended by ASTM
C157 Standard (ASTM, 2014).

When expansion is measured, it is very important to demold concrete specimens as
soon as possible in order to avoid the development of some restriction on the faces of
the mold. The first length reading must be taken as soon as possible in order to detect
all of the initial expansion. In the case of a CaO-based expansive agent, the first expan-
sion may occur as soon as 6e8 h after the first contact of the cement with water.
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Figure 22.4 Free expansion of a concrete containing a calcium oxide-based expansive agent
(w/b ¼ 0.38; expansive agent dosage ¼ 3%) (Bissonnette et al., 2014).
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Vibrating wire gages can be used to measure the expansion. They are placed at the
center of the specimens, as seen in Figure 22.5 (Aïssi et al., 2014). In this case also, if a
measure of the free expansions has to be taken, it is important to demold the specimens
as soon as possible. Vibrating wire gages are connected to an acquisition data system
that measure continuously the expansion as well as the temperature at the center of the
specimen. One disadvantage of this method is that vibrating wire gages are expensive
and cannot be recuperated after their use. Figure 22.6 presents typical curves obtained
with vibrating wire gages.

22.4.2 Restrained expansion

Restrained expansion is measured according to ASTM C878 Standard Test Method
(ASTM, 2014). This experimental measurement tries to reproduce the expansion of
a concrete that is partially restrained by a reinforcing bar. Concrete prisms are made
using the same type of mold as the one prescribed in ASTM Standard Test Method
C157 (Figure 22.7). However, before casting of the prism, two plates are placed at
both ends of the mold. These two plates are joined together by a steel treaded rod
having a diameter of 4.8 mm (Figure 22.8). This configuration simulates a reinforcing
equal to 0.3%. It is similar to that used to control the cracking due to thermal shrinkage
of slabs on ground.

The specimens are demolded 6 h after the first waterecement contact in order to
take the first length measurement before the start of the internal expansion reaction.
Specimens are then water cured for 7 days. During this period of time, measures are
taken in a sequence defined by the standard. Figure 22.8 presents the expansion ob-
tained when performing such a test.

Figure 22.5 Molds and vibrating wire gages (Aïssi et al., 2014).
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22.5 Factors affecting the expansion

22.5.1 Expansive agent dosage

The expansion obtained is a function of the dosage of the expansive agent. This dosage
is usually given as a massic percentage of the expansive agent to the mass of
binder. Figure 22.6 presents the free expansion of a 25 MPa concrete as a function
of a CaO-based expansive agent. Of course, the higher the dosage, the larger the
expansion. For this concrete, a 10% dosage resulted in an expansion greater than
500 mm/m after 2 days of curing under 100% relative humidity. The expansion is
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Figure 22.6 Free expansion measured using vibrating wire gages for a concrete containing
a calcium-based expansive agent (w/c ¼ 0.72) (Aïssi et al., 2014).

Figure 22.7 Typical molds used to measure the restrained expansion according to ASTM C878
standard procedure (Aïssi et al., 2014).
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not only a function of the dosage of the expansive agent, it is also function of the binder
dosage. For a fixed dosage of the expansive agent, the expansion is greater in a con-
crete containing 400 kg/m3 of binder than in a concrete containing only 275 kg/m3 of
binder.

22.5.2 Curing conditions

Curing conditions influence drastically the final expansion because water is abso-
lutely necessary to obtain an expansion. Therefore, in order to fully develop the po-
tential of expansion, it is important to provide curing conditions that provide
sufficient water curing. Figure 22.9 presents the restrained expansion of two con-
cretes having a waterebinder ratio (w/b) equal to 0.38 containing, respectively,
16% of a calcium sulphoaluminate-based expansive agent (a) and 8% of a
calcium-oxide based expansive agent (b) (Bissonnette et al., 2014). A first series
of concrete was cured at 100% relative humidity (RH) during 7 days and later on
at 50% RH. A second series of concrete was cured in air after the demolding just
6 h after their casting. The influence of the curing on expansive reactions clearly ap-
pears for the two types of expansive agents. For the calcium sulphoaluminate-based
expansive agent, the absence of water curing (curing in air) did not produce practi-
cally any expansion. For the calcium-based expansive agent, the absence of water
curing produced an expansion, but it was only equal to 30% of the expansion ob-
tained under water curing.

Collepardi et al. (2005) studied the influence of curing conditions on the
restrained expansion of a concrete having a w/c of 0.42 containing 9% of a
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Figure 22.8 Typical restrained expansion curves obtained using ASTMC878 standard procedure
for a concrete with a calcium-based expansive agent (w/c¼ 0.72) (Aïssi et al., 2014).
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calcium-based expansive agent. Two curing conditions were studied—one corre-
sponding to a curing under water during 36 h and a second curing regime where
samples were wrapped in a polyethylene film. The results show that water curing
produced the larger expansion, whereas sealed curing produced an expansion
corresponding roughly to only 60% of the expansion obtained with water curing
(Collepardi et al., 2005).

w/b = 0.38; Dosage of the sulphoaluminate-based expansive agent = 16% 
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Figure 22.9 Effect of the curing conditions on the restrained expansion of a concrete made
with a sulphoaluminate-based expansive agent (a) and a calcium-based expansive agent
(b) (Bissonnette et al., 2014).
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22.5.3 Temperature

Curing temperature has a great influence on the kinetics of the expansion and on the
final expansion of a concrete (Bissonnette et al., 2014). Figure 22.10 presents the
influence of curing temperature on the free expansion of two series of concrete having
a w/b of 0.38 that contained 16% of calcium sulphoaluminate-based expansive agent
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Figure 22.10 Effect of the curing temperature on the restrained expansion of a concrete
made with a sulphoaluminate-based expansive agent (a) and a calcium-based expansive agent
(b) (Bissonnette et al., 2014).
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and 16% of a calcium-based expansive agent. Concrete samples were submitted to
7 days of water curing at 5, 23, and 38 �C. For the two types of expansive agents,
an increase of the curing temperature resulted in an increase of the initial kinetics of
the expansion. The maximum expansion was greatly influenced by temperature. For
the concretes containing the calcium sulphoaluminate-based expansive agent, a cold
temperature (5 �C) resulted in a decrease of 60% of the expansion obtained at
23 �C; the curing at 38 �C resulted in an expansion that is 50% greater than the expan-
sion measured at 23 �C. The expansion obtained with the calcium oxide-based expan-
sive agent was less influenced by the temperature. A curing temperature of 5 �C
resulted in a decrease of 20% of the expansion compared with 23 �C curing, while
curing at 38 �C results in an increase of 30% of the expansion. An important question
to examine is whether the reactions take place but just do not develop substantial pres-
sures, or whether they are delayed and may occur at a later stage. Such situations
would lead to crystallization pressure developing in a hardened material, which is a
damaging process known, for example, in delayed ettringite formation (Taylor
et al., 2001; Flatt and Scherer, 2008).

22.5.4 Test method: restrained versus free expansion

The expansion measured in the laboratory is function of the test method used. The
expansion can be measured as a free expansion or as a restrained expansion. As pre-
viously mentioned, free expansion can be measured using vibrating wires, while
restrained expansion is usually measured according to ASTM C878 Testing Method.
For a given concrete, free expansion is, of course, greater than restrained expansion.
Figure 22.11 presents the results obtained with a 25 MPa concrete having binder
dosage of 270 kg/m3 and a w/c of 0.72 (Aïssi et al., 2014). This concrete was produced
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using a dosage of CaO-based expansive agent of 0%, 3%, 6%, and 10%. The free
expansion at 7 days of the reference concrete was 100 mm/m. The restrained expansion
of the reference concrete is slightly smaller because of the restriction imposed by the
two end-plates and the treaded rod.

Globally, the results presented in Figure 22.11 show that free expansion and
restrained expansion grow approximately linearly as a function of the dosage of the
expansive agent. The gap between the two values obtained does not vary very much
with the dosage of the expansive agent. On an average, restrained expansion is approx-
imately 35 mm/m smaller than free expansion.

22.6 Field applications of concretes containing
expansive agents

Concretes containing expansive agents are mostly used to build bridge decks and slabs
on ground (Phillips et al., 1997; Richardson et al., 2014). Expansive agents can also be
used for concrete repairs and thin bonded concrete overlays (Gagné et al., 2008). These
concrete elements are usually submitted to restrained shrinkage. In bridge decks, the
restriction of the shrinkage is essentially due to the bonding of the deck on the principal
and secondary beams that support them. For slabs on ground, it is the friction on the
soil that presents the main cause of shrinkage. In the case of concrete repairs and thin
bonded overlays, restrained shrinkage results from the bonding on the substrate con-
crete. For all of these structures, the absence of shrinkage cracks is very important
for long-term durability.

22.6.1 Bridge decks

The Ohio Turnpike Commission had a good experience using concrete containing a
calcium sulphoaluminate-based expansive agent (Type K cement) for bridge deck con-
struction (Phillips et al., 1997). This approach is justified by the importance of limiting
shrinkage cracking in order to increase the long-term durability of bridge decks.

Typically, air-entrained concretes containing a calcium sulphoaluminate-based
expansive agent having a 28-day compressive strength of 30 MPa are prescribed.
The Type K cement dosage is around 425 kg/m3 and the w/c is between 0.34 and
0.45. Three projects used concrete containing 7% entrained air having a slump be-
tween 100 and 175 mm (Phillips et al., 1997). The field experience obtained from these
experimental projects shows that it was possible to produce, pump, and place these
concretes. Their cracking behavior due to restrained shrinkage was significantly better
than that of an ordinary concrete. The authors mentioned also that the calcium
sulphoaluminate-based expansive agent had the tendency to shorten the period of
time available for placing. Therefore, it is very important to place concrete very rapidly
using a pump. They also insist on the importance of providing a good curing in order to
develop the expansion due to the use of calcium sulphoaluminate-based expansive
agent.

Expansive agents 453



22.6.2 Slabs on ground

It is possible to build large slabs on the ground that do not present any joints using a con-
crete containing an expansive agent. Collepardi et al. (2008) reported the construction of
an 800 m2-slab on the ground without any joint using a 30 MPa (w/c ¼ 0.62) containing
285 kg/m3 of cement and 25 kg/m3 of a CaO-based expansive agent. The 230 mm-slump
concretewas placed using a pump; the surfacewasfinishedwith a rotating trowel and then
protected from evaporation by a plastic film (Collepardi et al., 2008).

22.6.3 Bonded concrete overlays

Expansive agents can be used to decrease or eliminate the cracking of thin bonded
concrete overlays used to repair reinforced concrete bridge decks. Gagné et al.
(2008) have published a study showing the construction and monitoring of several
thin bonded concrete overlays on concrete bridge decks in the Montreal area
(Gagné et al., 2008). Among the nine types of thin bonded overlays tested, four
contained an expansive agent. Three of them contained 6% of CaO-based expan-
sive agent and the last one a calcium sulphoaluminate-based expansive agent
(Type K cement). The three overlays containing the CaO-based expansive
agent were produced using cement dosages between 375 and 426 kg/m3. The cor-
responding w/c were between 0.37 and 0.44. In all cases, the expansive dosage was
24 kg/m3. These concretes contained 7e8% air and were reinforced with hooked
metallic fibers (40 kg/m3) in order to limit the shrinkage crack opening if it had
to occur. The 28-day compressive strength of the three concretes was between
36 and 41 MPa and the slump between 130 and 180 mm. The concrete overlay
with a calcium sulphoaluminate-based expansive agent contained 376 kg/m3 of
Type K cement with a w/c ¼ 0.40. The concrete contained 8% of entrained air
and 38 kg/m3 of hooked fibers. This concrete had a 28-day compressive strength
of 43 MPa and a slump of 160 mm.

All these thin bonded overlays had a thickness between 75 and 125 mm. They were
placed with a vibrating screed on the repaired concrete that was conditioned in a satu-
rated surface dry state. Concrete surface was prepared using a heavy scarifier. Just after
the placing, the concrete overlay was covered with a water-saturated nonwoven geotex-
tile for 7 days. All these repairs have been monitored for 2.5 years since their construc-
tion. Among the nine types of repairs studied, those that did not contain any expansive
agent developed more or less severe restrained shrinkage cracking. The most important
cracking appeared on the repair donewith an high performance concrete (HPC) having a
28-day compressive strength of 79 MPa (Gagné et al., 2008). The four repairs contain-
ing an expansive agent were not cracked at all after 2.5 years. These results confirm that
during curing internal expansion was able to eliminate the cracking due to the restrained
drying shrinkage (Gagné et al., 2008).

22.7 Conclusion

Expansive agents are used to decrease concrete shrinkage. Two types of expansive ma-
terials are presently used—one based on calcium sulphoaluminate and another based
on dead-burn lime. Some commercial formulations are a combination of these two
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expansive materials. As the dosage of these expansive agents is usually quite small,
they are diluted in a certain quantity of Portland cement in order to mitigate the effect
of an error of dosage. When using an expansive agent, it is very important to properly
water cure concrete in order to be sure to provide the expansive agent with the neces-
sary water to obtain the desired expansion. The expansion obtained depends essen-
tially of the dosage of the expansive agent but also of the temperature and the
efficiency of the water curing.

The use of expansive agents is very simple and very efficient, provided that good
water curing is applied on concrete and the temperature is not too cold.
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Shrinkage-reducing admixtures 23
R. Gagné
University of Sherbrooke, QC, Canada

23.1 Introduction

On the first application of high-performance concrete having a waterecement ratio
(w/c) or waterebinder ratio (w/b) less than 0.40, early severe cracking can be
observed when the concrete is placed without any special water curing. Therefore,
it is not possible to ignore the rapid development of autogenous shrinkage that
develops as soon as Portland cement starts to hydrate in the absence of an external
source of water. Before the use of low w/c or w/b concrete, autogenous shrinkage
was negligible when using concretes having a w/c or w/b greater than 0.50.

The lower the w/c or w/b is below this 0.40 critical value, the faster and the greater
is the development of autogenous shrinkage. The higher the w/c or w/b is above this
critical value, the more negligible is the autogenous shrinkage because the excess
water in the capillary system plays the role of an external source of water. However,
later, the higher the w/c or w/b is, the greater the drying shrinkage will be.

In Chapter 5, it was shown that coarse or fine saturated lightweight aggregates
can be used for internal curing because saturated lightweight particles act as a small
reservoir of water that are well dispersed within the mass of concrete (Aïtcin, 2016).
By capillary suction, the very fine pores generated by the chemical contraction drain
the water contained in the larger pores of the lightweight aggregates. Consequently,
menisci appear inside the lightweight aggregates as they are emptied from the water
they contained, which does not create autogenous shrinkage in the cement paste. Of
course, in practice, this water transfer does not work perfectly, particularly in cement
pastes having very low w/c or w/b.

Moreover, it is not always easy to find suitable lightweight aggregates for imple-
menting an internal curing. Therefore, shrinkage-reducing admixtures (SRAs) have
become an interesting alternative to fight the consequences of autogenous shrinkage,
especially when their use is combined with careful external water curing. In Chapters
10 and 13, we have seen that SRAs are surfactants that reduce the superficial tension
of the airewater interface in the dehydrating pore system, as well as the angle of
contact of these menisci with the walls of the pore system, so that the tensile stresses
developed by this apparent drying phenomenon and autogenous shrinkage are
decreased significantly (Marchon et al., 2016; Eberhardt and Flatt, 2016).

To mitigate the effects of autogenous shrinkage, it is also possible to use an expan-
sive agent in order to create an increase of the apparent volume of the cement paste
equal to the reduction of the apparent volume that should have been created by the
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free development of autogenous shrinkage (see Chapter 22; Gagné, 2016). It is also
possible to combine these two techniques, especially in the case of repair works, as
will be seen in the last section of this chapter. As explained in Chapter 13, SRAs can
also be used to decrease the effect of drying shrinkage of a concrete having a w/c or
w/b greater than 0.40 (Eberhardt and Flatt, 2016).

23.2 Principal molecules used as shrinkage-reducing
admixtures

SRAs contain various surfactants, as seen in Chapter 9 (Gelardi et al., 2016). These
compounds include the following:

• Monoalcohols having a OH� function group (hydroxyl)
• Glycols: these alcohols present two hydroxyl functional groups attached to two adjacent

carbon atoms
• Polyoxyalkylene glycol alkyl esthers: the cyclic alkyl radical constitutes the hydrophobic tail

of the surfactant, whereas the hydrophilic head is the hydrated oxyalkylene chain
• Polymeric surfactants
• Amino alcohols

As each admixture company keeps secret the composition of its SRA, it is not
recommended to switch from one commercial product to another without having
done some preliminary laboratory work.

23.3 Typical dosages

To produce a significant reduction of autogenous shrinkage of low w/c or w/b
concretes and drying shrinkage of high w/c or w/b concretes, it is necessary to use
high dosages of SRAs. The dosage is usually expressed as a percentage of the cement
mass (from 1% to 2%) or in l/m3 of concrete for each commercial formulation.
Table 23.1 gives some typical values used to mitigate autogenous shrinkage of
ordinary and high-performance concrete with or without air-entraining agents (AEA)
in Montreal, Canada.

Table 23.1 Typical SRA dosages for air-entrained and
non-air-entrained ordinary and high-performance concretes

Non-air-entrained
concrete

Air-entrained
concrete

Compressive strength (MPa) 30 60 30 60

Cement dosage (kg/m3) 300 400 360 450

SRA dosage (l/m3) 6 3 3.6 4.5

Courtesy of Prof. Richard Gagné.
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For example, when using an HPC, the City of Montreal specifies a dosage of
6e8 l/m3 of SRA. The cost of the SRA that is added to each cubic meter of concrete
is negligible when compared to the direct cost of potential repair work, as well as the
social costs associated with the disturbance of traffic, if the apparent surface of an
HPC structure severely cracks due to the uncontrolled development of a severe
autogenous shrinkage.

23.4 Laboratory studies on the use of shrinkage-
reducing admixtures

23.4.1 Autogenous shrinkage

23.4.1.1 Mortars

Different SRAs have been tested in air-entrained mortar having a w/c of 0.47. The
cement dosage was 595 kg/m3 (Apaya, 2011). Autogenous shrinkage was measured
using vibrating wires cast in the mortar specimens (75 � 75 � 350 mm3). The speci-
mens were kept sealed 24 h in their molds. Immediately after demolding, the speci-
mens were sealed in two self-adhering aluminum foils, which corresponded to a
curing condition in the absence of an external source of water. Autogenous shrinkage
was monitored for 14 days.

The curves in Figure 23.1 show the development of autogenous shrinkage for the
reference mortar and for five mortars containing different commercial SRAs used

Figure 23.1 Autogenous shrinkage of a reference mortar (no SRA) and of five mortars
containing commercial SRAs (A, B, C, D, and E) (Apaya, 2011).
Courtesy of Prof. Richard Gagné.
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with the recommended dosage by the admixture companies. All SRAs produced a
more or less important decrease of the autogenous shrinkage. SRA A and SRA B
were the most efficient because their use resulted in an initial expansion greater than
for the three others SRAs (75 and 140 mm/m), which annihilated a part of the autog-
enous shrinkage developed later. Sant et al. (2011) suggested that this expansion
would result from the modification of the mechanism and kinetic of the precipitation
of portlandite. SRAs B, C, and D produced a lower initial expansion, but the 14-day
autogenous shrinkage decreased. On the contrary, SRA E had practically no effect on
the development of autogenous shrinkage.

23.4.1.2 Self-compacting concrete

Figure 23.2 presents the development of the autogenous shrinkage of air-entrained
SCC specimens made with a commercial SRA at the dosage recommended by the
admixture company (Apaya, 2011). The concrete has a w/c of 0.47 and a cement
dosage of 420 kg/m3. Autogenous shrinkage was measured during 14 days (sealed
specimens) with a vibrating wire gage cast in the specimen and compared to the autog-
enous shrinkage measured on a reference specimen. In this case, the addition of the
SRA resulted in very significant decrease of the autogenous shrinkage. This decrease
resulted from the initial expansion observed during the first 24 h and from the reduc-
tion of the slope of the curve later.

Figure 23.2 Effect of an SRA on the autogenous shrinkage of a self-compacting air-entrained
concrete (Apaya, 2011).
Courtesy of Prof. Richard Gagné.
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23.4.2 Drying shrinkage

23.4.2.1 Mortar

Figure 23.3 represents the development of the drying shrinkage, measured with a
vibrating wire gage, of mortars having a w/c equal to 0.47 (Apaya, 2011). The origin
of the curves corresponds to the end of a 14-day sealed curing. All mortars were air
entrained and the same five commercial SRAs were used according to the manufac-
turer’s recommended dosage. A reference mortar was also tested. The drying
shrinkage that was measured after 300 days was quite high (800e1300 mm/m) because
the specimens were made with a mortar that was particularly rich in cement
(595 kg/m3). These curves show that all of the commercial SRAs decreased the
drying shrinkage after almost a year of curing at 23 �C and 50% relative humidity
(RH). The less efficient SRA (SRA E) decreased the drying shrinkage by 6% while
the most efficient decreased it by 33% (SRA B).

23.4.2.2 Self-compacting concrete

Figure 23.4 presents the influence of different commercial SRAs on the development
of drying shrinkage of an SCC (w/b ¼ 0.47) having a cement dosage of 420 kg/m3 that
was dried for 6 months at 23 �C and 50% RH (Apaya, 2011). After 6 months, the
drying shrinkage of the concrete containing the SRA is 17% lower than the one of
the reference concrete.

Figure 23.3 Drying shrinkage of a reference mortar (no SRA) and of five mortars containing
commercial SRAs (A, B, C, D, and E) (Apaya, 2011).
Courtesy of Prof. Richard Gagné.
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23.4.3 Combination of an SRA and of an expansion
agent to decrease to total shrinkage

For this case, the role of the SRA is to decrease drying shrinkage and the role of the
expansive agent is to provide an initial expansion that compensates for the develop-
ment of the early autogenous shrinkage. Figure 23.5 presents the deformations of three
concretes having a compressive strength of 25 MPa and a w/c equal to 0.72. These
three concretes were cured for 7 days at 100% RH and later for almost 240 days at
50% RH.

The reference concrete did not contain any expansive agent or any SRA; its total
shrinkage was 380 mm/m after 270 days of drying. The use of 2% of SRA (relative
to the mass of cement) resulted in a slight increase of the initial expansion during
the 7 days of water curing and in a 30% lower drying shrinkage.

A type G expanding agent (lime-based expansive agent) was used at a dosage of
10% of the mass of the cement in combination with an SRA in order to annihilate
the final shrinkage. During the moist curing period, the expansive agent produced
an expansion that compensated for a great part of the final drying shrinkage. After
this initial expansion, it was the SRA that decreased the intensity of the drying
shrinkage, as seen in Figure 23.5. During the first 91 days (7 > d > 98), the slopes
of the shrinkage curves are quite similar. They are less steep than the curve related
to the reference concrete.

Figure 23.4 Effect of an SRA on the drying shrinkage of a self-compacting air-entrained
concrete (Apaya, 2011).
Courtesy of Prof. Richard Gagné.
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23.4.4 Effect of SRAs on air entrainment

Commercial SRAs, being surfactants, may strongly influence air entrainment.
Therefore, from a practical point of view, it is important to check the compatibility
of the SRAeAEA combination when an SRA has to be used in an air-entrained
concrete. It is important to read carefully the technical data sheet of the SRA because
some admixtures companies are specifying different commercial SRAs for air-
entrained and non-air-entrained concrete. Moreover, in these technical data sheets,
the use of a specific AEA that is compatible with the SRA is usually recommended.

Figure 23.6 presents the dosage of a number of AEAs used to entrain 12e15% of air
in mortar samples (Apaya, 2011). For the reference mortar, the AEA dosage was
30 mL/100 kg of binder in order to reach the target. SRA A and SRA E were found
to have no effect on the dosage of the air-entraining admixture. For these two SRAs,
a dosage 30 mL/100 kg of binder provided an air content of 12e15%, similar to that
of the reference concrete. For SRAs B, C, and D, it was necessary to increase signifi-
cantly the amount of AEA in order to obtain the same amount of air. For example, in the
case of SRA B, it was necessary to use a dosage of 500 mL/kg of binder, which is 15
times the dosage used for the reference mortar. Despite this very high dosage of AEA,
the initial air content was only 8%, which was 50% short of the 12% lower target.

The SRAeAEA interaction seems to be associated with the hydrophileelipophile
balance (HLB) of the surfactant used as SRA. The molecules having a high HLB (>7)

Figure 23.5 Effect of an expansive agent (type G) and an SRA on the initial expansion and
drying shrinkage of a 25 MPa concrete (Aïssi, 2015).
Courtesy of Prof. Richard Gagné.
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generally have less of an effect on the air entrainment than the molecules having an
HLB less than 7, which can react strongly with the air entrainment process (Apaya,
2011).

SRA may influence the stability of the bubble network. Figure 23.7 presents the
variation of the air volume for air-entrained mortars having a w/c ¼ 0.47 that has
been monitored between 10 and 70 min after the first cementewater contact. For
the SRAs E, C, and D, the air loss was respectively 6%, 5%, and 3%. The use of
the SRAs A and B did not result in any air loss between 10 and 70 min. These data
show that it is difficult to predict the effect of an SRA on the stability of an air bubble
network produced with a specific AEA. When deciding to use an SRA in an
air-entrained concrete, it is therefore recommended to use an SRA and an AEA

Figure 23.6 Effect of the type of SRA on the air-entraining agent dosage required to produce
12e15% air in mortar samples (Apaya, 2011).
Courtesy of Prof. Richard Gagné.

Figure 23.7 Effect of the type of SRA on the air content at 10 and 70 min after the
waterecement contact (Apaya, 2011).
Courtesy of Prof. Richard Gagné.
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from the same company and to make some laboratory trial batches before doing
some convenience batches in the field.

23.4.5 Resistance to freezing and thawing

To obtain a good durability to freezing and thawing for a concrete containing SRA, it is
necessary to fulfill the same formulation and placing requirements as the requirements
for concrete that do not contain an SRA (Pigeon and Pleau, 1995):

• Select a w/b adapted to the severity of the conditions of exposition.
• Use an AEA that will produce a bubble network with a spacing factor less than 250 mm.
• Use good-quality aggregates.
• Use placing techniques (transportation, pumping, vibration, etc.) that do not destabilize the

bubble network.
• Use a curing method that provides good durability characteristics.

The possible interaction between the SRA and AEA is the principal point to be
checked when formulating a concrete containing an SRA that will be exposed to
freezing and thawing cycles in the presence of or not of deicing salts. It is very
important to select an SRAeAEA combination that is compatible and to optimize
the AEA dosage in order to produce a stable bubble network having a spacing fac-
tor less than 250 mm. Field experience has shown that the freezing and thawing
durability of concrete is excellent when this last requirement and the previous
ones are satisfied.

Apaya (2011) studied the freezing and thawing durability of two SCC concretes,
one without SRA and the other with 1% SRA (relative to the mass of binder). The
cement used contained 30% slag and the w/b was 0.42. The two concretes also con-
tained a viscosity modifier (0.07% of the mass of mixing water). The reference con-
crete and the SRA concrete contained, respectively, 9% and 7% of entrained air (the
spacing factor was not measured). The AEA dosage was 60 mL/100 kg of binder
for the reference concrete and 20 mL/100 kg of binder for the concrete containing
the SRA. The durability of these two concretes was evaluated using the two following
standardized procedures: the resistance to internal cracking was measured with Proce-
dure A of ASTM C666 Standard (ASTM, 2015) and the salt-scaling resistance was
measured according to ASTM C672 (ASTM, 2012). The result of the testing has
shown that these two concretes successfully passed ASTM C666 with an internal
increase in length that was less than 200 mm/m after 300 cycles of freezing and
thawing. The durability factor of these two concretes after 300 cycles of freezing
and thawing was greater than 90%. The scaling resistance of these two concretes
was very good because the mass of scaled-off particles was less than 0.2 kg/m2 after
50 cycles of freezing and thawing (Apaya, 2011).

The durability of concretes containing an SRA has been studied in the laboratory
and in the field by Gagné et al. (2008). Two concretes containing an SRA were
used for thin bonded overlays repairs on bridge decks in the Montreal area in Canada.
These bridge decks are severely exposed to deicing salts and to frequent freezing and
thawing cycles.
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The first concrete had a w/b of 0.40 and contained 2% SRA. This concrete
also contained 4.0 kg/m3 of synthetic structural fibers. A very high total volume
of entrained air was obtained (18%) due to a strong interaction between the poly-
carboxylate superplasticizer and the AEA. During the transportation of the
concrete, the total air volume passed from 9% at the ready-mix plant to 18% at
the construction site. Due to this very high air content, the spacing factor was
very low (50 mm). All concretes were cured under water-saturated geotextile pads
for 7 days.

Accelerated freezing and thawing and salt-scaling tests were done in the laboratory
on specimens taken in the field during construction. These tests showed that the
concrete had a very good resistance to internal cracking after 300 cycles of freezing
and thawing, with a durability factor of 102%. The scaling resistance in the presence
of deicing salts was excellent; the mass of scaled-off particles after 50 cycles was only
0.07 kg/m2

—a value that is well under the maximum limit of 0.5% kg/m2 specified in
Quebec standards. After 13 years of exposure, no significant scaling was observed on
this concrete overlay.

A second air-entrained fiber-reinforced concrete containing an SRA was used in a
thin bonded concrete overlay on another bridge in Montreal, Canada (Gagné et al.,
2008). This repair was severely exposed to freezing and thawing cycles in the presence
of deicing salts. The cement used was a binder containing 8% silica fume. The concrete
had a w/b ratio of 0.39; its SRA dosage was 2% of the mass of the binder. The AEA
produced a total volume of air of 9% and a spacing factor of 140 mm. To optimize the
freezing and thawing durability, the resurfacing was cured for 7 days under saturated
geotextile pads.

ASTM C666 and ASTM C672 tests were done on specimen taken in the field. The
durability factor after 300 cycles was 100% and the mass of scaled-off particles was
0.07 kg/m2 (Gagné et al., 2008). After 10 years of exposure, no significant scaling
is observed on this concrete overlay.

23.5 Field applications

Gagné et al. (2008) performed a field test program to evaluate the efficiency of an SRA
in decreasing the cracking due to restrained shrinkage on thin bonded concrete
overlays. The testing program consisted of monitoring the cracking in the service of
six types of thin overlays used to repair the surface of bridge decks in the Montreal
area in Canada. The thickness of these thin overlays was between 75 and 125 mm.
This type of repair is very prone to cracking because autogenous and drying shrinkage
are strongly restrained by the adhesion on the underlying concrete surface. It is very
important to minimize the cracking of these repairs in order to protect concrete against
the penetration of chloride ions.

Six types of fiber-reinforced air-entrained concretes were used for this repair
program. Two concretes contained an SRA dosage equal to 2% of the mass of cement.
The main mix design characteristics of these two SRA concrete have been presented
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in the previous section (Gagné et al., 2008). Four other concretes without SRA were
also tested:

• A high-performance concrete (79 MPa) reinforced with 40 kg/m3 of steel fibers
• A normal-strength concrete (35 MPa) reinforced with 5.2 kg/m3 of structural synthetic fibers
• A 35 MPa concrete reinforced with 40 kg/m3 of steel fibers and containing 6% of a type G

expansive agent
• A 35 MPa concrete reinforced with 40 kg/m3 of steel fibers made with a type K cement.

The monitoring of the cracking in service was done during a period of
100e135 weeks after the repair of the bridge deck. Figure 23.8 represents the evolu-
tion of the cracking as a function of time. The cracking is expressed in linear meters of
cracks per square meter of surface. The overlay made with the high-performance
concrete developed the highest crack density. The overlay made with the 35 MPa
concrete reinforced with fibers was slightly less cracked. After 6 months of service,
the crack density of the two overlays containing fibers and SRA was two times less
than the crack density of the normal-strength concrete without SRA and three times
less than the crack density of the high-performance concrete. The two overlays
containing fibers and an expansion agent did not present any cracks.

Globally, this series of field tests has shown that the use of an SRA (2% of the mass
of cement) significantly decreases the cracking of the thin bonded concrete overlays.
Usually, this type of repair is very susceptible to cracking due to the high surface/vol-
ume ratio and the strong shrinkage restriction from the bonding of the overlay to the
underlying concrete. For this type of application where the risk of cracking is very

Figure 23.8 Evolution of the crack density in thin concrete overlays made with and without
shrinkage reducing admixtures (SRAs) (Gagne et al., 2008).
Courtesy of Prof. Richard Gagné.
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high, the use of an SRA did not result in the total elimination of cracking but decreased
it significantly. Only the use of an expansive agent eliminated cracking of the thin
bonded overlay.

23.6 Conclusion

The use of shrinkage-reducing admixtures represents a simple and efficient way to
fight the following:

• The early cracking of concrete having a w/c or w/b smaller than 0.40 due to the early devel-
opment of autogenous shrinkage

• The long-term cracking of concretes submitted to severe drying shrinkage for concrete
having a w/b or w/c greater than 0.40.

SRAs can be used alone or in combination with expansive agents. Their dosages are
much higher than the dosage of the other chemical admixtures used in concrete, with
the exception of the superplasticizer dosages in HPC having a very low w/c (on the
order of 0.30e0.35).
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Corrosion inhibition 24
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

24.1 Introduction

It is still not known how to make concrete absolutely impervious to chloride ions, as it
is found when testing concrete according to AASHTO T-277 (test for rapid determi-
nation of the chloride permeability of concrete) or its ASTM equivalent C 1202 (test
method for electrical indication of concrete ability to resist chloride penetration).
Gagné et al. (1993) demonstrated that the waterecement ratio (w/c) and the concrete
cover were the two most important factors commanding the apparition of a first crack
following the corrosion of reinforcing steel by chloride ions. Lévy (1992) showed that
the 60 MPa concrete used to build the Joigny Bridge in France was offering a far better
protection against carbonation than a regular 40 MPa concrete.

As has been pointed out in Chapter 14 on the mechanisms of the corrosion process
of reinforcing steel, the most efficient way to retard the progression of aggressive
agents within concrete is to protect the first rank of reinforcing steel with an adequate
cover of well-cured low w/c concrete (Elsener and Angst, 2016). The addition of
corrosion inhibitors in the concrete provides only an additional safety factor that
will delay the initiation time and thereafter significantly lower the corrosion rate.

The steel reinforcing bars that are used to reinforce concrete do not rust as long as
the pH of the interstitial solution in the capillary porosity remains greater than 11. Usu-
ally in concrete, the pH of the interstitial solution stays between 12 and 12.5 as a conse-
quence of the solubility of the portlandite crystals (Ca(OH)2) that are formed during
C3S and C2S hydration. In such a high pH solution, the steel surface remains covered
by a passive film of ferrous oxide (FeO), which blocks the oxidation of the steel rebar.
However, as soon as the pH of the interstitial solution becomes lower than 11, this pro-
tective film is torn; in the presence of oxygen, the steel starts to corrode and is trans-
formed into rust.

This transformation of steel into rust results in a large volume increase, which creates
internal forces that are strong enough to spall the concrete cover over the reinforcing bars.
After the spalling of its concrete cover, the reinforcing bar is in direct contact with oxygen
and water, so its corrosion develops rapidly and can cause the disappearance of the rein-
forcing bar if no immediate action is taken to stop this destructive process.

Two exterior factors can result in a decrease of the pH of the interstitial solution
below this critical value of 11:

• The carbonation of the hydrated lime present in concrete due to the penetration of CO2 in
concrete

• The penetration of chloride ions

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00024-2
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When the microstructure of concrete is very dense, it does not favor the movement
of the different ionic species present in the interstitial water. Therefore, the use of a
concrete having a low w/c or waterebinder ratio (w/b) is a good preventive measure
against the corrosion of reinforcing steel. However, when using such a concrete, it is
necessary to be sure that the concrete cover is not cracked. This can be achieved by
good external water curing of the exposed surface of concrete.

24.2 The effect of chloride ions on reinforcing steel bars

When chloride ions reach reinforcing steel bars, they decrease the pH of the interstitial
solution in contact with the reinforcing bars so that the passive film of iron oxide that
was covering the reinforcing bar is destroyed. The rebar start its corrosion process. The
amount of chloride ions needed to stop the protection is a function of the initial pH of
the interstitial solution. It is not necessary for this concentration to be very high to anni-
hilate the protection provided by the initial passive film of iron oxide. This explains the
severe damage caused by the use of deicing salts on bridge decks and on multilevel
parking garages in the northern part of the United States and Canada, as shown in
Figure 24.1(b).

When chloride ions start to penetrate in concrete submitted to freezing and thawing
cycles, they not only corrode reinforcing steel bars but they also attack the hydrated
cement paste. To protect concrete as much as possible against the destructive action
of chloride ions, Canadian standards recommend the use of low w/c air-entrained

(a) (b) (c)

Figure 24.1 Example of chloride ion attacks on reinforced concrete and prestressed beams.
(a) Attack of concrete due to a bad drainage of deicing salts running from the upper deck.
(b) Corrosion of reinforcing steel in an indoor parking garage due to the progression of chloride
ions dripping from the parked cars through the parking slab. (c) Attack of chloride ions on a
prestressed beam.
Courtesy of Gilbert Haddad.
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concrete having a spacing factor less than 240 mm. However, even with a low w/c and
a low spacing factor, Canadian experience shows that it is always safer to place a pro-
tective impervious membrane on bridge decks or internal parking garage floors to be
sure that chloride ions will not penetrate in concrete. In the case of concrete surfaces
exposed to deicing salt that do not present any risk of wear, a thin hydrophobic layer of
acrylic coating can be placed on concrete surfaces that need to be protected against the
penetration of chloride ions.

In the case of prestressed and posttensioned concrete, the effects of chloride ions
can be catastrophic. The corrosion of the cables is accelerated because they are under
tension. Therefore, the use of calcium chloride is banned in prestressed and postten-
sioned concretes.

In nuclear power plants, some specifications even forbid the use of sodium salt of
polynaphtalene sulfonates. The soda that is used to neutralize the sulfonic acid is usu-
ally obtained from seawater, so it may contain traces of chloride ions. In this case, the
use of the calcium salt of the polysulfonate naphthalene is specified. This calcium
polysulfonate salt is obtained by neutralizing the sulfonic acid with lime. It takes
more time to neutralize the sulfonic acid and to produce this calcium salt because
the neutralization proceeds at a lower rate than when using soda; in addition, a final
filtration step has to be added after the neutralization to eliminate the uncombined
lime. As a result, the calcium salt is more expensive but safer from a chloride ion
point of view.

24.3 Increasing the protection of steel reinforcement
against corrosion

Because it is not possible to totally eliminate the corrosion of steel reinforcing bars, it is
only possible to increase the level of protection against corrosion. Three different tech-
niques can be used:

• The use of a low w/c concrete
• A cathodic protection for the reinforcing bars
• The introduction of corrosion inhibitors in concrete during its batching

24.3.1 The use of low w/c or w/b concrete to decrease
the risk of corrosion

The implementation of all these strategies works better when the microstructure of the
concrete is very dense and does not favor the movement of the different ionic species
present in the interstitial water. Therefore, the use of a high-performance concrete hav-
ing a low w/c or w/b is a good preventivemeasure against the corrosion of reinforcing
steel. However, when using a high-performance concrete, it is necessary to be sure that
the concrete cover over the reinforcing bars is not cracked. This can be achieved by
good external water curing of the exposed surface of concrete.
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24.3.2 Cathodic protection

Corrosion of reinforcing bars can be avoided by cathodic protection under the form of
an external sacrificial anode of zinc or cadmium or by an impressed current system.
When using cathodic protection, the surface of the reinforcing steel behaves as a cath-
ode when the electrochemical process starts to work so that it does not corrode. It is the
metal of the sacrificial anode that is corroding. Therefore, it is only necessary to check
the rate of corrosion of the sacrificial anode and to renew it regularly, which is in prin-
ciple very easy because this anode is outside the protected concrete.

Theoretically, this type of protection is very attractive and foolproof. However, in
practice, the results obtained in the field are not so good. To provide good protection
against corrosion, it is necessary to multiply the cells of cathodic protection, check
regularly if they are operating properly, and change the sacrificial anode when
needed. If this monitoring is not done regularly, perhaps due to turnover of the
personnel who were involved in the initial installation of the cathodic protection,
corrosion resumes when the anode is not renewed. Therefore, field results may be
quite often deceptive.

24.3.3 Corrosion inhibitors

To retard the risk of corrosion of reinforcing steel, additional protection can be pro-
vided through the introduction of a corrosion inhibitor in concrete during its batching.
The limited dosage of corrosion inhibitors that are usually used in practice retards the
beginning of the corrosion process. The protective action of the corrosion inhibitor
should stop when it has fixed the maximum amount of oxygen it could fix during
its oxidation. When the corrosion inhibitor is totally oxidized, steel corrosion should
resume.

The expression corrosion inhibitor groups two types of admixtures:

• Some chemical products that are added to concrete during mixing to obtain an additional pro-
tection to the natural protection provided by the natural alkalinity of the hydrated cement
paste

• Some chemical products that are applied on a concrete surface that needs some protection
because the reinforcing steel of this concrete started to corrode

Only commercial admixtures having a well-defined chemical composition for
which “serious” research has been done are presented in this chapter (Berke and
Weil, 1992; Justnes, 2006, 2010; Cusson et al., 2008; Elsener, 2011; Østnor and
Justnes, 2011).

Elsener (2011) provided the following words of caution concerning the use of some
commercial products that are supposed to fix the problem of corrosion: “Engineers and
contractors working in the area of concrete maintenance should be aware of the fact
that the composition of proprietary corrosion inhibitors in repair systems marketed un-
der different trade names may change with time and geographic region.”

In this chapter, most of our attention is devoted to calcium nitrite, which is presently
the most widely corrosion inhibitor used in practice.
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24.3.3.1 Calcium nitrite

When some oxygen ions penetrate concrete, calcium nitrite reacts with oxygen to be
transformed into calcium nitrate. However, when all the calcium nitrite added during
the mixing has been transformed into calcium nitrate, oxygen ions resume their attack
on the reinforcing steel. Therefore, the addition of some calcium nitrite in concrete pro-
vides only additional protection against corrosion of reinforcing steel, not perpetual
protection. However, this additional protection is very interesting in the case of low
w/c concretes, which already offer strong resistance to the penetration of oxygen
within concrete. For example, the City of Montreal systematically adds some calcium
nitrite to the high-performance concretes that are used to build downtown-area infra-
structures when repair works are complicated, very expensive, and create traffic jams.

Of course, higher dosages provide longer-term additional protection, but there is
always a financial limit for this additional protection. For example, since 1992, the
City of Montréal has added 12 L/m3 of calcium nitrite to all the high-performance con-
cretes used in the downtown area to provide additional protection to the reinforcing
bars and to prolong the passivation of steel. In the case of shotcrete repairs, the dosage
of calcium nitrite is increased to 20 L/m3. At this dosage, calcium nitrite also acts as a
setting and hardening accelerator.

In the case of repair works where a layer of about 100 mm of new concrete has to
be applied to replace an altered concrete, a migrating anti-corrosion admixture (mono-
fluorophosphate of sodium) is applied on the surface of concrete before applying the
new concrete containing the calcium nitrite. This so-called migrating agent penetrates
into the concrete and provides additional protection to the subjacent reinforcing bars.

24.4 Mitigating steel corrosion

24.4.1 Epoxy-coated reinforcing bars

An epoxy coating can be placed on reinforcing steel in order to provide to steel defin-
itive protection against corrosion because concrete will never be in contact with an
interstitial solution having a low pH. It could be a foolproof solution if the epoxy
can be glued very tightly with steel, which is not the case. Epoxy-coated steel is not
a very efficient composite material because epoxy cannot be glued very strongly to
steel and concrete does not glue very well to epoxy. As the handling of epoxy-
coated bars in the field can be sometimes quite rough, the epoxy-coating can spall
so that later the corrosion process starts in this unprotected particular spot. In
Figure 24.2, the results of a quite rough handling of epoxy-coated rebar can be
seen. In that particular case, the extra cost of the epoxy-coated rebars was a waste
of money due to the total lack of control in the field.

24.4.2 Stainless steel reinforcing bars

Some engineers believe that the use of stainless steel bars is the solution to avoid the
corrosion of reinforcing bars. However, as one of my professors of materials would
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start his lecture on stainless steel, “Stainless steel is steel that is stainless in name only.”
This very expensive solution to avoid the problem of corrosion of the reinforcing steel
may not always be a foolproof solution. If a metallic insert is placed near a piece of
stainless steel with a different electrochemical potential, a corrosion cell is created.
In order to avoid the multiplication of such galvanic cells, all metallic inserts have
to be made using the same grade of stainless steel. In practice, there are many reasons
to place metallic inserts in hardened concrete and many people who ignore or forget
this basic knowledge about corrosion.

24.4.3 Galvanized reinforcing steel

Some architects may specify the use of galvanized reinforcing bars in order to avoid
the apparition of rust stains, particularly on architectural panels. In such a case, the
zinc coating acts as a sacrificial anode that protects the steel of the reinforcing rebar
from corrosion. This protection lasts as long as the zinc coating. Two types of galva-
nization processes can be used to protect steel rebars: the hot and the cold process. The
hot process is more efficient in protecting reinforcing rebars, but of course it is also
more expensive.

When galvanized rebars are used, it is very important to check that the rebars are not
covered with a thin white film, called “white rust.” This white rust is a thin film of zinc
oxide, which is a very strong retarder of concrete hydration (read the case study on the
consequences of such a situation in Section 18.6.1).

24.5 Eliminating steel corrosion

Because it is very difficult to be sure that reinforcing bars will not corrode despite all of
the protective techniques that can be implemented, the only way to eliminate defini-
tively the problem of reinforcing bar corrosion is to eliminate them and to replace

Figure 24.2 Example of the consequence of a very rough handling of epoxy-coated rebars.
Courtesy of Daniel Vézina.
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them with glass fiber reinforcing bars polymer (GFRP). Of course, these reinforcing
bars are more expensive than regular steel reinforcing bars, but they eliminate the prob-
lem of corrosion.

Presently in North America, almost one bridge per day is built using GFRP
(Mohamed and Benmokrane, 2012). The first structure using this new type of reinforc-
ing bars was built in 2007 (Benmokrane et al., 2007) and is still in very good condi-
tions. GFRP can also be used in special structures exposed to chloride ion penetration
(Mohamed and Benmokrane, 2014). Examples of the use of GFRP are shown in
Figures 24.3e24.5.

Figure 24.3 The use of glass fiber reinforced bars in a bridge deck.
Courtesy of Daniel Vézina and Brahim Benmokrane.

Figure 24.4 The use of glass fiber reinforced bars in an internal parking garage.
Courtesy of Brahim Benmokrane.
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24.6 Conclusion

As long as the pH of the interstitial solution inside concrete remains greater than 11, rein-
forcing steel bars are protected against corrosion by a thin film of passive ferrous oxide.
Just after the placing of concrete, such a high pH value is maintained due to the presence
of 20e30% of soluble hydrated lime crystals (portlandite) liberated by the hydration of
C3S and C2S. However, as soon as this pH decreases below 11 due to the carbonation of
these portlandite crystals, the passive film of ferrous oxide is torn and the reinforcing
steel bar starts to rust. Chloride ions can also destroy this passive film.

The decrease of the pH of the interstitial solution is a concern because presently
supplementary cementitious materials (SCM) are blended with Portland cement
clinker in order to lower the carbon footprint of cement. When these SCM start to
react, they transform some hydrated lime into secondary CeSeH, decreasing the
amount of hydrated lime that can go into solution in the interstitial solution to main-
tain its pH over 11.

The use of low w/b concretes reduces significantly the penetration of carbon diox-
ide, oxygen, and chloride ions within concrete. The microstructure of these concretes is
so dense that their permeability is very low. However, when the use of a low w/c or w/b
concrete does not minimize the risk of corrosion of the reinforcing bars enough, a
corrosion inhibitor can be added during the mixing of concrete. Usually, calcium
nitrite is used. This calcium nitrite is transformed into calcium nitrate by the oxygen
ions that are penetrating into concrete. However, when all the calcium nitrite has
been transformed into calcium nitrate, steel reinforcing bars are no longer protected
against corrosion.

Cathodic protection is sometimes used to protect reinforcing steel from rusting.
However, according to the author’s field experience, the results obtained from this
method of protection against corrosion are not as good as they should be.

The best way to be sure that reinforcing bars placed in a concrete will not rust is to
use fiber glass reinforcing bars.

Figure 24.5 The use of glass fiber reinforced bars in a continuously reinforced pavement.
Courtesy of Brahim Benmokrane.
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Curing compounds 25
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

25.1 Introduction

This chapter is one of the shortest of this book—this does not mean that it is unimpor-
tant. In fact, now that concretes having waterecement ratios (w/c) lower than 0.42 are
increasingly being used, it is necessary to specify field curing practices according to
concrete w/c.

In the past, the usual practice was to cover the concrete surface with an impervious
curing membrane as soon as it was finished in order to prevent the water contained in
concrete from evaporating. The rapid application of this impervious membrane elim-
inates the development of plastic shrinkage when the concrete surface is exposed to
dry air and/or windy conditions, as well as the development of drying shrinkage as
long as the membrane remains intact. Moreover, when concrete is made with a blended
cement, this impervious membrane keeps inside the concrete all of the water needed to
hydrate the cementitious materials contained in the blended cement, which are reacting
more slowly than the Portland cement.

25.2 Curing concrete according to its w/c

In Chapters 1 and 5 (Aïtcin, 2016a,b), it was seen that concretes having a w/c
greater than 0.42 develop very limited autogenous shrinkage (the higher the w/c,
the lower their autogenous shrinkage). However, that is not the case for concretes
having w/c lower than 0.42 (the lower the w/c, the more rapid and more intense the
development of autogenous shrinkage). Autogenous shrinkage is a consequence of
the apparition of menisci in the pore system of a hydrating cement paste due to its
volumetric contraction (chemical contraction). The very fine pores created by this
chemical contraction are draining the water contained in coarse capillaries so that
menisci are appearing in the porous system. As the size in which these menisci
are created decreases, the resulting tensile stresses increase so that the apparent vol-
ume of concrete may decrease significantly, creating what is called its autogenous
shrinkage.

Therefore, from a theoretical point of view, it is easy to get rid of autogenous
shrinkage. It is only necessary to provide some external water to the cement paste
to refill the porosity created by its chemical contraction. If the hydrating cement paste
does not contain any menisci, it does not shrink.

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00025-4
Copyright © 2016 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/B978-0-08-100693-1.00025-4


To provide external water to the cement paste, it has been seen that two techniques
can be used:

• Curing concrete with an external source of water (external to concrete)
• Curing concrete with an internal source of water (internal to concrete)

In the latter case, the source of water is internal for concrete but external for the
cement paste. For example, saturated lightweight aggregates can be used to replace
a certain volume of aggregates so that the water contained in these aggregates can
be drained by the very fine pores created by chemical contraction rather than the water
present in the fine capillaries of the cement paste. Therefore, if no menisci are appear-
ing within the hydrated cement paste, it does not shrink. Some menisci may be formed
in large capillaries before the drainage of the water contained in the saturated light-
weight aggregates starts, but they generate very weak tensile stresses that do not result
in a significant contraction of the concrete’s apparent volume.

Let us analyze these two solutions. Experience shows that when using an external
source of water to cure low w/c concretes, external water does not penetrate more than
about 50 mm inside concrete because these concretes are quite impervious. However,
it is important to point out that this external water curing limited to concrete cover (that
is, covering the first rank of reinforcing steel) reinforces the hydration of the cement
paste in this very important part of concrete from a durability point of view.

As far as internal curing is concerned, theoretically, it should not be necessary to
provide any external water curing when an internal curing is provided to concrete.
However, the author recommends that, whenever possible, it is good to provide
external water curing to reinforce concrete cover. It is a belt and suspender solution,
but in matter of durability it is a very safe and not too costly solution.

Therefore, it is very important that designers specify concrete curing according to
the w/c of concrete they are using.

25.3 Specifying the curing of a concrete with a w/c
greater than the critical value of 0.42

Curing membranes must be specified to cure concrete having a w/c greater than 0.42
made with either Portland cement or blended cement. When concrete is cast in dry and
moderately windy conditions, usually the bleeding water that covers the finished con-
crete surface protects the concrete from plastic shrinkage long enough to have time to
apply a curing membrane at a dosage (L/m2) recommended by admixture companies. It
is only when air is particularly dry and/or particularly windy that fogging is recommen-
ded before applying curing membranes.

Admixture companies are selling two types of curing compounds: one pigmented
and the other transparent. Whenever possible, it is better to apply a pigmented curing
membrane in order to see the surface of concrete that has been effectively protected.

Curing compounds are essentially paraffin emulsions. When the water that supports
the curing compound evaporates, paraffin particles coalesce to form an impervious
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film that will prevent water contained in concrete from evaporating. In exceptional
cases in floor applications, if the floor has to be painted, or if it will receive a topping,
acrylic resins are used as curing nmembranes.

ASTM Standard Test methods C 309 (“Standard Specification for Liquid
Membrane-Forming Compounds for Curing Concrete”) and C 1315 (“Standard Spec-
ification for Liquid Membrane-Forming Compounds Having Special Properties for
Curing and Sealing Concrete”) may be used to evaluate the impermeability of curing
membranes. This consists of measuring the weight loss of a concrete specimen that has
been covered with a curing compound and placed in a dry atmosphere having a relative
humidity of 50% and a temperature of 21 �C.

When a curing membrane has been applied on a concrete surface, it is useless to
water cure it directly because this external water will not penetrate within concrete
due to the presence of this impervious membrane.

25.4 Specifying the curing of concretes having a w/c
lower than the critical value of 0.42

As previously said, in order to avoid as much as possible the rapid development of
autogenous shrinkage that may result in a severe early cracking of concrete surface,
it is very important to provide some curing water to the cement paste in the form of
external or internal curing.

25.4.1 External curing

In this case, it is important to avoid spraying the concrete surface with a curing com-
pound. Because low w/c concrete presents little or no bleeding water in order to avoid
the development of plastic shrinkage, it is essential to apply as soon as possible an
evaporation retarder on concrete surface. Evaporation retarders are emulsified fatty
alcohols like n-hexadecanol (also known as cetylalcohol) that cover the concrete sur-
face with a monomolecular film that prevents concrete water from evaporating.
Admixture companies provide a dosage range (L/m2) that gives adequate protection
to the concrete surface.

Later, when the concrete surface is hard enough to support direct water curing
without any risk of damaging its surface (usually after 24 h), this monomolecular
film of evaporation retarder is washed away by the first water applied to the concrete
surface. In North America, evaporation retarders are also currently used in summer to
decrease water evaporation from domestic and public swimming pools.

Water curing can be pursued by using two layers of saturated geotextile weighing
more than 300 g/m2 rather than burlaps. It is easier to manipulate two soaked thin
layers than a thicker layer of geotextile. Burlaps do not store as much water and
they have to be resaturated quite often when facing dry and windy conditions. After
7 days of direct water curing, a curing membrane may be applied, especially when
blended cement has been used.
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Here we provide a note of caution: The water used to cure concrete must not be too
cold because it can cause a thermal shock at the surface of the concrete that will result
in the cracking of the concrete surface. This applies especially when a concrete bridge
is built in the bush and the contractor uses river water to cure its concrete. If this water
is very cold, it has to be heated to a temperature close to that of the concrete it is sup-
posed to cure.

25.4.2 Internal curing

If, for example, some saturated lightweight aggregates have been introduced in con-
crete during its mixing to provide enough extra water to cement paste in order to avoid
its autogenous shrinkage, a curing compound can be applied directly on the concrete
surface to avoid the development of plastic and autogenous shrinkage. However,
despite the fact that theoretically there is no need to provide concrete with external
water curing, like in the previous case, the author prefers to apply an evaporation
retarder first, then an external curing for 3 days in order to reinforce concrete cover,
and then finally a curing membrane to prevent drying shrinkage.

25.4.3 Curing concrete columns

Many people are convinced that it is not necessary to water-cure concrete columns.
The author has never seen any cracked concrete columns but he prefers to water
cure columns for at least 3 days to reinforce concrete cover and increase the durability
of this crucial part of the column.

25.5 Enforcing adequate curing practices in the field

To enforce such curing practices in the field, it is necessary to do the following:

• Write clear specifications telling contractors what to do, when to do it, and how to do it.
• Pay contractors separately for each item so that curing concrete becomes a profitable activity.
• Continue to pay inspectors to check that contractors are doing what they were asked to do

and paid to do.

25.6 Conclusion

Curing is a very important activity to improve a concrete structure’s lifecycle because
cracked concrete is only impervious in between cracks. Now that low w/c concretes are
increasingly being used to build more sustainable structures, it is important to cure
concrete according to its w/c.

High w/c concretes (w/c > 0.42) have to be covered as soon as possible with a
curing membrane because they are not subjected to significant autogenous shrinkage.
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In addition, they contain enough water to hydrate all the cement particles and the
supplementary cementitious materials they contain.

Low w/c concretes (w/c < 0.42) must receive some water curing in order to avoid
the development of autogenous shrinkage, which can result in an early cracking of
their surface. This water curing can be internal in the form of saturated lightweight
aggregates or it can be external by direct application of an external source of water.
In the latter case, as soon as the concrete surface is finished, an evaporation retarder
has to be applied on the concrete surface to avoid the development of plastic shrinkage.
Sometimes in very dry and windy conditions, it is absolutely necessary to do the fin-
ishing under fogging (Figure 5.3). Then, direct water curing has to be started as soon as
the concrete surface is hard enough. It is important to realize that this external water
curing will be effective only on the first 50 mm of concrete surface. However,
improving the impermeability of concrete cover is very important from a durability
point of view.

To enforce an adequate water curing for low w/c concretes, it is only necessary to
pay contractors specifically to do it and inspectors to check that they do it correctly.
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Self-consolidating concrete 26
A. Yahia, P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

26.1 Introduction

According to an ACI 237 Committee report (2007), self-consolidating concrete (SCC)
is highly flowable, non-segregating concrete that can spread into place, fill the
formwork and encapsulate the reinforcement without any mechanical consolidation.
In the literature, this class of concrete has been also designated as self-levelling,
self-compacting or self-placing. This chapter uses the expression ‘self-consolidating’
recommended by the ACI 237 Committee.

This type of concrete was developed at the beginning of the 1980s in Japan (Tanaka
et al., 1993; Hayakawa et al., 1995; Miura et al., 1998; Okamura and Ozawa, 1994,
1995) to decrease the labour cost associated with concrete pouring and improve the sur-
face quality of concrete. The extra cost incurred in the production of SCC was compen-
sated by the savings on concrete placement due to the very costly Japanese workforce.
The use of SCC soon spread rapidly all over the world (Khayat and Feys, 2010).

In North America SCC is currently used in pre-cast plants to eliminate the need for
mechanical consolidation and the noise nuisance associated with pouring ordinary
concrete. Precast concrete can also manifest surface defects, such as honeycombing,
which incur additional labour costs in performing surface repairs (Yahia et al.,
2011). Moreover, the use of SCC removes the need for vibration to ensure proper
consolidation, and can thus result in savings in equipment purchase and maintenance
(ACI 237, 2007), extend the life of steel forms and improve construction productivity.
SCC has become an attractive solution in pre-cast concrete and construction, and its
use is starting to develop in the ready-mix industry because some contractors have real-
ized its numerous advantages. Indeed, the use of SCC enables the casting of concrete
that develops the desired mechanical properties independent of the skill of the
vibrating crew (ACI 237, 2007). Also, the noiseless aspect of SCC allows flexibility
in working time in cities where some noise restrictions exist after 5 pm.

As a background to the rest of the chapter, we emphasize that SCC must have
adequate rheological properties, mainly a low enough yield stress. This plays an
important role in form filling (Roussel, 2012) and represents a necessary but not suf-
ficient criterion: the passing ability of aggregates in a specific reinforcement must also
be taken into account. Recent developments have for example shown that statistical
models can be quite effective at defining proper aggregate size distributions (Roussel
et al., 2009). Provided the proper aggregate sizes and volume fractions are chosen,
numerical modelling (or analytical solutions for simple flow fields) can predict form
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filling based on rheological parameters such as yield stress (Thrane, 2012). In what fol-
lows we give an overview on formulation issues using these underlying principles.
However, the discussion adheres closely applied mix design criteria and guidelines
to give a more direct link to practice.

26.2 SCC formulation

Three functional requirements are generally needed for the material to be considered as
self-consolidating, namely: filling ability, passing ability and resistance to segregation
(ACI 237, 2007). The SCC mix proportions must be tailored to ensure a mortar matrix
with appropriate yield stress to improve deformability while maintaining adequate vis-
cosity to ensure adequate segregation resistance, hence good passing ability and proper
placing. Superplasticizers impart fluidity, while viscosity-modifying admixtures
(VMAs) may be used to enhance the stability of SCC against segregation. Overviews
on the chemical structures and working mechanisms of these admixtures are given in
Chapters 9, 11, 16 and 20 (Gelardi et al., 2016; Gelardi and Flatt, 2016; Nkinamubanzi
et al., 2016; Palacios and Flatt, 2016).

In order to design a functional SCC with required properties, including passing abil-
ity, filling capacity and good segregation (static and dynamic) resistance, it is neces-
sary to modify concrete formulation. A first set of measures concerns the sand and
aggregates, as explained in Chapter 7 (Yahia et al., 2016). These are to:

• Reduce the size of the coarse aggregate to a maximum value of 14 mm, or even 10 mm for
very congested areas.

• Reduce the usual proportion of 60% of coarse aggregates and 40% of sand used in conven-
tional concrete to a 50e50% proportion, or even lower in cases when the reinforcing steel is
very congested. In some cases it is necessary to lower the proportion of coarse aggregate to
40% and the maximum size of the aggregate to 10 mm.

The second set of measures concerns the formulation of the paste. More details of
this are discussed in Chapter 7 on rheology (Yahia et al., 2016). Here we only empha-
size the most significant aspects in the pragmatic formulation of effective SCC
mixes. The most significant of these modifications concerns the amount of fine ma-
terial that has to be used to make a stable SCC with good passing ability and filling
capacity. This is greatly enhanced by a larger spacing of the sand and coarse aggre-
gate particles when the paste volume is increased (Roussel et al., 2009). However,
this paste must have adequate properties, so its proportions must also be changed.
The main target of this step is to optimize the grain-size distribution, thus ensuring
greater packing density. In one approach to this target, the volume of powder is
increased to reduce the free water and improve cohesiveness of the mixture, thus
increasing the stability of the SCC. Powders include cement, fly ash, ground-
granulated blast-furnace slag, limestone fines, silica fume, material crushed to finer
than 0.125 mm (No. 100 sieve) and other non-cementitious fillers (ACI 237,
2007). In a second approach, a VMA can be used to increase the viscosity of SCC
when using lower powder contents. The use of VMAs can also improve robustness,
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i.e. increase the ability of the mixture to tolerate variations in batching water (more
information on VMAs is provided in Chapter 18).

Of course, it is possible to combine these two approaches and develop SCC where
intermediate dosages of filler and VMA are used. The choice of a particular option de-
pends on the availability and relative cost of the fine materials and the VMA, as well as
on the facilities available at the batching plant and the robustness of the SCC compo-
sition that is required.

Three basic mixture-proportioning approaches for developing SCC mixtures have
been used:

• high powder content and high range water reducer admixture (HRWRA)
• low powder content, HRWRA and VMA
• moderate powder content, HRWRA and VMA dose (stability can be controlled by blending

aggregates, lowering water content or using a VMA) (ACI 237, 2007).

The first approach is mainly based on increasing the powder content (powder type).
The second approach decreases powder content and incorporates a moderate dosage of
VMAs, while the third approach consists of incorporating a high dosage of VMA. The
first and second approaches were mainly employed initially in Japan and Asia, while
the third was used in North America. Tables 26.1e26.3 show mix designs of various
SCC mixtures used in Japan, Europe and North America.

26.3 Quality control

Several tests methods have been proposed to evaluate the filling and passing capacity
of SCC.

Table 26.1 Typical SCC mixtures used in Japan (Ouchi et al., 2003)

Constituents (kg/m3) J-powder type J-combined type VMA type

Water 175 165 165

Cement 530a 298 220

Fly ash 70 206 e

Ground blast-furnace slag e e 220

Binder 600 504 440

Sand 750 700 870

Coarse aggregate 790 870 825

VMA No Yes (low) Yes (moderate)

Slump flow Dosage of HRWR is adjusted to achieve the targeted
slump flow

aLow-heat cement is used.
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• ASTM C 1611C and 1611M slump flow measurement of SCC.
This is performed like a conventional slump test, but instead of measuring the vertical
collapse of the concrete cone when the steel cone is removed, the average horizontal spread
of the SCC is measured (Figure 26.1). Usually this spread is measured in two directions at
90

�
from each other. The value measured relates directly to yield stress (Roussel, 2012).

Table 26.2 Typical SCC mixtures used in Europe (Ouchi et al., 2003)

Constituents (kg/m3) E-powder type
E-combined
type E-VMA type

Water 190 192 200

Cement 280 330 310

Limestone 265 e e

Fly ash e e 190

Ground blast-furnace slag e 200 e

Binder 525 530 500

Sand 865 870 700

Coarse aggregate 750 750 750

VMA No No Yes (moderate to
high dosage)

Slump flow Dosage of HRWR is adjusted to achieve the targeted slump
flow value

Table 26.3 Typical SCC mixtures used in North America
(Ouchi et al., 2003)

Constituents (kg/m3) E-powder type
E-combined
type E-VMA type

Water 174 180 154

Cement 408 357 416

Limestone e 119 e

Fly ash 45 e e

Ground blast-furnace
slag

e e e

Binder 525 476 416

Sand 1052 936 1015

Coarse aggregate 616 684 892

VMA No No Yes (moderate)

Slump flow Dosage of HRWR is adjusted to achieve the targeted slump
flow value

1. Japan Society of Civil Engineers: Concrete Library 93, High-fluidity Concrete Construction Guideline, 1999.
2. Bernabeu and Laborde, SCC Production System for Civil Engineering, Final Report of Task 8.3, Brite EuRam Contract
No. BRPR-CT96-0366.
3. Precast, Prestressed Concrete Institute, Interim Guidelines for the Use of Self-Consolidating Concrete in Precast,
Prestressed Concrete Institute Member Plants, TR-6-03.



Passing ability is measured using a J-ring consisting of reinforcing bars that fit around the
base of a standard ASTM C 143/C slump cone (Figure 26.2). The slump cone is filled with
the SCC and lifted, as when performing a flow test. The final spread of the concrete is then
compared to that obtained in the regular flow test described previously. This test helps to
identify possible blocking issues due to the relation between aggregate size and rebar
spacing. Provided this is not an issue, the test result also relates to yield stress.

• An L-box test can also be used to measure the passing ability of SCC (Figure 26.3). An
‘L’-shaped container is divided into two parts, a vertical one and a horizontal one, separated
by a sliding door. An obstacle of three reinforcing bars can be positioned in the horizontal
part. The height of the SCC left in the vertical section is compared to the height of the SCC
at the end of the horizontal box. In a similar way to the J-ring, this identifies possible issues
of blocking due to inadequate aggregate size distribution. In the absence of this problem,
the test result once again relates to yield stress (Nguyen et al., 2006). However, the resolution
is not very good because the horizontal part is too short. For a strict yield stress measurement it
is therefore preferable to use only a longer horizontal channel, the Laboratoire Central des
Ponts et Chaussées in France (LCPC) box (Roussel, 2007).

• SCC stability is measured by filling a column 610 mm long and 200 mm in diameter
(Figure 26.4). The SCC is left sitting for 15 min after pouring, then the SCC column is
divided into four parts that are removed individually. Each part is washed in a No. 4 sieve
(4.75 mm) and the retained aggregate is weighed.

Figure 26.1 Slump flow measurement.

Figure 26.2 Measuring passing ability with a J-ring.
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Figure 26.3 Measuring passing ability with an L-box.

Figure 26.4 Measuring SCC static stability.
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Usually, when designing the formulation of SCC by trial mixes, the first objective is
to obtain the right flow. When the targeted flow has been obtained, other tests are per-
formed to fine-tune the final SCC composition.

Typically, industrial SCCs have w/b between 0.38 and 0.42.

26.4 Fresh properties

26.4.1 Plastic shrinkage

SCCs are prone to develop some plastic shrinkage cracking because they exhibit
little or no surface bleeding. Therefore SCC should be protected in that respect in
the same way as low w/c or w/b conventional concrete, as explained in Chapters 5
and 23 (Aïtcin, 2016; Gagné, 2016).

26.4.2 Pumping

One great advantage of SCC is its ability to be pumped. In Dubai the pre- and post-
tensioned floors of the more recent high-rise buildings have been built with pumped
SCC (Clarke, 2014). In Mumbai, Samsung is pumping SCC to cast the floors of an
80-storey building (the Worli project). When pumping SCC, pumping pressures are
significantly reduced and air content remains stable. Even when the pump line has a
diameter larger than 75 mm, usually it is not necessary to prime the line with a slurry.

26.5 Hardened properties

SCC hardened properties are measured in North America according to ASTM standard
test methods. It is found that they are essentially functions of the w/b, as for conven-
tional concrete. However, the elastic modulus of SCC is 10e15 % lower than that of
conventional concrete with the same w/b because the coarse aggregate content of SCC
is lower than that of conventional concrete.

SCC is prone to present more creep in compression than conventional concrete due
to its high amount of paste.

SCC resistance to freezing and thawing cycles in the presence or absence of deicing
salts has been found to depend, as with conventional concrete, on the value of the
spacing factor of the entrained air bubbles.

26.6 Case studies

26.6.1 Senboku LNG Terminal II in Osaka, Japan

Osaka Gas Company is importing liquefied natural gas (LNG) from Indonesia,
Malaysia, Brunei and Australia to supply city gas in Osaka and the six prefectures
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of Kinki region. In the beginning LNGwas stored in steel tanks in Terminal I, commis-
sioned in October 1971, and Terminal II, commissioned in 1977. These steel tanks
were surrounded by a concrete wall delimiting a quite large safety perimeter equipped
with water-curtain facilities and high-expansion foaming equipment in case of a spill.
With steadily increaing consumption of city gas over the years, new steel tanks were
built to match demand; and at the end of the 1990s Osaka Gas built a larger 40 MPa
concrete tank that could store 1.3 times more LNG than the first steel tanks used in the
terminal (seen in the background in Figure 26.5).

The construction of the concrete tank was so successful that Osaka Gas ordered a
second one after the commissioning of the first. But as gas consumption was still
increasing and the space available for the construction of new concrete tanks was
shrinking, Osaka Gas built a larger concrete storage tank using post-tensioned SCC
with a compressive strength of 60 MPa; it is able to store 1.3 times more LNG than
the previous 40 MPa concrete tanks and 2.0 times more than the initial steel tanks
(Figure 26.6).

Of course, the cost of a 60 MPa SCC was much higher than the cost of a conven-
tional 40 MPa concrete, but the use of 60 MPa SCC presented several significant
competitive advantages.

• It multiplied the storage capacity of each concrete tank by a factor of 1.3 when compared to a
storage tank built with a 40 MPa conventional concrete.

• It decreased the thickness of the concrete wall from 1100 mm (in the case of a wall built with
a 40 MPa concrete) down to 800 mm, so the volume of concrete needed to build the storage
tank was reduced from 13,000 to 9500 m3 e a reduction of 27%. As the consequence the
number of piles to support the whole storage tank could be reduced from 1353 to 1293 e
a reduction of 4.4%.

Figure 26.5 Construction of post-tensioned concrete LNG storage tank with a 60 MPa SCC
in Senboku Terminal II in Osaka.
With Courtesy of Osaka Gas CO., LTD.
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• It decreased the construction time by a factor of 1.5 because 4.4-m-high concrete lifts of SCC
could be cast at a time since it was not necessary to vibrate the concrete to ensure good
pouring.

• It eliminated the need for a huge and expensive crew of temporary workers to pour concrete
because the SCC did not need to be vibrated.

For the construction of this first storage tank with 60 MPa SCC, five to seven
nearby ready-mix concrete plants operated non-stop for five hours to provide contin-
uous deliveries of 1000 m3 of SCC to the site. This very short delivery time eliminated
overtime expenses for the regular crews.

The flowability of each truckload was checked before it was poured into the six con-
crete pumps used to place concrete all over the perimeter of the tank through a system
of steel pipes. Concrete was emitted from the pipes every 5 m, so its top surface was
almost horizontal.

This solution was so successful that a second post-tensioned concrete storage tank
was built using a 60 MPa SCC.

26.6.2 Construction of the reaction walls of the structural
laboratory at the Université de Sherbrooke

To increase the facilities of the first structural concrete laboratory at the Université de
Sherbrooke to test dynamic responses of large structural sections, it was necessary to
build a large, heavily reinforced concrete reaction wall involving the pouring of
260 m3 of concrete.

As more than 2000 students, professors, technicians and secretaries worked in the
faculty from 8 am to almost midnight (for the students), it was out of the question to
build this strong wall during working hours with conventional concrete that has to be
vibrated, due to the noise nuisance associated with the vibration of so large a volume of
concrete. Thus casting a conventional concrete was limited to Sunday from 8 am to
10 pm, which was a very costly solution for building the three sections of the strong
wall. The delivery of 40 loads of SCC from a local ready-mix producer solved the
noise problem: the three pours were done silently during daily working hours without
any complaints (Figure 26.7).

Prestressed concrete
outer tank

Prestressed concrete
outer tank

Pre-stressing
force

Liquid
pressure

Pre-stressing
steelLNG

Figure 26.6 Finished 60 MPa post-tensioned concrete tank.
With Courtesy of Osaka Gas CO., LTD.
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When it was necessary to build a second strong wall in a new addition to the struc-
tural laboratory, the same solution was adopted.

26.7 Selling SCC to contractors

A friend of the authors working in the marketing department of a large ready-mix
company developed the following strategy to promote the use of SCC to contractors.

• Never try to sell SCC for the first time to a contractor on Monday morning; the answer will
always be ‘Thank you, the concrete is a too expensive.’

• Wait until a Friday afternoon, when the contractor has been obliged to delay a large concrete
pour until 4 pm, meaning that his placing crew will have to work hard until 7e8 pm. It is the
perfect time to propose the use of SCC to the field engineer and foreman, and this will allow
them to leave the site before 6 pm (a Friday evening with an important soccer, rugby, hockey,
football, basketball or baseball game makes the sale easier).

The same friend told the authors that after having successfully sold a large
pour of SCC one Friday afternoon to a project, the next Monday morning the fore-
man noticed his crew was working quite slowly. He asked one of the workers:
‘Why are you working so slowly this morning?’ The answer was: ‘As you know,
late this afternoon we will have to place another large pour of concrete, so we
need to keep our energy to do it; but if you order an SCC instead of conventional
concrete, instead of leaving the site at 7e8 pm we (and you too) will leave at 5 pm.’
The concrete order was changed for SCC, and the workers resume working very
hard to leave earlier.

Figure 26.7 Two of the strong walls in the Department of Civil Engineering at the Université
of Sherbrooke.
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26.8 Conclusion

The development of SCC is one of the latest achievements that has significantly
improved concrete’s competitiveness as a structural material, because it significantly
reduces the cost of pouring concrete. As SCCs are easily pumpable, their use is gaining
acceptance in casting the floors of high-rise buildings, because a limited number of
cranes can be used to lift all the other materials needed for finishing the floors. Pres-
ently the combined use of high performance concrete (HPC) and SCC is displacing
steel in the construction of high-rise buildings (Aïtcin and Wilson, 2015).

In pre-cast plants SCCs are currently used because they facilitate and accelerate the
pouring of concrete by eliminating the need to vibrate it. Moreover, they decrease the
noise level in the plant and prolong the life of the moulds because they are no longer
subjected to intense vibration.

Finally, the noiseless aspect of pouring SCC is a great advantage when concrete has
to be cast in a building during working hours or in cities where there are noise restric-
tions after 5 pm.

The formulation of SCC is flexible enough to accommodate different local condi-
tions concerning the availability of its ingredients. In some places rather large amounts
of fine materials can be used, while in others the viscosity of the SCC can be adjusted
using a VMA. In some locations a combination of fine materials and VMAwill be used
to adjust SCC viscosity.

The overall cost balance of using SCC must be considered in a global sense and
factored in during planning. Strictly looking at material costs will never favour
SCC, but will always miss the net global advantages. Using SCC requires tighter qual-
ity control, but knowledge and practical experience are now available to handle this
properly. There are great opportunities to seize for those who can understand the over-
all benefit of SCC and properly implement its use.
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Ultra high strength concrete 27
P.-C. Aïtcin
Université de Sherbrooke, QC, Canada

27.1 Introduction

Ultra high strength concrete (UHSC) is one of the most spectacular developments of
recent years in the area of Portland cement-basedmaterials. Initially this new type of con-
crete, developed by Pierre Richard, the former scientific director of the French Bouygues
Company,was known as reactive powder concrete (RPC) (Richard andCheyrezy, 1994).
The UHSC formulation is the fruit of Richard’s personal reflections after research carried
out for the FrenchArmy to increase the compactness of the granular solid fuel used inmil-
itary rockets.After completing this research project his basic ideawas to apply to concrete
the same principles used when optimizing the packing of solid fuels for rockets. Despite
the fact that RPC did not contain any coarse aggregate (the average size of its coarsest par-
ticle is 200 mm),Richard called thismaterial concrete,when fromagrain-size distribution
point of view he should have called it a mortar. Why?

In fact, when very fine steel fibres are added in such a mortar to improve its strength
and toughness, these fibres act like reinforcing bars in ordinary reinforced concrete,
considering the 100-times scale factor between the coarsest particles of the aggregate
and the reinforcing bars of a standard concrete (Table 27.1).

Thus from a mechanical point of view, this fibre-reinforced mortar works at a
micro-scale like reinforced concrete. Richard also used the word reactive because
most of the powders introduced into the mix had more or less reacted by the end of
the hydration process. Finally, the French acronym for reactive powder concrete, béton
de poudre réactive (BPR) could be read as Béton Pierre Richard.

Richard developed RPC to overcome the inherent weakness of most high-
performance concretes (HPCs) when they reach a compressive strength of about
150 MPa. At such a strength level, even the strongest aggregates used to make con-
crete fail when concrete specimens are tested in compression. Attempts to reduce
the maximum diameter and increase the intrinsic strength of the coarse aggregates
have proven to be successful, but often very expensive, and even in the best cases it

Table 27.1 Scale factor between an armed concrete and an RPC

Aggregate Reinforcement

∅ max (mm) ∅ (mm) Length (mm)

RPC 0.2 0.2 12

Concrete 20 20 1200

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00027-8
Copyright © 2016 Elsevier Ltd. All rights reserved.
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is very difficult to obtain a compressive strength in excess of 180 MPa (Bache, 1981).
So why not remove the coarse aggregate to make a much stronger material because of
its very low w/b ratio e a material in which the coarsest particles are not in contact
with each other to avoid stress concentrations at the points of contact? This was
Richard’s basic idea when he developed RPC.

27.2 Ultra high strength concrete concept

UHSC results from the application of the following principles:

1. An increase of the homogeneity of the material due to the elimination of the coarse
aggregates.

2. An increase of matrix compactness by optimizing the grain-size distribution of all the powers
used.

3. Elimination of the transition zone between coarse aggregates and the cement paste.
4. A limitation on the volume of sand to prevent sand particles from contacting each other in the

hardened cement paste.
5. An improvement of the mechanical properties of the hydrated cement paste through a special

heat treatment that produces a refinement of the microstructure of the UHSC.
6. The elimination of entrapped air bubbles and the porosity created by chemical shrinkage by

compressing UHSC during its hardening when possible.
7. The elimination of the first autogenous shrinkage by compressing the UHSC at about 80% of

its one-day compressive strength to eliminate porosity-created chemical contraction.

In the following, we review very briefly how these principles can be put into
practice.

27.2.1 Increasing the homogeneity of UHSC

The elimination of the coarse aggregate and its substitution by sand particles results in
a decrease in the size of the micro-cracks of mechanical, thermal or chemical origin
which are linked in an ordinary concrete to the presence of coarse aggregates that
can be considered as rigid inclusions in a homogeneous matrix. This reduction in
the size of the micro-cracks results in an improvement in compressive and tensile
strengths.

It is, however, important to adjust the amount of sand to prevent sand particles,
which act as rigid inclusions in the matrix, from coming into contact with each other.
Each sand grain must behave like an individual inclusion, and not as part of a densely
packed aggregate skeleton. Hence when shrinkage develops, the matrix is free to con-
tract as much as necessary because it is no longer restrained by the aggregate skeleton.

The increase of the packing density of the cementitious matrix by using powders
with complementary grain-size distributions and ultrafine silica fume particles elimi-
nates the occurrence of a transition zone between the sand particles and the paste
(Figure 27.1). As a consequence, the stress transfer between the paste and the sand par-
ticles is improved.
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27.2.2 Increasing the packing density

The optimization of the packing density of the cementitious matrix minimizes the
interparticle voids and the amount of mixing water.

Table 27.2 gives the composition of a typical UHSC similar to that used to construct
the Sherbrooke pedestrian bikeway bridge.

As previously mentioned, when possible UHSC compactness can be increased by
pressing fresh UHSC, which results in the elimination of some of its mixing water,
most of the entrapped air bubbles and even a large part of the chemical shrinkage
occurring during the early hardening of the cement paste.

10 μm

G

G

Figure 27.1 Microstructure of an RPC. One can notice:

• the granular loosening, with the two cement grains (G) being clearly separated by a quite
large band of hydrated paste (P);

• the absence of a transition zone between aggregates and hydrated cement paste;
• the extreme compactness of the hydrated cement paste.

Courtesy of Arezki Tagnit-Hamou (Aïtcin, 2008).

Table 27.2 Typical composition of an RPC

Materials kg/m3

Cement 705

Silica fume 230

Crushed quartz 210

Sand 1010

Superplasticizer 17

Steel fibres 140

Water 185

Water/binder 0.27
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27.2.3 Improving the microstructure by thermal treatment

UHSC is usually heated to 70e90 �C in a water bath or by steam curing for two days
to obtain the maximum strength from all the powders it contains. However, this water
curing must be done after two days of curing at ambient temperature in order for
the initial hydration to develop sufficiently. Such a heat curing results in an acceler-
ation of the pozzolanic reaction between silica fume and the lime liberated by cement
hydration. This special curing results in a significant increase of compressive
strength.

27.2.4 Improving the ductility of UHSC

When they are not reinforced with very thin steel fibres, UHSC matrices exhibit a
purely elastic behaviour until they fail in a brittle mode. UHSC ductility can be
improved by the addition of steel fibres, but not just any kind of steel fibres. The fibres
must have a diameter/length ratio in accordance with the scale effect discussed previ-
ously in order for the UHSC to act as a reinforced concrete. As seen in Figure 27.2,
a 140 kg/m3 dosage (1.8% by volume) of 12-mm long fibres provides a pseudo-
ductile behaviour.

Figure 27.3 is a photograph taken with a SEM showing the fracture surface of a
piece of fibre-reinforced UHSC.

UHSC can also be confined in a steel tube, which results in a significant increase in
its compressive strength and ductility. A maximum compressive strength of 375 MP,
associated with a strain greater than 1%, was achieved with a UHSC similar to that
used during the construction of the Sherbrooke pedestrian bikeway when it was
confined in stainless-steel tube with a diameter of 150 mm and a thickness of 2 mm,
as shown in Figure 27.4.
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Figure 27.2 Pseudo-ductile behaviour of a fibre-reinforced UHSC.
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27.2.5 Improving the packing density of different powders

Finally the various powders used in the preparation of UHSC must have a grain size
distribution that produces a mix having a very high dry density. The proper proportions
can be obtained by trial and error using a factorial design plan or by using an adequate
packing model (de Larrard and Sedran, 1994).

27.2.6 Reinforcing the cement paste matrix with hard inclusions

A recent and very interesting development happened when, using some very fine glass
powder, Professor Tagnit-Hamou and his research team were able to improve both the
rheology and the mechanical properties of hardened UHPC. In their UHPC the glass
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Figure 27.3 Fractured surface of steel-fibre-reinforced UHSC.
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particles act as very hard and rigid inclusions that strengthen the cement paste. This tech-
nology, currently used in metallurgy, is called ‘strength hardening’ (Tagnit-Hamou
et al., 2015).

27.3 How to make a UHSC

From a practical point of view, it is not complicated to make UHSC when the basic
principle guiding the selection of the right Portland cement is known. All the tests
done to find the best Portland cement to make RPC by Coppola (1996) and Aïtcin
(1998) showed that the best choice to make UHSC is a cement with the lowest
C3A content possible (5% maximum if possible) and not too high C3S (50%
maximum). Moreover, this cement must have a low specific surface area of about
350 m2/kg.

By limiting both the amount and the fineness of the two most reactive phases of
Portland cement, it is possible to produce UHSC that will not be too viscous and
will maintain a good rheology long enough to be poured without any difficulty. Factors
affecting the rheology of concrete, apart from superplasticizers, are covered in Chapter
7 (Yahia et al., 2016). Table 27.3 gives the principal characteristics of the cement used
to build the Sherbrooke pedestrian bikeway: a Type 20 M Canadian cement with a
very low hydration heat, used in mass concrete when building hydroelectric dams.
Oil-well cements have characteristics quite close to such a cement, and can also be
used to produce UHSC.

27.3.1 Why such cement characteristics?

The most important thing when producing UHSC is not obtaining a high strength but
rather keeping good control of its rheology for long enough to pour it easily. Currently,
the production of a cement which is ideal for UHSC is not favoured by cement pro-
ducers, because when such cement is used in high w/c concretes (w/c greater than
0.50) it does not provide high early strength. Moreover, it is more difficult to produce
such cement than regular Portland cement because it contains a too-fluid interstitial
phase. Cement producers prefer to produce fine cements rich in C3A and C3S, the
two most reactive phases of clinker, because with such cements it is possible to obtain
a high early strength with a relatively high w/c ratio. But high C3A and C3S contents
and a high specific surface area have disastrous consequences on the rheology of
low w/c concretes, and in particular UHSC.

Table 27.3 Principal characteristics of the cement used to build
the Passerelle de Sherbrooke

C3S C2S C3A C4AF Alkali
equivalent

L.O.I. Specific surface
area

45% 37% 0% 15% 0.3% 1.2% 340 m2/kg
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When making UHSC it is unnecessary to have high amounts of C3A and C3S
contents to get a high early strength, because, as shown in Chapter 1, in UHSC
strength is a consequence of the very short distance between cementitious particles
and not the reactivity of the C3A and C3S (Aïtcin, 2016). With the cement used to
build the Sherbrooke pedestrian bikeway, which had very low C3A and C3S con-
tents, a compressive strength of 55 MPa was obtained in 24 h because of the
very low w/c used.

27.3.2 Selection of the superplasticizer

The second most important consideration is careful selection of the right superplasti-
cizer: it must provide a good rheology long enough to pour the UHSC, entrap as little
air as possible and not retard UHSC hardening excessively. For the Sherbrooke pedes-
trian bikeway, a sodium salt of a polynaphthalene sulphonate was used; others have
successfully used polyacrylate superplasticizers.

Those who are not ready to invest money and time in this long process should
instead buy a commercial UHSC, sold under different trade names.

For basic information on the chemistry of superplasticizers, their working mecha-
nisms, use in practice and impact on hydration, readers are referred to Chapters 9, 11,
16 and 12, respectively (Gelardi et al., 2016; Gelardi and Flatt, 2016; Nkinamubanzi
et al., 2016; Marchon and Flatt, 2016).

27.4 Construction of the Sherbrooke
pedestrian bikeway

27.4.1 Design

This 60 m-long UHSC structure was built from six pre-cast post-tensioned elements. It
was erected almost like a steel structure (Aïtcin et al., 1998).

The structure is a pre-stressed open-web-space truss that does not contain any pas-
sive reinforcement (reinforcing bars). The main tensile stresses are counterbalanced by
post-tensioning, while some secondary tensile stresses are resisted directly by steel
fibres.

The cross-section is composed of two 380 � 320 mm bottom chords and a 30-mm
thick upper deck containing transverse stiffening ribs. The total height of the truss is
3.0 m and its overall width is 3.3 m (Figure 27.5)

Truss diagonals are made of UHSC confined in thin stainless tubes joined to the top
and bottom chords through two greased and sheathed anchored mono-strands. Special
anchorages were designed by VSL Company of Switzerland, as shown in Figure 27.6.
These anchors did not need any bearing plates or local zone spirals since the anchor
heads were directly in contact with the RPC, which was able to withstand the high
compressive strength developed by the anchorage. Construction details have been pre-
viously published (Bonneau et al., 1996).
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Figure 27.6 Fabrication of the diagonals.
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27.4.2 Construction

27.4.2.1 Phase I: fabrication of the confined post-tensioned
diagonals

The 150-mm stainless steel tubes containing two post-tensioning cables were filled
with fibre-reinforced UHSC (Figure 27.6).

The UHSC was compressed (5 MPa) for 24 h to eliminate most of the entrapped air
bubbles, extract uncombined mixing water and compensate for some of the initial chem-
ical contraction. The level of the UHSC in the tubes went down by 100 mm during
compression.

Two days after their casting, the diagonals were cured for two days at 90 �C.
The external water vapour did not penetrate the UHSC very deeply except at
both ends.

27.4.2.2 Phase II: construction of the deck and the lower beam

Each of the six pre-cast elements was cast using usual pre-casting techniques. Each of
the pre-cast elements was used to cast the next element (match cast) to get a perfect
joint (Figure 27.7).

27.4.2.3 Phase III: curing

As in the case of the diagonals, the 90 �C curing started 48 h after the casting of the
UHSC. Polyethylene sheets were used to wrap each pre-cast element and create an
enclosure in which steam could be introduced to cure the UHSC (Figure 27.8). This
90 �C curing lasted for two days.

Figure 27.7 Construction of a prefabricated element in the pre-cast plant.
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27.4.2.4 Phase IV: transportation to the site

The six pre-cast elements were transported by trucks to the site without any particular
problem. Each of the four central elements was 10 m long and weighed 18 tonnes. The
two end elements weighed 24 tonnes each (Figure 27.9).

27.4.2.5 Phase V: assembling the prefabricated elements

The assembly of the prefabricated elements was carried out on a stone bed that was
temporarily built in the middle of the Magog River. The bridge was assembled in
two parts. The joints did not receive any special treatment (UHSC against UHSC),
as can be seen in Figures 27.10 and 27.11.

Figure 27.8 Curing of a pre-cast element.

Figure 27.9 Transportation of the prefabricated elements.
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27.4.2.6 Phase VI: post-tensioning

The two halves of the bridge were post-tensioned before lifting the whole platform on
to the two piles, as shown in Figure 27.12.

The assembled Passerelle is presented in Figure 27.13.

Figure 27.10 Assembling the northern part of the bridge.

Figure 27.11 Assembling two prefabricated elements (dry joint).
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Figure 27.12 Assembling the two halves of the bridge.

Figure 27.13 The completed Passerelle.
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27.5 Testing the structural behaviour of the structure

One year after its construction, the Sherbrooke pedestrian bikeway was tested statically
and dynamically to monitor its structural behaviour.

The static loading was done using barrels that were progressively filled with water.
The values of the actual deflection were compared to the calculated ones, and were in
very close agreement with the theoretical values calculated by Pierre Richard.

The longitudinal, transversal and torsional resonant frequencies were measured and
compared to the theoretical values calculated by Richard. In this case, too, the actual
values were very close to the calculated ones, as can be seen in Table 27.4. The
dynamic behaviour was tested again 10 years later, and the resonance frequencies
measured were almost the same as those measured in 1998.

27.6 Long-term behaviour

As indicated by the monitoring of the natural resonant frequencies and a close visual
inspection, it can be said that the Sherbrooke pedestrian bikeway is ageing very well
(Aïtcin et al., 2014).

The pedestrian bikeway is now illuminated every night as part of the architectural
patrimony of the city of Sherbrooke (Figure 27.14).

27.7 Some recent applications of UHSC

UHSCs have been used in Japan to build the taxiways of a new landing strip in an
extension of Haneda Airport in Tokyo, and in France to build two spectacular struc-
tures: the Museum of Mediterranean Civilizations (MUCEM) in Marseille and the
Louis Vuitton Foundation building in Paris. In these last two prestigious buildings
the architectural potential of UHSC has been exploited to build very light concrete
panels.

Table 27.4 Resonance frequencies calculated and measured
on the Passerelle

Modes

Frequency (Hz) Damping (%)

Calculated 1998 2010 1998 2010

Flexural 1st 2.17 2.2 2.3 1.2 � 0.2 1.1 � 0.9

2nd 7.33 7.5 7.5 0.3 � 0.1 0.6 � 0.1

3rd 12.84 12.9 13.0 0.2 � 0.002 0.4 � 0.1

4th 17.8 e 18.1 e 0.3 � 0.2

Torsional 1st 4.14 4.2 4.3 0.7 � 0.2 1.0 � 0.5
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27.7.1 The extension of Haneda Airport in Tokyo

To increase the landing capacity of Haneda Airport in Tokyo, a new landing strip has
been built in the Bay of Tokyo, as shown in Figures 27.15e27.21.

The landing strip itself was built using pre-cast conventional pre-tensioned 30 MPa
reinforced concrete, while the taxiway was built with pre-cast pre-tensioned slabs
made of UHSC. All the pre-cast concrete slabs were built in two adjacent pre-cast
plants that produced almost exactly the same surface of slabs.

Figure 27.14 The Passerelle at night.

Figure 27.15 The additional landing strip built at Haneda Airport in the Bay of Tokyo.
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All the conventional concrete and USHC slabs had the same length (7.875 m) and
the same width (3.75 m).

The conventional concrete slabs had a thickness of 320 mm and weighed
23.5 tonnes each. The UHSC slabs had a maximum thickness of 270 mm at the level
of the transverse stiffening ribs and a minimum thickness of 75 mm in between ribs;
they weighed only 10.3 tonnes each.

Figure 27.16 The reinforcing system of the conventional slabs.

Figure 27.17 Installed slabs made of conventional concrete.
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During the project it was necessary to hire 140 workers to produce 24 slabs of con-
ventional concrete per day, but only 100 workers in the UHSC plant were employed to
produce 21 slabs per day. The difference in the number of workers involved in this
particular project compensated largely for the extra cost of the UHSC in comparison
to the cost of the 30 MPa concrete.

Figure 27.18 The moulds used to build the UHSC slabs.

Figure 27.19 Installation of the pre-tensioned reinforcing system.

518 Science and Technology of Concrete Admixtures



27.7.2 The MUCEM in Marseille

UHSC is not simply a Portland cement-based material that is stronger than ordinary or
high-performance concrete: it can be used as an architectural material to conceive very
light structural or architectural elements. It was used during the construction of the

Figure 27.20 The filling of the moulds with UHSC.

Figure 27.21 The UHSC slabs stocked in the plant yard.
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MUCEM in Marseille in France to build an outside façade panel looking like concrete
lace (Figure 27.22).

27.7.3 Louis Vuitton Foundation building in Paris

The Louis Vuitton Foundation building in Paris, designed by Frank Gehry, is a very
spectacular building using white panels of UHSC.

It is clad with almost 19,000 different pieces of white Ductal (Figure 27.23). All the
pieces have a uniform thickness of 27 mm and a maximum weight of 30 kg, and are

Figure 27.22 External and internal views of MUCEM.
Courtesy of Patrick Paultre.
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placed by hand. Each piece was cast under vacuum in a silicone mould placed in a
polystyrene template. Metallic inserts were placed in the mould to fix the pieces on
the supporting structure. All the pieces of Ductal were painted in white to give them
a perfectly white, mineral, smooth finish (Figures 27.24 and 27.25).

Figure 27.23 Louis Vuitton Foundation building.
Courtesy of Louis Vuitton Foundation, © Iwan Baan (2014).

Figure 27.24 Partial view of Louis Vuitton Foundation building.
Courtesy of Louis Vuitton Foundation, © Iwan Baan (2014).
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27.8 Conclusion

UHSC is the last spectacular development in the domain of Portland cement-based
materials. It was developed by Pierre Richard, the former scientific director of the
French building company Bouygues. By eliminating the coarse aggregate, improving
the packing density of different powders with specific grain-size distributions and using
water or steam curing at 90 �C, it is possible to increase the compressive strength of
UHSC to over 200 MPa when using mineral powders, 270 MPa when using glass pow-
der (Soliman et al., 2014) and 800 MPa when using iron powders. When 1e2% of very

Figure 27.25 Exterior cladding reflecting the branches of a tree.
Courtesy of Louis Vuitton Foundation.
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thin and long fibres are introduced in such a matrix it behaves like a pseudo-ductile
material, working at a microstructural level like reinforced concrete, which explains
why this material (which from its grain-size distribution is a mortar) is called a concrete.

This material has been increasingly used to build various impressive light struc-
tures, like the cyclo-pedestrian footbridge in Sherbrooke, the extension of Haneda
Airport in Tokyo and two recent architectural buildings in France: the MUCEM in
Marseille and The Iceberg, the Louis Vuitton Foundation building in Paris.
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Conclusions and outlook on the
future of concrete admixtures 28
R.J. Flatt
Institute for Building Materials, ETH Z€urich, Z€urich, Switzerland

28.1 Chemical admixtures are to concrete, what
spices are to cooking

Chemical admixtures and spices are almost magical products, which, when added in
small amounts and in the right proportions, can radically change essential properties of
the mix. This analogy can be extended in many ways, as illustrated in the following:

Interfaces. The reason for the stunning effect that these products have at such low dosages
comes from the fact that they act at interfaces. This concerns taste buds and olfactory recep-
tors for spices. For chemical admixtures, this results in most cases from adsorption at the
solideliquid or the liquidevapor interfaces (see Chapter 10; Marchon et al., 2016).
Essential compounds. Spices and chemical admixtures should be considered as an integral
part of the overall recipe (see Chapter 1; Aïtcin, 2016). They must be planned for, although
some final adjustments (type and dosage) may be carried out in the last stages of mixing.
Dosage. Added in too-small amounts, both chemical admixtures and spices will go unno-
ticed. Added in too-large amounts, they may cause various undesired reactions. In concrete
technology, dosage should not be governed by cultural preferences but fixed by performance
targets.
Power. The more powerful these substances are, the less one needs but the easier it becomes
to overdose them. In concrete technology, this is related to the issue of robustness (see
Chapter 16; Nkinamubanzi et al., 2016).
Saturation. Above a certain dosage, increased dosages go relatively unnoticed (saturation
point in concrete technology). Some products (e.g., Polynaphtalene Sulfonate or PNS)
perform well close to their saturation point. Others (e.g., Polycarboxylate ethers or PCEs,
depending on their specific structure) are rather used below their saturation point. In such
cases, the notion of surface coverage is very important in quantifying their performance
(see Chapter 11; Gelardi and Flatt, 2016).
Blends. Spices as well as chemical admixtures may be blended before use and supplied as
such. In concrete technology, the analogue of spice blends would be referred to as a formu-
lated product (see Chapter 15; Mantellato et al., 2016). Formulated products make life easier,
but they cannot be used for everything everywhere.
Secrecy. In a very similar way to great chefs, most admixture companies tend to try and keep
the composition of their recipes (formulated products) secret. This does not, however, pre-
vent people from learning to cook with books and practical experience. In this book, rather
than providing a compilation of recipes, we tried to provide readers with insights that will
help them become great and independent chefs—or at least enlightened consumers.

Science and Technology of Concrete Admixtures. http://dx.doi.org/10.1016/B978-0-08-100693-1.00028-X
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Cost. Although their unit price is high, the low dosages of spices and chemical admixtures
imply that their cost is only (in general) a second-order component of the total price of
the mix.
Supply limitations. We live in a world of limited resources; despite this, we must find out
how to provide access to decent food and housing to the increasingly large world population.
This has to be done in the most effective way possible. However, even if spices can play an
important role in improving food taste in this endeavor, we believe that the importance and
impact of chemical admixtures is even greater because of their direct benefit to sustainability.

28.2 Of good and bad concrete

Inspired by Adam Neville’s preface in Properties of Concrete (Neville, 1996), we can
state that ‘the ingredients of good concrete are very simple: water, cement, sand, aggre-
gates, mineral additions, and chemical admixtures. However, the ingredients of bad con-
crete are essentially the same. Thedifference lies in the know-howand the understanding’.

In this book, we aimed to provide a comprehensive text concerning the use andwork-
ing mechanisms of chemical admixtures for concrete. We emphasized how chemical
admixtures can be used to enhance the quality and durability of concrete, while also
reducing the overall environmental footprint of the construction sector (see Chapter 1;
Aïtcin, 2016). Such objectives are very clear societal macro-trends and convincing
clear indicators that the importance of using chemical admixtures will continue to grow.

We also tried to indicate possible problematic situations, such as cemene
superplasticizer incompatibilities. In such cases, we tried to focus on defining the
underlying reasons to provide the understanding needed for effective problem solving.

28.3 Environmental challenges

The issue of limited resources presents the greatest challenge that we have to deal with
in the twenty-first century. Construction consumes up to 40% of natural resources, and
sustainable construction therefore represents a major societal objective (Aïtcin and
Mindess, 2011). As explained in Chapter 1, producing good and durable concrete
with reduced clinker contents can significantly contribute to this objective.

However, the quantitative targets that must be reached are extremely demanding.
This means that concrete performance must be pushed to its limits, so that the number
and dosage of spices used must be increased. Mastering such situations represents a
major research endeavor, requiring control of the interactions between chemical ad-
mixtures, to which we have to add the handling of an increased variety of locally
sourced materials with a larger compositional variety than in the past.

This is where the Science of chemical admixtures comes into play, representing
an area of research that can make major contributions to sustainable construction. It
develops the understanding that valuably complements the know-how of enlightened
formulators and practitioners.
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28.4 The science of chemical admixtures

So what do we need to know? Well, first we must recognize that chemical admixtures
are so effective because they act at interfaces. As summarized by Flatt et al. (2012) and
shown in Figure 28.1, these mostly include the solideliquid (e.g., superplasticizers,
retarders) and liquideair (e.g., air-entraining admixtures, shrinkage reducers) inter-
faces, but also the solideair interfaces (e.g., grinding aids).

Understanding these processes that occur at interfaces, the competition between
admixtures and their interactions with the various materials found in concrete repre-
sents a fascinating puzzle with tremendous practical implications. These are very com-
plex multicomponent heterogeneous reactive chemical systems. However, this must
not scare us. In the words of Stephen Hawking, “. The next (21st) century will be
the century of complexity.” or those of Gerd Binnig, winner of the Nobel Prize in
Physics (1986), who also advised: “The topic of complexity poses the greatest problem
(challenge) that there is today.”

Therefore, the complexity of our systems should not be a barrier or an embarrass-
ment, but rather a source of stimulation and pride. Indeed, the mastering of this
complexity represents a fantastic scientific objective, with tremendous excitement
for research and application. However, we must also not forget the wise words of
Albert Einstein, who stated: “Any fool can make things bigger, more complex, and
more violent. It takes a touch of genius—and a lot of courage—to move in the opposite
direction.”
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Figure 28.1 Illustration of the role played by different interfaces in the system.
SeS ¼ solidesolid, LeL ¼ liquideliquid, VeV ¼ vaporevapor,
SeLeV ¼ solideliquidevapor.
Reproduced from Flatt et al. (2012) with permission.
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We hope that the Science and technology of concrete admixtures will move things
in the right direction and contribute to helping us meet the tremendous challenges of
this century.
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Appendix 1: Useful formulae and
some applications
P.-C. Aïtcin

Université de Sherbrooke, QC, Canada

A1.1 The ‘hidden’ water in concrete

When making concrete either in the laboratory or in the field, the most difficult thing is
to keep tight control of the amount of water actually used when making the mix. It is
always easy to weigh a certain amount of cement or aggregates, and to read the number
of litres of water passing through a meter. When using a superplasticizer it is not so
difficult to calculate the amount of water brought into the mix by the superplasticizer,
as will be shown later. What is definitely much more difficult is to keep a tight and
constant control of the precise amount of water brought into the mix by the aggregates,
especially by the sand, because the water content of the aggregates, and especially that
of the sand, can vary considerably. The water content, wtot, of an aggregate is defined
as the amount of evaporable water divided by the dry mass of the aggregate, and is
expressed as a percentage. To measure it, it is only necessary to place a certain amount
of wet sand in an oven at 105 �C and weigh it when it has a constant mass. The use of a
microwave oven can reduce the duration of the drying.

Depending on the level of control exercised over the water content of the aggregate,
and more particularly of the fine aggregate, a better or poorer quality concrete can be
produced. For example, a variation of 1% in the water content of the approximately
800 kg of sand that is used to produce 1 m3 of concrete corresponds to a variation
of 8 L of water in the mix. If this variation occurs in a high-performance concrete
(HPC) mix that contains 150 L of water and 455 kg of cement per cubic metre, which
corresponds to a water/cement ratio of 0.33, the w/c ratio could range from 0.31 to
0.35, which represents a non-negligible difference in terms of slump, compressive
strength and permeability. It is therefore very important to be able to control the precise
amount of water contained in the aggregates, and thus it is essential to define a refer-
ence state for the aggregates.

A1.2 Saturated surface dry state for aggregates

By convention in North America this reference state is called the saturated surface dry
(SSD) state. It is defined in ASTM C127 Standards for the Coarse Aggregate and
ASTM C128 Standards for the Fine Aggregate. These two standard test methods
describe in detail how to measure the SSD state. Very briefly, for coarse aggregate



the SSD state is obtained by soaking the aggregate in water for 24 h and then drying it
in an oven to constant mass. A coarse aggregate in the SSD state is shown schemati-
cally in Figure A1.1. A represents a superficial pore, B a pore entirely filled with water,
c a partially saturated pore, D a closed pore that do not communicate with the surface
of the particle and e an inaccessible pore.

For fine aggregate, by convention the SSD state is obtained when a small, truncated
sand cone no longer holds together owing to the capillary forces between the wet sand
particles. Figure A1.2 illustrates the determination of the SSD state for sand.

E

C A

D

B Solid matter

Water

Gas

Figure A1.1 Schematic representation of an aggregate particle in the SSD state. Aïtcin (1998).

40 ± 3 mm

75 ± 3 mm

90 ± 3 mm

(a) (b)

(c) (d)

Figure A1.2 Determination of the SSD state for sand: (a) standardized mini-cone used;
(b) sand with a water content below its SSD state; (c) sand in an SSD state; (d) sand with a water
content above its SSD state. Aïtcin (1998).
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The determination of the absorption of a coarse aggregate and its SSD specific grav-
ity are represented schematically in Figure A1.3.

In both cases, the amount of water absorbed in the aggregate when it is in the SSD
state, wabs, corresponds to the aggregate absorption. This absorption is expressed as a
percentage of the mass of the dry aggregate.

In North America, concrete compositions are always expressed with the coarse and
fine aggregates in their SSD states.

A1.3 Moisture content and water content

The SSD state of an aggregate is very important when calculating or expressing the
composition of a particular concrete, because it establishes a clear differentiation be-
tween the two types of water typically found in an aggregate. The water absorbed
within the aggregate does not contribute either to the slump of the concrete or to
its strength because it does not participate in cement hydration. When the water con-
tent of the aggregate is lower than in its SSD state, the aggregate will absorb some
water from the mix, which increases the rate of slump loss of concrete. On the other
hand, when the water content of an aggregate is higher than its SSD state, the aggre-
gate will bring water into the mix (as shown in Figure A1.4) if no special correction
is made and thus increase the water/binder ratio and increase the slump. Thus the
amount of mixing water has to be modified to keep the w/b ratio and the slump
constant.

The difference between the total water content wtot and wabs, is called the moisture
content of the aggregate and is denoted by wh. The moisture content of an aggregate

Hydrostatic weighing

SSD aggregate

Mass of the SSD aggregate Mass of the dry aggregate

Dry aggregate

ASTM
symbols (a)(b)(c)

Figure A1.3 Schematic representation of the measurement of the absorption and SSD specific
gravity of a coarse aggregate. Aïtcin (1998).
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can be negative if the total water content is lower than the water absorption, wabs, if an
aggregate having an absorption of 0.8% is absolutely dry, wtot ¼ 0, so consequently
wh ¼ �0.8% and 8 L of water could be absorbed by the coarse aggregate in the fresh
concrete after mixing. This amount of water will undoubtedly have a significant effect
on the rate at which this particular concrete will lose its slump during transportation if
no water content adjustment is made, because the absorption of these 8 L of water is
not instantaneous.

On the other hand, when the same coarse aggregate has a total water content of
1.8% after a rain shower, wh ¼ 1.0% and the 10 L of extra water brought to the mix
by the coarse aggregate drastically increases the amount of mixing water. If no correc-
tion of the mix is made, this can have a detrimental effect on the slump, compressive
strength and permeability.

Therefore, in this book the following definitions will be used. The total water
content of an aggregate is defined as:

wtot ¼ Mass of the wet aggregate�mass of the dry aggregate
Mass of the dry aggregate

� 100 (A1.1)

With the ASTM conventions shown in Figures A1.3 and A1.4:

wtot ¼ H� A
A

� 100 (A1.2)

The absorption of an aggregate, wabs, will correspond to:

wtot ¼ Mass of the SSD aggregate�mass of the dry aggregate
Mass of the dry aggregate

� 100 (A1.3)

Granulat SSS

Eau (humidite)

Gaz

H H

Figure A1.4 Schematic representation of a wet coarse aggregate. Aïtcin (1998).
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Or with the ASTM conventions shown in Figure A1.4:

wabs ¼ B� A
A

� 100 (A1.4)

A1.4 Specific gravity

The specific gravity of an aggregate in the SSD state is called the SSD specific gravity.
Figure A1.3 illustrates schematically how to measure the SSD specific gravity of either
coarse or fine aggregate.

The SSD specific gravity of an aggregate is equal to:

GSSD ¼ B
B� C

(A1.5)

The SSD specific gravity expresses how much denser than water a SSD aggregate
is. The application of Archimedes’ principle shows that GSSD is the specific gravity
that has to be used to calculate exactly the volume occupied by the aggregates in
the concrete mix (Aïtcin, 1971).

For Portland cement or any supplementary cementitious material, the specific grav-
ity, Gc, is equal to the mass of the dry material divided by its dried density. The ASTM
C188 standard test method explains how to measure this value practically:

Gc ¼ A
A� C

(A1.6)

A1.5 Supplementary cementitious material content

It is convenient to express the amount of supplementary cementitious material
and/or filler used when making an HPC as a percentage of the cement mass, or
even to express individually the content of the different supplementary cementitious
materials used in such concrete. However, the expression ‘supplementary cementi-
tious material content’ can have two different meanings depending on whether the
supplementary material is incorporated at the concrete plant or was already incorpo-
rated at a cement concrete plant separately from Portland cement: in this case the
term ‘content’ is only related to the mass of Portland cement that is used to make
the concrete. When the supplementary cementitious material is added at the cement
plant its content is related to the mass of the blended cement and not only to the
cement content.

The following examples illustrate the differences between these two definitions of
the expression ‘supplementary cementitious material’ and/or filler content.
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A1.5.1 Case 1

An HPC is made in a concrete plant using 400 kg of Portland cement, 100 kg of fly ash
and 40 kg of silica fume that are added separately in the mixer. What is the supplemen-
tary cementitious material content of this concrete?

The fly ash content is (100/400) � 100 ¼ 25%, and the silica fume content is
(40/400) � 100 ¼ 10%.

A1.5.2 Case 2

An HPC is made using 400 kg of blended cement containing 7.5% silica fume. What is
the actual amount of cement introduced in the mixer?

In this blended cement, Portland cement represents only 92.5% of the blend, there-
fore the actual Portland cement used to make this concrete is

400� 0:925 ¼ 370 kg

As both definitions of the expression ‘supplementary cementitious material content’
are in use and have their own merits, they will both be used in this book. The reader
should remember that this expression has a different meaning when the supplementary
cementitious material and/or filler is added at the cement plant to produce a blended
cement and when it is added at the concrete plant on top of the amount of cement.

A1.6 Superplasticizer dosage

The dosage of a superplasticizer can be expressed in different ways. It can be given in
litres of commercial solution per cubic metre of concrete e this is the best way to ex-
press it at the batching plant. However, it is not the best way to express it in scientific
papers or in a book because not all commercial superplasticizers have the same solids
content and specific gravity. When making an HPC, it would be a serious mistake to
use the same liquid dosage of superplasticizer with a superplasticizer that has a
different specific gravity and solids content. For example, melamine superplasticizers
can be found as liquid solutions having a solids content of 22%, 33% or 40%. Thus it is
always better to give the superplasticizer dosage as the amount of solids it contains
expressed as a percentage of the mass of cement. This way of expressing the dosage
is important when comparing the costs of different commercial superplasticizers. (In
fact, it is actually the amount of active solids that should be taken into account and
not the total amount of solids, because not all the solids in a superplasticizer are active
dispersing molecules, and commercial superplasticizers always contain some residual
sulphate. However, for the sake of simplicity this last distinction is not made in this
book.)

To move from a dosage expressed in litres per cubic metre to a dosage expressed in
solids, it is necessary to know the value of the specific gravity of the liquid superplas-
ticizer and its solids content.

536 Appendix 1



A1.6.1 Specific gravity of the superplasticizer

According to Figure A1.5, the specific gravity of the superplasticizer is:

Gsup ¼ Mliq

Vliq
(A1.7)

if Mliq is measured in grams and Vliq in cubic centimetres.

A1.6.2 Solids content

According to Figure A1.5, the solids content, s, of the superplasticizer is:

s ¼ Mliq

Vliq
� 100 (A1.8)

Therefore the total solids content Msol contained in a certain volume of superplasti-
cizer having a specific gravity equal to Gsup and a total solids content equal to s is:

Msol ¼
s�Mliq

100
¼ s� Gsup � Vliq

100
(A1.9)

Mw Vw

Vliq

Vsol

Mliq

Msol Active solids

Water

Figure A1.5 Schematic representation of a superplasticizer. Aïtcin, 1998.
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For example, 6 L of a melamine superplasticizer with a specific gravity of 1.10 and
a total solids content of 22% contain 0.22 � 1.1 � 6 ¼ 1.45 kg of solids, while 6 L of
a naphthalene superplasticizer with a specific gravity of 1.21 and a total solids content
of 42% contain 0.42 � 1.21 � 6 ¼ 3.05 kg of solids.

A1.6.3 Mass of water contained in a certain volume of
superplasticizer

When adding a liquid superplasticizer to a concrete mixture, it is necessary to take into
account the amount of water added to the concrete in order to be able to calculate the
exact w/b ratio. This is done in the following way. From Figure A1.5:

Mliq ¼ Mw þMsol or Mw ¼ Mliq �Msol

From Eqn (A1.8):

Mliq ¼ Msol � 100

s

Then:

Mw ¼ Msol � 100

s
�Msol

This can be written as:

Mw ¼ Msol

�
100

s
� 1

�
or Mw ¼ Msol

�
100� s

s

�
(A1.10)

Replacing Msol by its value in Eqn (A1.9):

Mw ¼ Vliq � s� Gsup

100
� 100� s

s

Finally:

Mw ¼ Vliq � Gsup � 100� s

s
(A1.11)

When using proper units (g and cm3, and/or kg and L),Mw and Vw are expressed by
the same number, so:

Vw ¼ Vliq � Gsup � 100� s

s
(A1.12)
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As a sample calculation, 8.25 L of naphthalene superplasticizer with a specific grav-
ity of 1.21 and a solids content of 40% have been used in a concrete in order to obtain
the desired slump. What is the volume of water Vw that is added to the concrete when
using a solution of a commercial superplasticizer? According to Eqn (A1.12), the
amount of water is:

Vw ¼ 8:25� 1:21� 100� 40

100
¼ 6:0 L=m3

A1.6.4 Other useful formulae

If d% is the dosage of the solids of a superplasticizer suggested by the manufacturer to
obtain a desirable slump in a concrete containing a mass C of cementitious material,
the volume of liquid superplasticizer Vliq having a specific gravity Gsup and a solids
content s can be calculated as follows:

Msol ¼ C � d

100
(A1.13)

But from Eqn (A1.9):

Msol ¼
s�Mliq

100
(A1.14)

Therefore:

s�Mliq

100
¼ C � d

100
(A1.15)

Replacing Mliq by its value deduced from Eqn (A1.8):

s� Gsup � Vliq

100
¼ C � d

100

Vliq ¼ C � d

s� Gsup
(A1.16)

A1.6.5 Mass of solid particles and volume needed

If C it the total mass of the cementitious materials used in a particular mix and d% is
the suggested dosage of solid particles, then the mass Msol of solids needed is:

Msol ¼ C � d

100
(A1.17)

The volume of liquid superplasticizer needed to haveMsol of solid particles is calcu-
lated as follows.
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Replacing Mliq in Eqn (A1.7) by its value found from Eqn (A1.8):

Vliq ¼
Mliq

Gsup
and Mliq ¼ Msol � 100

s

Then:

Vliq ¼ Msol � 100

s� Gsup
(A1.18)

A1.6.6 Volume of solid particles contained in Vliq

From Figure A1.5:

Vsol ¼ Vliq � Vw

Replacing Vw by its value given by Eqn (A1.7):

Vsol ¼ Vliq � Vliq � Gsup � 100� s

100
(A1.19)

Vsol ¼ Vliq

�
1� Gsup � 100� s

100

�
(A1.20)

A1.7 Sample calculation

A1.7.1 Example 1: Expressing a dosage in L/m3 as
a percentage of solids content

An HPC containing 450 kg of cement per cubic metre of concrete has been made using
7.5 L of naphthalene superplasticizer with a specific gravity of 1.21 and a solids con-
tent of 41%. What is the superplasticizer dosage, expressed as the percentage of its
solids content, to the mass of cement?

The mass of 7.5 L of superplasticizer is:

7:5� 1:21 ¼ 9:075 kg

The solids content in this mass of superplasticizer is:

9:075� 41

100
¼ 3:72 kg

The superplasticizer dosage of the mass of cement is:

3:72

450
� 100 ¼ 0:8%
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A1.7.2 Example 2: Moving from a dosage expressed as a
percentage of solids to a dosage expressed in L/m3

In a scientific paper, it is stated that a 1.1% superplasticizer dosage was used in a 0.35
w/c ratio HPC containing 425 kg of Portland cement per cubic metre of concrete. A
melamine superplasticizer with a specific gravity of 1.15 and a 33% solids content
was used to produce the mix.What is the amount of commercial solution that was used?

The amount of superplasticizer solids is:

425� 1:1

100
¼ 4:675 kg

This amount of solids is contained in 4.675/0.33 ¼ 14.17 kg of liquid melamine,
which represents 14.17/1.15 ¼ 12.31 of commercial solution.

A1.8 The absolute volume method

A1.8.1 Introduction

When a satisfactory trial batch has been obtained in the laboratory it is necessary to
calculate its proportions for 1 m3 of concrete, the usual formulation of concrete compo-
sition. This composition is always presented for aggregates in SSD conditions. For
batching purposes it is only necessary to adjust the weight of sand and coarse aggre-
gate to take into account their actual water content.

It is necessary to calculate precisely the volume of the concrete made in this trial
batch. Some relevant characteristics of the aggregates and admixtures will be needed
first to calculate the w/c ratio of the batch and its absolute volume. Knowing the ab-
solute volume of each of the concrete ingredients (the aggregates being in an SSD
state), it is easy to calculate their weight to make 1 m3 of concrete.

The organogram of this method is presented in Figure A1.6.
Let us apply this method to three particular trial batches.

A1.8.2 Trial batches

In the following three batches the same cement with a specific gravity of 3.14 is used.
For the first two trial batches the coarse aggregate is a limestone with an SSD specific
gravity of 2.70 and an absorption of 1%, and the sand is a granitic sand with a specific
gravity of 2.65 and an absorption of 1.5%. For the last trial batch the coarse aggregate
has a specific gravity of 2.75 and an absorption of 1%, and the sand a specific gravity
of 2.65 and an absorption of 1%.

A1.8.2.1 First trial batch

The first trial batch is a non-air-entrained concrete without any admixture; its entrap-
ped air content is 2%. The coarse aggregate is in an SSD state, while the sand has a
total water content of 4%.
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The composition of the trial batch is given in Table A1.1.
Let us calculate the amount of water hidden in the sand. The amount of free water

contained in the sand is h ¼ wtot � abs that is h ¼ 4 � 1.5 ¼ 2.5%.
The amount of wet sand used is 85 kg, thus the mass of the SSD sand can be

calculated using the formula MSSD ¼ Mh/(1 þ h). In this case this gives 85/1.025,
which is 82.93 kg, and the amount of free water the sand contains is equal to
85 � 82.93 ¼ 2.07 kg.

The total amount of water in the mixer is therefore 14 þ 2.07 ¼ 16.07 L.
The w/c ratio of the concrete is 16.07/35 ¼ 0.46.
The absolute volume of the cement is 35/3.14 ¼ 11.15 L.
The absolute volume of the SSD coarse aggregate is 105/2.70 ¼ 38.89 L.
The absolute volume of the SSD sand is 82.93/2.65 ¼ 31.29 L.
Therefore the volume of the solids ingredients and the water used in this trial batch

is as shown in Table A1.2.

Calculation of the hidden water
contained in the aggregates and

the admixtures  

Actual amount of water 
used in the trial batch 

Calculation of the absolute 
volume of all the ingredients 

Calculation of 
w/c and w/b  

Calculation of the actual
volume of the trial taking into

account its measured air content

Calculation of the composition
if 1 m3 of concrete with SSD

aggregates   

Figure A1.6 Organogram of the absolute volume method to calculate the proportions of 1 m3 of
concrete (SSD aggregates) from the proportions of a trial batch.

Table A1.1 Composition of the first trial batch

Water Cement

Aggregate Entrapped

Coarse Sand Air

14 L 35 kg 105 kg 85 kg 2%
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In fact this volume represents 98% of the volume of the trial batch because the
amount of entrapped air is 2%.

To have the composition of 1 m3 of this concrete it is necessary to multiply each of
the quantities given in Table A1.2 by 98/97.4 that is 10.06.

The composition of the concrete is therefore as shown in Table A1.3.
These values have been rounded to the closest 1 L for the water, 1 kg for the cement

and 10 kg for the aggregate to take into account the precision of the balances used in a
batching plant.

The unit weight of the concrete is 162 þ 352 þ 1060 þ 830 ¼ 2404 kg/m3.

A1.8.2.2 Second trial batch

The second trial batch is an air-entrained concrete containing a water reducer and made
using the weights of materials shown in Table A1.4.

Let us suppose that this time the coarse aggregate is dry, wtot ¼ 0%. The sand has a
total water content of 4%, and the solid content of the water reducer is 20% and its
specific gravity is 1.1.

Let us calculate the amounts of hidden water in the aggregate and the admixture.
As the coarse aggregate is dry it will absorb some water during its mixing,

MSSD ¼ Mh/(1 þ abs).
The mass of the SSD coarse aggregate when it has absorbed some batching water is

106.05 kg.

Table A1.2 Volumetric composition of the first trial batch in litres

Water Cement

Aggregate

TotalCoarse Fine

16.07 11.15 38.89 31.29 97.4 L

Table A1.3 Composition of 1 m3 of the first trial batch of concrete

Aggregate
SSD Water Cement

Aggregate
Entrapped
airCoarse Fine

Trial batch 16.07 35 105 82.9 2%
1 m3* 162 352 1060 830 2%

m3 = cubic meter

Table A1.4 Composition of the second trial batch

Water Cement

Aggregate
Total air
content

Water
reducerCoarse Sand

14 L 35 kg 105 kg 80 kg 6% 0.1 L
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The coarse aggregate will absorb 1.05 L of water.
The MSSD of the wet sand is MSSD ¼ Mh/(1 þ h), which is 80/1.025 ¼ 78.05 kg.

It will bring 1.95 kg of water to the mix.
The volume of water contained in the water reducer is calculated as follows. The

mass of the water reducer is 0.1 � 1.1 ¼ 0.11 kg. The amount of solids is
0.11 � 0.2 ¼ 0.021 kg. Therefore the amount of water brought by the water reducer
is 0.11 � 0.021 ¼ 0.09 L, which is negligible in comparison to the water ‘hidden’
within the aggregates.

The amount of water used when making the trial batch is 14 � 1.05 þ
1.95 ¼ 14.90 L.

The w/c ratio of this entrained-air concrete is therefore 14.9/35 ¼ 0.43.
The absolute volume of the cement is 35/3.14 ¼ 11.15 L.
The absolute volume of the SSD coarse aggregate is 106.05/2.70 ¼ 39.28 L.
The absolute volume of the SSD sand is 78.05/2.65 ¼ 29.45 L.
The absolute volume of the solid ingredients and water used to make this trial batch

are shown in Table A1.5.
In fact this volume represents only 94% of the volume of the batch, since its air con-

tent is 6%.
Therefore the absolute volume of the trial batch was 94.78/(1 � 0.06) ¼ 100.83 L.

To make 1 m3 (1000 L) it will be necessary to multiply the masses of the different
ingredients by 1.0083.

The composition of the trial batch (SSD aggregates) is shown in Table A1.6.
To obtain the composition of 1 m3 of this concrete (SSD aggregates) it is necessary

to multiply the proportions of the trial batch was by 1000/100.83, which is 9.918.
Thus, the composition of the concrete is as shown in Table A1.7.
The unit weight of the concrete was therefore 149 þ 347 þ 1050 þ 770 ¼

2316 kg/m3.

Table A1.5 Absolute volume of the solid ingredients and
water of the second trial batch in litres

Water Cement

Aggregate
Water
reducer TotalCoarse Fine

14.90 11.15 39.28 29.45 0.1 94.78 L

Table A1.6 Composition of the second trial batch (SSD aggregates)

Water Cement

Aggregate
Water
reducer AirCoarse Fine

15 35 106.05 78.05 0.1 6%

L kg L %
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A1.8.2.3 Third trial batch

The third trial batch was done to fine-tune the composition of an HPC in which a
blended cement containing 10% of a class F fly ash with a specific gravity of 2.50
was used. To obtain the right consistency in the HPC, 0.91 L of a polynaphthalene sul-
fonate (PNS) superplasticizer was used. This PNS had a specific gravity of 1.21 and a
solids content of 42%. The aggregates used to make this batch had the characteristics
shown in Table A1.8.

The entrapped air content of the concrete was 1.5%.
The composition of this third trial batch is given in Table A1.9.
As the coarse aggregate was dry it absorbed a certain volume of the mixing water to

reach its SSD state. The SSD mass of the coarse aggregate is calculated as follows:

100 kg ð1þ ð1=100ÞÞ ¼ 101:01 kg

Therefore the coarse aggregate will absorb 1.01 L of water.
As the sand had a total water content of 3.9, its humidity was h ¼ 3.9 �

1.0 ¼ 2.9%.

Table A1.8 Characteristics of the aggregates used in
the third trial batch

Aggregate GSSD wabs in % wtot in %

Coarse 2.75 1.0 0
Fine 2.65 1.0 3.9

Table A1.9 Composition of the third trial batch

Water Cement Fly ash

Aggregate

Superplasticizer
Air
contentCoarse Fine

12 45 5 100 70 0.9 1.5

L kg L %

Table A1.7 Composition of the second concrete

Water Cement

Aggregate SSD

Air content

Volume of
water
reducerCoarse Fine

149 347 1050 770 6 1

L kg % L
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The SSD mass of the sand is 70/(1 þ 2.9/100) ¼ 68.03 kg therefore the sand was
containing 1.97 L.

The amount of water contained in the superplasticizer was equal to:

Vliq ¼ 0:9� 1:21� ð100� 42=100Þ ¼ 0:63 L

The amount of water was 12 � 1.01 þ 1.97 þ 0.63 ¼ 13.59 L.
The w/c of the concrete was therefore 13.59/45 ¼ 0.30 and its w/b ratio 13.59/

50 ¼ 0.27.
The volume of the cement used was 45/3.14 ¼ 14.33 L.
The volume of fly ash used was 5/2.5 ¼ 2.00 L.
The volume of SSD coarse aggregate was 101.01/2.75 ¼ 36.73 L.
The volume of SSD sand was 68.03/2.65 ¼ 25.67 L.
The volume of the solids contained in the superplasticizer was Vsol ¼ 0.9(1 � 1.21

(1 � 42/100)), which is equal to 0.27 L.
The sum of these volumes is:

13:59þ 14:33þ 2:0þ 36:73þ 25:67þ 0:27 ¼ 92:59 L

Taking into account the 1.5% of entrapped air the actual volume of the trial batch
was:

92:59=ð1� 1:5=100Þ ¼ 94 L

To have the proportions for 1 m3 of this concrete it is necessary to multiply the pro-
portions of the trial batch by 100/94 ¼ 10.64.

The composition of the trial batch was as shown in Table A1.10.
The composition of 1 m3 of this concrete (SSD aggregates) is shown in

Table A1.11.

Table A1.10 Composition of the third trial batch

Water Cement Fly ash

Aggregate

Superplasticizer
Air
contentCoarse Fine

13.59 45 5 101.01 68.03 0.9 1.5

L kg L %

Table A1.11 Composition of the third concrete

Water Cement Fly ash

Aggregate

Superplasticizer
Air
contentCoarse Fine

145 480 53 1075 725 9.6 1.5

L kg L %
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A1.8.3 Simplified method to calculate the composition of
1 m3 of concrete with a given w/c or w/b ratio

The amount of coarse SSD aggregate can be selected according to its shape, as given in
Table A1.12.

The amount of mixing water to be used excluding the water of the superplasticizer
is given in Table A1.13.

The starting dosage of superplasticizer is given in Table A1.14. When making the
trial batch it will be adjusted to obtain the desired initial slump.

The mass of the cement to be used is calculated from the w/c or w/b ratio because
we have fixed the amount of water. The only unknown mass is the mass of the sand.
It is calculated according to the absolute volume method.

vol: of the sand ¼ 1 m3 � vol: of the water � vol: of the cement

� vol: of the coarse aggregate � vol: of the superplasticizer

A1.8.3.1 Sample calculation

Let us calculate the composition of an air-entrained concrete with a w/c ratio equal to
0.35 made with Portland cement with a specific gravity equal to 3.14. The coarse
aggregate is cubic and has an SSD specific gravity of 2.70, and the sand has an
SSD specific gravity of 2.65. A polynaphthalene-based superplasticizer is used.

In Table A1.12 the suggested dosage of the coarse aggregate is 1050 kg/m3.
As this concrete will be air-entrained the amount of mixing water will be 150 L, as

shown in Table A1.13.

Table A1.12 Suggested amount of coarse aggregate

Irregular Cubic Rounded

1000 kg 1050 kg 1100 kg kg/m3

Table A1.13 Suggested amount of mixing water excluding
the water contained in the superplasticizer

Non-air-entrained 165 L
Air-entrained 150

These values are typical to High Performance Concrete

Table A1.14 Suggested dosage of superplasticizer

Polynaphthalene
Polymelamine

0.8% Of the mass of
cementitious materials

Polycarboxylate ether (PCE) 0.4%
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The amount of cement is obtained from the targeted w/c. It is in this case
150/0.35 ¼ 429 kg.

The volume of active solids of the superplasticizer will be 429 � 0.8/
100 ¼ 3.43 kg.

The volume of the liquid superplasticizer will be:

Vliq ¼ Mass of solids� 100=1:21� 42 that is 343=1:21� 42 ¼ 6:75 L

Calculation of the volume of the sand is done as follows.
Absolute volume of the water: 150 L.
Absolute volume of the cement: 429/3.14 ¼ 136.62 L.
Absolute volume of the coarse aggregate: 1050/2.70 ¼ 388.89 L.
Absolute volume of the superplasticizer: 6.75 L.
Absolute volume of air: 60 L.
Total volume of the ingredients except the sand þ the amount of water will be:

150þ 136:62þ 388:89þ 6:75þ 60 ¼ 744:62 L

The volume of the SSD sand is therefore equal to 1000 � 744.62 ¼ 255.38 L.
The mass of the SSD sand is 255.38 � 2.65 ¼ 677 kg, rounded to 680 kg.
The proportions of this trial batch are shown in Table A1.15.
As mentioned earlier, the amount of superplasticizer will have to be adjusted to

obtain the targeted slump.

References
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Table A1.15 Proportion of the trial batch

Water Cement Fly ash

Aggregate SSD

Superplasticizer
Air
contentCoarse Fine

150 429 0 1050 680 6.75 6

L kg L %
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Appendix 2: Experimental statistical
design
A. Yahia, P.-C. Aïtcin

Université de Sherbrooke, QC, Canada

A2.1 Introduction

The objective of an experiment is to obtain an answer to one or several questions. For
example, what is the minimal dosage of superplasticizer (SP) that gives a maximum
slump in order to minimize the placing costs without impairing the compressive
strength of a concrete? This dosage is a function of different parameters, such as the
characteristics of the cement, the type of SP, the composition of the concrete and its
water/cement (w/c), etc.

But in addition to this first question, it could be also interesting to obtain an answer
to the following points.

l What is the effect of a modification of the characteristics of the cement or a variation of
the w/c on the optimal dosage of SP, to evaluate the robustness of this dosage?

l Is the initial slump kept long enough to give time to place this concrete easily?
l What is the optimal formulation of the concrete if its performance and robustness have to be

maximized and its cost minimized?

The answer to this complex optimization process has to take into account the w/c,
the type and dosage of SP, the type and the dosage of the cement, the type and dosage
of the supplementary cementitious material and the interactions between these factors.
Some factors can have antagonist effects e for example, when designing the compo-
sition of a self-consolidating concrete (SCC), the SP increases the slump flow (i.e.
reduces the yield stress) while the viscosity modifier admixture reduces the slump
flow (i.e. increases the yield stress) and increases the viscosity. The optimization of
the composition of an SCC is therefore a complex exercise because a great number
of factors have to be controlled, as well as their interactions. When trying to find
this optimal composition by a trial-and-error method it is necessary to do a great num-
ber of tests, because in this method only one parameter at a time is varied, while all the
others stay at a fixed level.

Let us take a very simple example of optimization. Let us suppose that we want to
study the influence of SP dosage on the fluidity of a cement paste by measuring its flow
when doing a mini-cone test. For this experimental programme the selected w/c values
are 0.35 and 0.40 and the SP dosages are 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 1.2%, 1.4%
and 1.6%. Figure A2.1 presents the experimental conditions of the 16 tests that have to
be done (eight dosages for two different w/c ratios of 0.35 and 0.40).

Figure A2.2 shows the experimental values obtained.



It is seen that the 0.2% dosage was too low to obtain any flow for both w/c, even for
w/c of 0.35. It was necessary to reach a dosage of 0.6% to get a measurable flow. More-
over, it is seen that for w/c of 0.40 the two dosages of 1.4% and 1.6% were too high to
obtain a stable grout. Finally, the maximum flow is obtained for an optimal dosage of
SP equal to 0.8% for w/c of 0.40 and 1.6% for w/c of 0.35.
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Figure A2.1 Representation of experimental conditions on the study of flow as a function of SP
dosage.
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Figure A2.2 Variation of the initial flow of a cement paste as a function of its SP dosage (Yahia
and Khayat, 2001).
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But it is not known how this optimal dosage varies between these two values of the
w/c or outside this range. To obtain an answer to this new question, it is necessary to do
additional tests. If the flow of another w/c of 0.40 has to be studied, eight new values of
the dosage of superplasticizer have to be added. This represents a total of 24 tests, as
shown in Figure A2.3. In this figure, points A, B, C and D represent the limits of the
new experimental domain, in which the experimental value (the response) gives the
variation of the flow as a function of the SP dosage for each value of the w/c.

In spite of the fact that this experimental approach is based on a large number of
tests, it does not give any answer to some other specific questions. For example,
what happens if some other parameters that have been kept fixed in this study vary,
and what are the new responses? Moreover, this approach does not give any idea of
the interactions of the different factors that are under study.

In contrast, a statistical design method considers the variation of several factors at
the same time. This method is particularly interesting because it decreases consider-
ably the number of tests while ensuring results that are as good as or even better than
in the approach presented in Figures A2.1 and A2.2 (Box et al., 1978; Montgomery,
2005; Sado and Sado, 1991; Yahia and Khayat, 2001; Khayat et al., 1999).

A2.2 Terminology

A2.2.1 Notions of factor, level of a factor and response

A factor is a parameter that influences the property studied, producing the response.
This factor can influence more or less significantly the response. For example, some

w/c ratio

S
up

er
pl

as
tic

iz
er

 d
os

ag
e 

(%
)

24 tests

0.35 0.45

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

A B

CD

0.40

Figure A2.3 Experimental determination of the influence of SP dosage on the flow of three
cement pastes with different w/c.
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significant factors currently studied when determining the optimal composition of a
concrete mix are the w/c, the SP dosage, the cement type and its dosage, etc. A statis-
tical design can be used to identify simultaneously the factors that influence the
response, their level of influence and the interactions of these factors.

Two types of factors can be studied: quantitative and qualitative. A quantitative fac-
tor is measurable, while a qualitative factor is not measurable. For example, the w/c is a
quantitative factor, while the type of cement or SP is a qualitative factor. The method
used to analyse and interpret the responses given by these two types of factors is
different when using a statistical design.

The value given to a factor in an experimental design is called its level. To use a
statistical design, it is necessary to study at least two different levels: a minimum
and a maximum (two-level factorial plan).

A2.2.2 Dimensionless coded values

The use of dimensionless coded values simplifies considerably the presentation and
analysis of a statistical design method comprising two levels. Turning absolute values
into coded values is done by changing the origin of the coordinate system and the unit
on each axis. The coded values are obtained by using the following equation:

Coded value ¼ absolute value� value at the center
1
2 ðmax�minÞ (A2.1)

As can be seen in Figure A2.4, to obtain the coded values, a value ofL1 is given to
the lower level of dosage of SP and a value of D1 to a higher level of SP dosage. For
example, the middle of the intervals (L1, D1), that is the new origin of the coordi-
nates, has the absolute values of 0.425 and 0.8%.

The new system of coordinates that will be used is presented in Figure A2.5.
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Figure A2.4 Moving from absolute values to coded values.
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The range represents half the difference between the lower level (minimum) and
the higher level (maximum) for each factor, as shown in Figure A2.4(b). The value
of the coded value can be rewritten as follows:

Coded value ¼ absolute value� value at the center
1
2 ðmax�minÞ

¼ absolute value� value at the center
Range

In Table A2.1 it is possible to find the expression of the coordinates of the points A,
B, C and D in the two systems.

The �1 and þ1 coded values for the different factors are introduced to study the
different factors with a constant amplitude of 2.0 (Box, 1978; Montgomery, 2005;
Sado and Sado, 1991) whatever the magnitude of the absolute variations of the two
factors under study and their nature. This mode of presentation simplifies the

Superplasticizer
dosage (%) 

0
w/c ratio

–1 (0.35) +1 (0.50)- -

-
- +1 (1.0%)

–1 (0.6%)
A B

CD

Figure A2.5 Coordinate system using coded values.

Table A2.1 Coordinates of points A, B, C, D presented in
Figures A2.4 and A2.5

Absolute coordinates Coded coordinates

w/c SP (%) w/c SP (%)

A 0.35 0.6 �1 �1

B 0.50 0.6 þ1 �1

C 0.50 1.0 þ1 þ1

D 0.35 1.0 �1 þ1

Appendix 2 553



calculation and permits a comparison of the effect of each factor and their interactions.
All statistical design softwares are based on the analysis of coded values.

A2.2.3 Experimental domain

A2.2.3.1 Definition

An experimental domain can be represented in a space having a dimension equal to k,
with k being the number of factors under study. In the case of two dimensions this
domain is limited by the higher and lower values of each studied factor Figure A2.6:
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Figure A2.6 Definition of a two-dimensional experimental domain: (a) absolute values,
(b) coded values.
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An experimental domain can also be defined in three dimensions, as shown in
Figure A2.7.

Here we will only consider two-dimensional models.

A2.2.3.2 Selection of the experimental domain

The selection of points in the experimental domain has a direct relationship with the
number of experiments to be done and the precision of the effects and their interac-
tion. This is the most important decision when performing a statistical design,
because two apparently contradictory objectives are achieved at the same time: mini-
mizing the number of experiments and maximizing the precision obtained with the
experimental values and the model. Therefore the limits of the experimental domain
have to be selected so that the effects of parameters are obtained with the maximum
precision possible.

A2.2.4 Application 1

A concrete producer decides to use a two-level statistical design to study the effect of
the w/c and cement dosage on the rheological and mechanical properties of a concrete.
The two levels of the w/c are 0.35 and 0.45, and those of the cement contents are 320
and 400 kg/m3.

l What is the range of these two factors?
l What are the coded value of these two factors?
l What are the coded values of a concrete with a w/c of 0.38 and a cement dosage of

370 kg/m3?

The answers are as follows.

1. The range of the factor w/c ¼ 1
2
ð0:45� 0:35Þ ¼ 0:05.

The range of the factor cement content ¼ 1
2
ð400� 320Þ ¼ 40 kg=m3.

Test 5

Test 7

Factor A

Factor B

Factor C

Test 6

Test 4

Test 3

Test 2

Test 1
Test 8

Figure A2.7 Definition of a three-dimensional experimental domain.
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2. The coded values corresponding to these two factors can be calculated as follows:

Coded value of w/c of 0.35 ¼ 0:35� 0:40
1
2
ð0:45� 0:35Þ

¼ �1

Coded value of w/c of 0.45 ¼ 0:45� 0:40
1
2
ð0:45� 0:35Þ

¼ þ1

Coded value of cement content of 320 kg/m3 ¼ 320� 360
1
2
ð400� 320Þ

¼ �1

Coded value of cement content of 400 kg/m3 ¼ 400� 360
1
2
ð400� 320Þ

¼ þ1

3. The coded values of a concrete mixture made with a w/c of 0.38 and a cement content of
370 kg/m3 can be calculated as follows:

Coded value of w/c of 0.38 ¼ 0:38� 0:40
1
2
ð0:45� 0:35Þ

¼ �0:40

Coded value of cement content of 370 kg/m3 ¼ 370� 360
1
2
ð400� 320Þ

¼ þ0:25

A2.3 Mathematical treatment of a statistical design

A2.3.1 Expression of a response as a function of
the factors and their interaction

Using a presentation based on coded values, all the statistical designs are treated math-
ematically in the same manner whatever are the factors and responses under study and
their absolute values. All the commercial soft wares of statistical design are based on
the analysis of coded values.

The response to a given factor is usually written as Y.
Each response is the result of one or several experiments. When it is the result of

several experiments it is necessary to represent it by its average value. One must there-
fore know the experimental error for each of these responses. This value can be esti-
mated from the standard deviation of the measured responses. Knowing this error it is
also necessary to evaluate if the effect of the factor is significant or not.

The effect of a factor on a response is obtained by comparing the value of the
response when the factor changes from its lower level (�1), Y1 to its high level
(þ1), Y2. The effect of a factor on a response can be positive, negative or neutral.

In a mathematical model describing the variation of the response as a function of the
factor, the effect of a factor appears as a coefficient of influence ai. For example, when
studying the slump of a concrete as a function of its w/c and the dosage of SP, the
response Y can be written in the case of a linear model as:

Slump ¼ a0 þ a1$w=cþ a2$SPþ a12$w=c � SPþ E (A2.2)
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In this model coefficient a1 represents the influence of the w/c, coefficient a2 the
effect of the SP dosage, a12 represents the interaction of the two factors and E the
error associated with this linear model. The error indicates the validity of the model.
In this particular case it is obvious that coefficients a1 and a2 are positive, because
if the w/c and the SP dosage increase the slump increases.

A2.3.2 Interaction

Two factors interact if the effect of one factor depends on the level of the other. When
studying the efficiency of an SP in a concrete, it is found that there is an interaction
between the w/c and the SP dosage. The interaction is strong in the case of low w/c
but not as strong in the case of high w/c.

A2.3.3 Validation of the model

A model has to reproduce the experimental results as precisely as possible. It is there-
fore necessary to validate it or reject it by making a series of experiments within the
domain under study. This validation is done by reproducing the same experiment at
the centre of the experimental domain several times. The centre of the experimental
domain is the best place to detect any discrepancies in the linearity of the responses
(Box et al., 1978). In a coded system this point corresponds to level 0 for each factor.
Therefore for a response the value given by the model is equal to coefficient a0. It is
thus only necessary to compare a0 with the experimental values obtained at the centre
of the experimental domain. A close correspondence between these two values indi-
cates that the model is valid.

If a linear model is not valid it will be necessary to use a non-linear model that takes
into account all the quadratic effects possible. A non-linear model can be written as
follows:

Slump ¼ a0 þ a1$ w=cþ a2$SPþ a11$w=c � w=cþ a22$SP � SP
þ a12$w=c � SPþ E

(A2.3)

The existence of a quadratic effect means that the effect of a factor on the response
depends on its own level (Box et al., 1978; Montgomery, 2005; Sado and Sado, 1991).
Coefficients a13, a22 and a33 traduce second-order interactions of between factors SP
and w/c.

A2.3.4 Case of a first-order interaction

Let us suppose that one test has been done at the four points limiting the experimental
domain in Figure A2.8 and coded values are shown in Table A2.2.

Let us say that the slump depends on the value of the w/c, the SP dosage and their
interaction. We will also consider that our model introduces an error E.

Slump ¼ a0 þ a1$w=cþ a2$SPþ a12$w=c � SPþ E (A2.4)
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Each response Yi can be expressed as follows:

Y1 ¼ a0 þ a1$(þ1) þ a2$(þ1) þ a12$(þ1) ¼ a0 þ a1 þ a2 þ a12
Y2 ¼ a0 þ a1$(�1) þ a2$(þ1) þ a12$(�1) ¼ a0 � a1 þ a2 � a12
Y3 ¼ a0 þ a1$(�1) þ a2$(�1) þ a12$(þ1) ¼ a0 � a1 � a2 þ a12
Y4 ¼ a0 þ a1$(þ1) þ a2$(�1) þ a12$(�1) ¼ a0 þ a1 � a2 � a12

To calculate the effects (i.e. the coefficients ai) of these two factors, it is necessary to
solve a system of four linear equations. The matrix of effects (A), the response column
(Y) and the vector of coefficients (ai) is defined as follows:

A ¼

2
666664

1 1 1 1

1 �1 1 �1

1 �1 �1 1

1 1 �1 �1

3
777775; Y ¼

2
666664

Y1

Y2

Y3

Y4

3
777775; and a ¼

2
666664

a0

a1

a2

a3

3
777775

Test 2 Test 1

Superplasticizer
dosage (%)

+1 (1.0%)

0 +1 (0.50)
w/c ratio

–1 (0.35)

–1 (0.60%)
Test 4Test 3

Figure A2.8 Performed tests.

Table A2.2 Experimental coded values

SP (%) w/c SP3 w/c Response (Y)

Test 1 þ1 þ1 þ1 Y1

Test 2 �1 þ1 �1 Y2

Test 3 �1 �1 þ1 Y3

Test 4 þ1 �1 �1 Y4
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2
666664

1 1 1 1

1 �1 �1 1

1 1 �1 �1

1 �1 1 �1

3
777775

2
666664

1 1 1 1

1 �1 1 �1

1 �1 �1 1

1 1 �1 �1

3
777775 ¼ 4

2
666664

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

3
777775 ¼ 4I

where, I ¼

2
6664
1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

3
7775 is the identity matrix.

A2.3.5 Criterion of optimality

The criterion of optimality is based on the minimal Cauchy-Schwartz standard devia-
tion for N experiments. According to Hadamard (Box et al., 1978), this criterion is met
if the transposed matrix of matrix A satisfies the following equation:

ATA ¼ N I

where AT is the transposed matrix of matrix A, N is the number of experiments and I is
the identity matrix.

In the case of two factors with two levels it is easy to verify that:

2
666664

1 1 1 1

1 �1 �1 1

1 1 �1 �1

1 �1 1 �1

3
777775

2
666664

1 1 1 1

1 �1 1 �1

1 �1 �1 1

1 1 �1 �1

3
777775 ¼ 4

2
666664

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

3
777775 ¼ 4 I

Different commercial softwares are available to solve the system of equations corre-
sponding to the experimental plan, draw iso-response curves and provide the degree of
validity of the mathematical models in the experimental domain. In the following appli-
cation, a statistical approach consisting in a linear model is illustrated (application 2).
Statistical models have been used by Khayat et al., 1995; Nehdi et al., 1997; Yahia,
1997 for example.

A2.3.6 Application 2

A2.3.6.1 Influence of the w/c and water dosage on
the SP dosage of an HPC

A two-level factorial design was carried out to evaluate the influence of w/c and water
dosage (W) and their second-order interactions on SP dosage to achieve a given slump
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and compressive strength at various ages of a high-performance concrete (HPC). This
example was reported in Rougeron and Aïtcin (1994). The effect of each factor is eval-
uated at three different levels corresponding to coded values of�1, 0 andþ1. The cor-
responding absolute values of the modelled factors are summarized in Table A2.3. In
the case of two independent variables, a two-level factorial design consists of four
(Nf ¼ 22 ¼ 4) factorial points, and three replicate points at the centre of the experi-
mental domain to estimate the degree of experimental error for the modelled responses
and evaluate the linearity assumptions.

The derived statistical models are valid for HPC mixtures with proportions of w/c of
0.22 (�1) to 0.31 (þ1) and water content of 130 (�1) to 150 l/m3 (þ1). The central
point was a mixture where variables were equal to the middle-level value correspond-
ing to w/c of 0.28 and water content of 140 l/m3. The modelled responses are SP dos-
ages to achieve a slump of 200 � 20 mm. Compressive strength at 1 ,7 and 28 days of
age were measured in each case.

The modelled experimental region consisted of coded values ranging between�1.0
and þ1.0. The coded and absolute values of the modelled variables (PV/IPV, w/c and
WRA) are summarized in Table A2.3.

The mixture proportions and test results used to model the linear effect of w/c and
water content on properties of HPC mixtures are summarized in Table A2.4.

A2.3.6.2 Results and discussion

Table A2.5 summarizes the test results for mixtures used to establish statistical models
describing the effect of independent variables w/c and water content on SP dosage and
the mechanical properties of HPC mixtures.

The derivedmodels for SP dosage, compressive strength at 1, 7, and 28 days are given
in Table A2.6. These equations were determined based on a multi-regression analysis.

The above models are established using coded values of independent variables
calculated using Eqn (A2.1). A negative estimate of a given parameter indicates that
the response decreases when the value of that parameter increases. The majority of
derived estimates were obtained with 90% confidence interval.

A quantitative evaluation of the accuracy of the derived models is investigated on
three mixtures located at the centre of the experimental domain to compare the
measured responses to those estimated using the established models. The experimental
responses measured at the centre of the domain for SP, compressive strengths after 1,
7, and 28 days, is 13 L/m3, 36.2, 64.2 and 86.5 MPa, respectively. The corresponding

Table A2.3 Coded and absolute values of the modelled factors

Coded values

Variables �1 0 þ1

w/c 0.25 0.28 0.31

Water content (l/m3) 130 140 150

560 Appendix 2



Table A2.4 Mixture proportioning and test results of the investigated HPC mixtures

Mixture proportions

SP (l/m3) Slump (mm)Mix
Coded value
w/c-w w/c Water (l/m3)

Cement Sand Aggregate

(kg/m3)

1 �1 �1 0.25 130 520 710 1100 25 210

2 �1 þ1 0.25 150 600 630 1100 19 200

3 þ1 �1 0.31 130 420 798 1100 12 200

4 þ1 þ1 0.31 150 485 720 1100 10 180

5 0 0 0.28 140 500 720 1100 13 200

6 0 0 0.28 140 500 720 1100 13 200

7 0 0 0.28 140 500 720 1100 13 200
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predicted values are 15.0 l/m3 for SP demand and 38.0, 61.8 and 74.6 MPa for
compressive strength after 1, 7, and 28 days, respectively. The established models
predict the SP demand with an error of approximately 15%, and compressive strength
after 1, 7, and 28 days with errors of 5%, 4% and 16%, respectively. These models can
therefore predict the modelled responses with a reasonable error ranging between 4%
and 16%. The models can be extended to include the quadratic effect and improve their
accuracy. In this case, a composite design should be carried out, including extra mix-
tures to extend the experimental domain.

A2.3.6.3 Exploitation of the model

The established models can be used to visualize the effect of modelled parameters,
facilitate HPC mixture design and strike a trade-off among mixture parameters to
achieve the targeted properties of HPC.

For example, Figures A2.9 and A2.10 give the iso-response curves for the SP
dosage and the 1-day compressive strength as a function of the w/c and water dosage.

Table A2.6 Derived statistical models

Properties Statistical model R2

SP dosage (l/m3) 15.0 � 5.5 w/c � 2.0
water þ 1.0 w/c � water

0.870

Compressive
strength (MPa)

1 day 38.0 � 4.1 w/c þ 1.6 water 0.862

7 days 61.8 � 1.8 w/c þ 1.6 water
(w/c) þ 4.4 w/c � water

0.978

28 days 74.6 � 5.6 w/c 0.994

Table A2.5 Test results for HPC mixtures used to establish
statistical models

Mixture proportions Compressive strength (MPa)

Mix
Coded value
w/cLw w/c Water (l/m3) 1 day 7 days 28 days

1 �1 �1 0.25 130 41.5 66.8 80.0

2 �1 þ1 0.25 150 45.0 61.2 80.8

3 þ1 �1 0.31 130 33.7 54.5 69.6

4 þ1 þ1 0.31 150 36.5 66.5 69.0

5 0 0 0.28 140 36.2 64.2 86.5

6 0 0 0.28 140 36.2 64.2 86.5

7 0 0 0.28 140 36.2 64.2 86.5
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Figure A2.10 Iso-response of 1 day compressive strength with w/c and water content.
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Figure A2.9 Iso-response of SP dosage with w/c and water content. Rougeron and Aïtcin (1994).
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It is seen for example that a 40 MPa compressive strength concrete can be obtained
with a w/c of 0.22 and a water dosage of 130 l/m3, or with a w/c of 0.273 and a water
dosage of 150 l/m3. According to Figure A2.10, in the first case the SP dosage is about
22 l/m3 while in the second case it is about 15 l/m3. This second mix is more econom-
ical than the first one.

A2.4 Conclusion

Statistical design is a powerful tool when studying the interaction of Portland cement and
admixtures in Portland-cement-based materials. It can be used to establish the trade-off
between significant factors and achieve targeted properties for a given set of constraints
while minimizing the number of trial batches. Furthermore, using this approach a math-
ematical model describing the main influence and second-order interaction of various pa-
rameters on a given property can be established. However, a critical step when using a
statistical design is the selection of the experimental domain to be studied, and it is
part of the art of the researcher to define it properly. The different softwares presently
available on the market are not complicated to use after a familiarization period.
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Appendix 3: Statistical evaluation
of concrete quality*
P.-C. Aïtcin

Université de Sherbrooke, QC, Canada

A3.1 Introduction

In spite of all the attention paid to controlling the variability of the materials used to
make concrete, weighing or metering these materials in sophisticated automated instal-
lations and testing the concrete according to precise and stringent standards, concrete
remains a material made and tested by humans, and whose properties are affected by
ambient temperature over which we have no control. Therefore concrete is variable.
Thus we must still ask various questions.

l How variable is it?
l How is it possible to reduce this variability?
l How can we be sure that this variability does not affect the safety of the structure?

These aspects of concrete require some statistical treatment. It is the objective of
this appendix to present some basic and practical notions that are commonly used
when establishing statistical control over any concrete production (Valles, 1972;
Day, 1995; Schrader, 2007). This subject is often not well covered in concrete courses.

A3.2 Normal frequency curve

A3.2.1 Variability of concrete properties

When measuring any particular characteristic of concrete, the numerical value ob-
tained at the end of the control process depends on a large number of factors that
are independent of each other and whose variation is limited.

In such a case statisticians tell us that the numerical values obtained obey a normal
frequency distribution law, also called a ‘normal law’ or ‘Laplace-Gauss law’, whose
graphical representation is the well-known bell-shaped curve (Figure A3.1).

In spite of the fact that the normal frequency curve implies an infinite number of
values, it is very useful to know its properties when dealing with the numerical values
of a limited number of tests carried out on a selected number of specimens among a
finite population corresponding to the number of the concrete deliveries that have
been tested. Consequently, it is useful to look at this general law and apply some of
its properties to the statistical control of concrete production.

* Aïtcin, P.C., Mindess S., Sustainability of Concrete, ISBN 978-0-415-57196-8, SPON PRESS.



A3.2.2 Mathematical expression of the normal frequency curve

The probability density f(x) for each value X of a characteristic is:

f ðxÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p $e
�ðx�aÞ2

2s2 (A3.1)

where ‘a’ represents the average value, s2 represents the variance and s represents the
standard deviation. Usually, instead of using X, it is better to use the reduced centre value:

x ¼ X � a

s

In this case, the origin of the abscissa is the average value, a, and the values are
measured with units equal to the standard deviation. Equation (A3.1) then becomes:

f ðxÞ ¼ 1ffiffiffiffiffiffi
2p

p $e
�x2

2 (A3.2)

Equation (A3.2) gives the bell-shaped curve that is represented in Figure A3.2.

A3.2.3 Some properties of the normal frequency curve

A normal frequency curve corresponding to an infinite number of values is entirely
defined when we know the average value, a, and the standard deviation, s. The average
value gives the position of the axis of symmetry of the normal frequency curve on the
O-x axis, and the standard deviation gives the general shape of the curve: the smaller the
standard deviation, the sharper the curve. In fact, the standard deviation represents
the abscissa of the two inflection points on the bell-shaped curve and at the same
time the radius of curvature at the top of the curve, as shown in Figure A3.2.

Figure A3.3 shows two normal frequency curves with the same average value but
different standard deviations. In the case of the normal frequency curve (I)

f(X)

X

f(X1)

X1ɑ

Figure A3.1 Normal frequency distribution curve: the y axis is placed at the average value, a,
and f(x1) represents the number of samples with the value x1.
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Figure A3.2 Some properties of the bell-shaped curve I1 and I2 are the inflection points.

σ1

σ2

σ2 > σ1

ɑ

f(X)

(I)

(II)

Figure A3.3 Comparison of two bell-shaped curves with the same average value but different
standard deviation.

corresponding to the lower standard deviation, most of the x values are close to the
average value. In the case of the normal frequency curve (II), the values of x are spread
over a greater distance from the average value.

A3.2.4 Areas under the normal frequency curve

As seen in Figure A3.4, the area under the curve lying between:

l s and �s is equal to 68.2% of the total area beneath the bell-shaped curve
l 2s and �2s is equal to 95.2%
l 3s and �3s is equal to 99%.

In Figure A3.5 the area under the curve to the left of x1 represents the number of
values lower than x1. Tables giving the area to the left of x1 are available: they give
the probability of having a value of f(x) lower than x1.
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A3.2.5 Coefficient of variation

The coefficient of variation, V, expressed as a percentage, is frequently used to
characterize the shape of a distribution curve. It is calculated as follows:

V ¼ s

A
� 100% (A3.3)

f(X)

f(X) f(X)

99%95%

68%

–2σ –3σ +3σ+2σ

+σ–σ

ɑɑ

ɑ

Figure A3.4 Areas under the normal frequency curve for specific values of s.

XX1

A(X)

f(X)

a

π(u)

Figure A3.5 When compared to the total area under the bell-shaped curve, the area A(x) at the
left of x1 represents the percentage of the values with a value smaller than x1.
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A3.3 Controlling the quality of concrete production

Generally, concrete quality is tested by measuring the compressive strength of two or
three specimens. When controlling concrete production, it is not practical to measure
the compressive strength of each truckload; control is instead carried out on a limited
number of loads, chosen using a random number table. To carry out a useful statistical
analysis, it is necessary to have at least 30 individual results. However, before doing any
calculations on values obtained when carrying out this control, it is important to check
that this set of results has a distribution approaching that of a normal distribution curve.

A3.3.1 Histogram

The numerical values are separated in different classes, the number of tests falling
within each class is counted and a histogram is drawn (Figure A3.6). When preparing
the histogram, it is important to select carefully the value of the unit cell in which the
numerical values are classified. When testing concrete strength, it is usually convenient
to use a unit cell corresponding to 2 MPa. Usually, when characterizing concrete
compressive strength, the histograms obtained have a shape that looks roughly like
a normal distribution curve, as seen in Figure A3.6, but there are some cases in which
the shape can be quite different, as seen in Figure A3.7.

In the two cases presented in Figure A3.7, it is not sensible to calculate an average
value and a standard deviation because the sets of values obtained cannot be fitted with
normal distribution curves. In fact, the curve fitting the histogram in Figure A3.7(a)
corresponds to a mixture of two populations with average values of a1 and a2. Each
of these populations can be fitted by two separate normal distribution curves, as shown
in Figure A3.8. Figure A3.7(b) shows a truncated bell-shape curve where the lowest
values have been systematically eliminated.

Only when it has been verified that the set of values can be fitted with a normal dis-
tribution curve can average and standard deviation values be calculated, and the result
compared to the values appearing in Table A3.1.

(a)

(b)

Figure A3.6 Histograms: (a) histogram (b) histogram with a fitted distribution curve.
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A3.3.2 Within-test variation

When comparing the two individual values obtained from the tested specimens repre-
senting a particular load of concrete of the same age, it is possible to extend the statis-
tical analysis. In a perfect world, these values should be identical because they are
obtained from a unique concrete. However, the non-homogeneity of the concrete

σ1 σ1 σ2 σ2

fx

ɑ1 ɑ2ɑ

Figure A3.8 Decomposition of Figure A3.7(a) into two mixed populations.

(a)

(b)

Figure A3.7 Examples of histograms that cannot be fitted by a bell-shaped curve: (a) a mix
of two sets of values each obeying a normal distribution curve (b) a skewed distribution showing
that low values have been eliminated.
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load, the variation in the individual sampling process, and the transportation and curing
of the specimens usually make the individual values different. It is possible to treat the
difference between a pair of specimens as a set of statistical data, and calculate in each
case the range in which these different individual values fall. From this new set of data,
it is possible to calculate the within-test standard deviation:

s1 ¼ 1

d2
� R (A3.4)

where s1 is the within-test standard deviation, d2 is a constant depending on the
number of specimens averaged to calculate a test value (given by ACI 214 Table 3.4.1,
reproduced in Table 14.1) and R is the average range within groups of companion
cylinders. One can also calculate the within-test coefficient of variation:

V1 ¼ s1

x
� 100 (A3.5)

where V1 is the within-test coefficient of variation and x is the average value. The s1
and V1 values can be used as an indication of the quality of testing. If s2 is the batch-to-
batch coefficient of variation, the overall standard deviation ‘s’ and the within-test
standard deviation s1 are linked by the relationship:

s ¼ s21 þ s22 (A3.6)

A3.3.3 Sample calculation

The 28-day compressive strengths of concrete for a particular construction project
have been determined 35 times on sets of two specimens. The results obtained are

Table A3.1 Factors for computing within-test standard deviation*

Number of specimens d2 1/d2

2 1.128 0.8865

3 1.693 0.5907

4 2.059 0.4857

5 2.326 0.4299

6 2.534 0.3946

7 2.704 0.3698

8 2.847 0.3512

9 2.970 0.3367

10 3.078 0.3249

* Table B2, ASTM Manual on Quality Control of Materials, ASTM (2002).
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Table A3.2 Experimental results

1 2 3 4 5 6 7 8 9 10

1 58.5 64.9 65.0 60.1 64.7 65.0 63.8 64.7 64.7 61.1

2 58.2 64.8 65.3 60.5 65.9 65.4 66.6 65.5 64.2 61.9

11 12 13 14 15 16 17 18 19 20

1 62.7 68.2 64.6 66.7 63.9 67.2 67.6 68.7 59.3 59.5

2 59.8 69.8 65.2 67.9 64.1 67.2 67.4 67.8 59.7 59.8

21 22 23 24 25 26 27 28 29 30

1 55.9 61.3 60.6 63.6 63.3 62.7 63.5 63.0 62.2 63.7

2 56.4 66.0 60.5 63.6 63.5 62.5 63.5 63.4 62.7 63.9

31 32 33 34 35

1 66.4 56.9 63.2 65.4 62.9

2 66.9 57.1 63.4 65.1 63.5
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shown in Table A3.2. The calculations are carried out up to two digits after the decimal
point.

l Draw the frequency distribution of the average values using a 2 MPa unit cell.
l Does the population of the average values correspond to a normal distribution curve?
l How do the average compressive strength, standard deviation and coefficient of variation

vary as the test programme goes on?
l Using Table A3.2, how can you assess the quality control of this production of concrete?
l What are the average range and the within-test standard deviation and coefficient of

variation?

How can you assess the control of the testing?

A3.3.4 Discussion of results

The results shown in Tables A3.3eA3.5 can be obtained easily, for instance by using
an Excel program.

Figure A3.9 shows the variation of the strength measured as the average of the two
individual specimens of each set. It shows that despite all the care taken when produc-
ing this concrete, the results obtained in the field present a certain variability. This vari-
ability depends not only on the variability of the concrete but also on the variability of
the testing.

Figure A3.10 shows that the frequency distribution of the strengths has (approxi-
mately) the characteristic bell-shape of the normal distribution law. Thus it is legitimate
to calculate the standard deviation and coefficient of variation of the test results.

Figures A3.11eA3.13 show the variations of the average strength, standard devia-
tion and coefficient of variation respectively. It can be seen that after sample 21 these
values are quite stable. (ACI 214 recommends at least 30 samples to obtain an average
value of statistical validity.)

With a standard deviation and a coefficient of variation of 3.8 MPa and 4.5%,
respectively, according to Table A3.6 the production and its control may be classified
as ‘good’.

Figure A3.14 represents the variation of the range and Figure A3.15 the within-test
standard deviation.

Figures A3.16 and A3.17 represent the within-test standard variation and coeffi-
cient of variation. Here, too, it is seen that with 35 samples, stable values are obtained.

A3.4 Specifying concrete compressive strength

Concrete must be specified on a statistical basis. It is not realistic or sensible to write a
specification such as ‘the concrete must always have a compressive strength greater
than X MPa’ because it is statistically impossible to produce such a concrete. A spec-
ification must always identify clearly how many times it is allowable for the value ob-
tained to be lower than X. It might be 10% of the time, 5% or 1% of the time,
depending on the degree of severity selected by the specifier. In any case, the specifier
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Table A3.3 Average values and range

1 2 3 4 5 6 7 8 9 10

X 58.35 64.85 65.15 60.30 65.30 65.20 62.90 65.10 64.45 61.5

R 0.3 0.1 0.3 0.4 1.2 0.4 0.6 0.8 0.5 0.8

11 12 13 14 15 16 17 18 19 20

X 61.25 69.00 64.90 67.30 64.00 67.20 67.50 68.00 59.50 59.65

R 2.9 1.6 0.6 1.2 0.2 0.0 0.2 0.4 0.4 0.3

21 22 23 24 25 26 27 28 29 30

X 56.15 63.65 60.70 63.60 63.40 62.60 63.50 63.20 62.45 63.80

R 0.5 4.7 0.2 0.0 0.2 0.2 0.0 0.4 0.5 0.2

31 32 33 34 35

X 66.85 57.00 63.30 65.25 63.20

R 0.5 0.2 0.2 0.3 0.6
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Table A3.4 Average strength, cumulative average, standard
deviation and coefficient of variation

#
Average
value (MPa)

Average
(MPa)

Standard deviation
s (Mpa)

Coefficient of
variation V (%)

1 58.35 e e e

2 64.85 61.60 3.25 5.3

3 65.15 62.78 2.84 4.5

4 60.30 62.16 2.56 4.1

5 65.30 62.79 2.55 4.1

6 65.20 63.19 2.45 3.9

7 62.90 63.15 2.24 3.5

8 65.10 63.39 2.17 3.4

9 64.45 63.51 2.06 3.2

10 61.50 63.31 2.03 3.2

11 61.25 63.12 2.02 3.2

12 69.00 63.61 2.52 4.0

13 64.90 63.71 2.43 3.8

14 67.30 63.97 2.51 3.9

15 64.00 63.97 2.42 3.8

16 67.20 64.17 2.47 3.8

17 67.50 64.37 2.51 3.9

18 68.00 64.57 2.58 4.0

19 59.50 64.30 2.75 4.3

20 59.65 64.07 2.86 4.5

21 56.15 63.69 3.26 5.1

22 63.65 63.69 3.18 5.0

23 60.70 63.56 3.17 5.0

24 63.60 63.56 3.10 3.9

25 63.40 63.56 3.03 4.8

26 62.60 63.52 2.98 4.7

27 63.50 63.52 2.92 4.6

28 63.20 63.51 2.86 4.5

29 62.45 63.47 2.82 4.4

Continued
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Table A3.4 Continued

#
Average
value (MPa)

Average
(MPa)

Standard deviation
s (Mpa)

Coefficient of
variation V (%)

30 63.80 63.48 2.77 4.4

31 66.65 63.58 2.78 4.4

32 57.00 63.38 2.97 4.7

33 63.30 63.38 2.92 4.6

34 65.25 63.43 2.89 4.6

35 63.20 63.42 2.85 4.5

Table A3.5 Within-test variation

Within-test variations

# Range (MPa)
Average
range (MPa)

Standard
deviation s (MPa)

Coefficient of
variation V (%)

1 0.30 e e e

2 0.10 0.20 0.18 0.27

3 0.30 0.23 0.21 0.32

4 0.40 0.28 0.24 0.40

5 1.20 0.46 0.41 0.62

6 0.40 0.45 0.40 0.61

7 0.60 0.47 0.42 0.66

8 0.80 0.51 0.45 0.70

9 0.50 0.51 0.45 0.70

10 0.80 0.54 0.48 0.78

11 2.90 0.75 0.67 1.09

12 1.60 0.83 0.73 1.06

13 0.60 0.81 0.72 1.10

14 1.20 0.84 0.74 1.10

15 0.20 0.79 0.70 1.10

16 0.00 0.74 0.66 0.98

17 0.20 0.71 0.63 0.93

18 0.40 0.69 0.62 0.91
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Table A3.5 Continued

Within-test variations

# Range (MPa)
Average
range (MPa)

Standard
deviation s (MPa)

Coefficient of
variation V (%)

19 0.40 0.68 0.60 1.01

20 0.30 0.66 0.59 0.98

21 0.50 0.65 0.58 1.03

22 4.70 0.84 0.74 1.16

23 0.20 0.81 0.72 1.18

24 0.00 0.78 0.69 1.08

25 0.20 0.75 0.67 1.05

26 0.20 0.73 0.65 1.03

27 0.00 0.70 0.62 0.98

28 0.40 0.69 0.61 0.97

29 0.50 0.69 0.61 0.97

30 0.20 0.67 0.59 0.93

31 0.50 0.66 0.59 0.88

32 0.20 0.65 0.58 1.01

33 0.20 0.64 0.56 0.89

34 0.30 0.63 0.56 0.85

35 0.60 0.63 0.55 0.88
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Figure A3.9 Average strength of the samples.

Appendix 3 577



must accept that a limited number of test specimens might be lower than the value of X
selected for the design.

The second very important point that must be specified is the number of samples
that will be tested. Again, it is not practical to test all the batches to calculate the
true average strength and standard deviation. Only a limited number of batches will
be tested, but how many?

ACI 214 suggests that to make a ‘satisfactory’ statistical analysis it is necessary to
have at least 30 samples, so that the average value and standard deviation calculated
from this limited number of samples are representative of the actual average and stan-
dard deviation of the whole production. Statisticians tell us that the population of the
average values calculated from a limited number of samples obeying a normal
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Figure A3.10 Histogram of compressive strengths.
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distribution generates normal distribution curves. Thus the smaller the standard devi-
ation of the actual population, the greater the chance that the average value and stan-
dard deviation estimated from a limited number of samples will be closer to the actual
average value and standard deviation of the entire population.

A3.5 Limitations of a statistical analysis

It is important to realize that a statistical analysis of concrete production can result in an
incorrect evaluation of its conformity to the specification because a statistical analysis
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Figure A3.12 Variation of the standard deviation.
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Table A3.6 Standard deviation and coefficient of variation according to ACI 214

Overall variation

Class of operation

Standard variation for different control standards (MPa)

Excellent Very good Good Fair Poor

General construction Below 2.8 2.8e3.4 3.4e4.1 4.1e4.8 Above 4.8

Laboratory and
batching

Below 1.4 1.4e1.7 1.7e2.1 2.1e2.4 Above 2.4

Class of operation

Within-test variation

Coefficient of variation for different control standards (%)

Field control testing Below 3.0 3.0e4.0 4.0e5.0 5.0e6.0 Above 6.0

Laboratory trial
batches

Below 2.0 2.0e3.0 3.0e4.0 4.0e5.0 Above 5.0
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is carried out on a limited number of samples and not on all batches. The use of a
random number table to select the loads that are checked does not limit that risk.
Without entering into the field of combinatory analysis, it is possible that the selected
sampling benefits either the producer or the consumer. Let us examine two very simple
hypothetical (but likely) cases.

The construction of a particular structure requires the use of 100 loads of concrete.
The specification permits the delivery of a maximum of five loads of concrete with a
compressive strength lower than the design strength. The statistical analysis of this
production is based on the results obtained on 30 samples selected using a random
number table.

A3.5.1 The case of a good but unlucky concrete producer

The concrete producer is a good one that has adjusted the average strength of its pro-
duction, taking into account its usual standard deviation, to produce a concrete that sta-
tistically meets the specification. But when the selection of the 30 tested loads is made
the producer is particularly unlucky, because the five defective loads have all been
selected. As a result, it is judged on 25 satisfactory loads and five defective ones. Its
production will be evaluated as not meeting the specification, despite the fact that in
reality this is not true.

A3.5.2 The case of a bad but lucky concrete producer

The concrete producer is a bad one. It has produced a concrete that does not meet the
specification but he is very lucky: none of the bad loads has been selected for sampling.
This producer will be evaluated as meeting the specification although in reality this is
not the case.
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Figure A3.17 Within-test coefficient of variation.
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A3.5.3 The risk to the producer and the risk to the consumer

The acceptance or rejection of concrete for a particular project based on a statistical
analysis inevitably includes the risk of rejecting concrete matching the specification
or accepting concrete that does not match the specification. In a perfect world, it would
be fair that the risks of accepting bad production or refusing good production are equal.
However, according to Chung (1978), the present standards favour the producer rather
than the consumer, and he proposed a new acceptance criterion to share both risks bet-
ter. To date (2014), nothing has been done to change this situation!

A3.6 Conclusion

Despite all the attention given to controlling the variability of the materials used to
make concrete, any concrete displays a certain degree of variability because it is
made from variable raw materials processed by human beings in more or less sophis-
ticated plants, it is delivered under variable temperature conditions and it is tested by
human beings. As with any man-made material, concrete must be specified on a sta-
tistical basis. It must be admitted that, in spite of all the care taken to produce, process,
deliver and test low w/c ratio concrete, a limited number of samples can fail the design
criteria selected by the designer.

Using statistical analysis, it is possible to produce a concrete that matches the design
characteristics selected by the designer. Of course, the average value that will have to
be obtained by the producer will increase with the severity of the design criteria and the
standard deviation of the concrete plant.

When making a statistical analysis of the ranges of numerical values obtained on the
different samples taken from the same concrete sample, it is possible to evaluate the
quality of control by calculating the within-test variation. Consequently, the variability
of concrete can be split between the variation due to its production and the variation
due to its sampling and testing. It is, however, important to emphasize that when eval-
uating concrete production on a statistical basis, there is always a risk that good pro-
duction is rejected or bad production is accepted.

Concrete is a complex material that is variable. It is important to make all necessary
efforts to reduce this variability in order to build more durable and sustainable struc-
tures. Statistical analysis can help us to achieve this.
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heating, 406e407
high strength cement, 405e406
insulated forms, 407
physically induced, 405
use of accelerator, 407

Acceleration period, 133e134, 136e138,
279e280

in alite hydration, 140
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effect on interparticle forces, 272
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272e275
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Adsorption
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227e228
critical dosage, 221
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molecular structure, 226
polydispersity, 224e225
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effect of polydispersity, 224
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Adsorption (Continued)
of PCEs, 287e289
effect of molecular mass, 227
effect of polydispersity, 224

of polymers, general principles, 226
raffinose, 295e296
rate, 229
reversibility, 232e233
role of entropy, 222, 226
saturation dosage, 220
of SNFC, effect of molecular mass,

227
solution depletion method, 219e220
sucrose, 295e296
superplasticizers, effect of molecular
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of surfactants
conformation, 230
4 regimes, 231
liquid-vapor interface, 239
solid-liquid interface, 230

of vinyl copolymers, effect of molecular
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Adsorption isotherm, 219, 221
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linear regime, 221e222, 224
effect of polydispersity, 224
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measurement limitations, 226
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Langmuir, 222

of PCEs, 224
plateau, 222e223
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AEAs. See Air entraining admixtures
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formation, 129, 138e139
effect of superplasticizers,

288e289
phases, 129e130

Aft. See Ettringite
Aggregates effect on rheology, 109
Aggressive agents, 20, 23
Aggressive ions, 76

Air bubbles
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of slump, 87
of vibration, 87
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shape, 87
total volume, 87e88

Air content effect on concrete theology, 116
Air entraining admixture, 219, 239
adsorption
liquid-vapor interface, 239
solid-liquid interface, 230
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compatibility, 154, 192, 195e196
raw materials, 183
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factors influencing dosage, 382e383
influence of silica fume, 386
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384e386
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effect
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of mixing method, 382, 387e388
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effect
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on yield stress, 384e385

mechanism, 379e380
Aliphatic sugars impact on hydration, 290,

292e293
Alite, 30, 132
composition impurities, 132

Alite hydration, 131e138
acceleration period, 133e134, 136e138
impact of aluminum ions

adsorption on silicates, 140
C-A-S-H formation, 140

effect of C-S-H seeding, 137e138
dissolution rate, 133e134

function of saturation degree, 133e134
induction period, 133, 135e136

role of CH precipitation, 138e139
initial deceleration, 132e133

etch pits formation, 133
metastable C-S-H, 133
protective membrane, 133
role of dislocations, 133
saturation degree, 133e134
step retreating, 133

initial dissolution, 132e135
main hydration peak, slope, 135
main stages, 130
products of hydration, 138e139
silicate concentration, 135
slow dissolution step hypothesis, 133e134

Alkali content influence on entrained air,
384

Alkali equivalent, 33
Alkali sulphates, 32e33, 49
Alkali/aggregate reaction, 83, 90e91
Alkanolamines, 329e333
Aluminate(s), 57e58
phase, 38
reactivity

effect of time of addition, 58
experimental issues, 243
specific surface, 243

Alumino-silicate, 65e66
Aluminum salts, 411
as accelerators, 411
alkali free, 411
with alkalis, 411

Amines, 329e333
volatile amine, 333

Aminic group in corrosion inhibitors, 330
Amorphous state, 54
Angle of contact, 457
Anhydrite, 30e31, 48e49, 129
Antagonist effects, 549
Antifoam agents. See Defoamers
Antifreezing admixture, 433e434
ammonia, 434
calcium chloride, 434
nitrate, 434
nitrite, 434
sodium chloride, 434

Apparent viscosity, 121e122
Apparent volume contraction, 15, 17e18
Aqueous phase. See Pore solution
Architectural panels, 476
use of galvanized reinforcing rebars, 476

Artificial pozzolan, 61, 66
ASTM C 457e98 Standard, 91
ASTM C 666 Standard, 91e92
Atomic force microscopy, measurement of

interparticle forces, 271f
Attractive forces, 257, 268, 273. See also

Van der Waals forces
depletion forces, 268
influence on yield stress, 107
ion correlation forces, 259

Autogenous shrinkage, 17e18, 20e23,
44e45, 79, 81e82, 457,
459e460, 483, 486

origin, 17e18, 20
use of SRA, 459

Average strength, 575te576t, 577f
specifying, 573
variation, 578f

Average value, 566, 566f, 574t

B
Backbone of PCEs, impact on adsorption,

227
Ball mill, 30e31, 49
Belite, 30
nests, 31

Bell shaped curve, 565e566, 567f
area under, 568f

BET, 237
experimental issues, 247
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Betaines, 193
Bidentate complexes

PCEs, 281e282
sugars, 296

Bingham material, 101e103
Biocides in formulation, 346
Blaine fineness, 36
Blast furnace slag. See Slag
Bleeding, 76e77, 109

correlation with yield stress, 109
how to reduce it, 109
influence of entrained air, 89
effect of VMA, 109

Blended cements, 6e7, 9, 11, 48, 68,
70e72, 483

binary, 70
containing filler, 3e4, 9e11
entrained air, 93e94
initial strength, 7e8
long term strength, 9
quaternary, 70
supplementary cementitious material,

3e4, 6e9
ternary, 70

Bogue composition, 34te35t, 36
Bonded overlays, 453e454
Bridge decks, 453, 466

effect of deicing salts, 472
expansive agents, 453
use of expansion agent, 457e458

Brownian motion, 104, 106, 263e264
influence on rheology, 106

Bubble network
effect of AEA dosage, 379
influence
of mix time design, 382
of placing parameter, 382

iterative approach, 382
principal characteristic, 380e381
production, 381e388
stability, 381e382, 384, 388e389

Buff cement, 28
Burning zone, 28, 30e31, 33, 36
By-products, 53

C
C-A-S-H, 140
C-S-H, 39e40, 53, 65e66

formation, 129, 132e133, 135e138

admixtures complexation, 281
effect of carboxylates, 284e285
role of nuclei, 135

morphology
aggregation of nanoparticles, 136
fibrillar morphology, 137
inner product, 137
outer product, 137
sheets of silicate chains, 136

secondary, 8, 43
seeding, 290
effect on alite hydration, 137e138
effect on microstructure,

137e138
structure, 136
jennite, 136
tobermorite, 136

C/E ratio. See Grafting density of PCEs
C2S, 28, 30e31, 39, 59, 65e66
simplified notation, 28

C3A, 3, 6, 30, 36e38, 49
C4AF balance, 40
content in UHSC, 508e509, 508t
cubic, 30
grey cement, 36
hydration, 38e39
monoclinic, 30, 46
orthorhombic form, 30, 46
polymorphic form, 45e46
simplified notation, 28

C3A hydration, 130e131
dissolution effect of PCEs, 287
influence of sulfates source and content,

131
dissolution, 131
main stages, 130
sulfate depletion point, 130
with sulfates, 130
without sulfates, 130

initial deceleration, 130
adsorption of sulfates, 130
protective membrane, 133

organomineral phases, 285
specific surface effect of superplasticizers,

285
C3S, 3, 6, 28, 31, 36, 39
content in UHSC, 508e509, 508t
hydration, 38
simplified notation, 28

588 Index



C3S hydration
acceleration, 408
dissolution effect

of latexes, 282
of PCEs, 282

retardation, complexation, 282
C4AF, 28, 36
C3A balance, 36
grey cement, 36
white cement, 36

CAC. See Critical aggregation
concentration

CaCO3. See Calcium carbonate
Calcined bauxite, 12
Calcined clay, 65e66
Calcium aluminate hydrates formation, 130
Calcium carbonate
formation effect of PCEs,

283e284
in gypsum, 49

Calcium chloride, 407
as accelerator, 408e410
banning in precast concrete, 473
banning in prestressed concrete, 473
mode of action, 409
mode of addition, 409e410
rules governing its use, 410

Calcium concentration
effect of

complexation, 283e284
latexes, 282

sugars, 296
Calcium hydroxide. See Portlandite
Calcium nitrite, 327, 433e434,

475
accelerator, 327
concentration, 328f
delay of depassivation, 328
dosage, 434
efficiency, 328
inhibitor of corrosion, 328
leaching, 329
long-term efficiency, 329
mechanism of action, 328e329
use in Europe, 328e329
use in Nanisivik, 434e438
use Japan, 327

Calcium silicate hydrate. See C-S-H
Calcium sulfate. See Calcium sulphate

Calcium sulphate, 30e31, 38, 48e49
different forms, 129
influence of final grinding, 129
synthetic, 49

Calcium sulphoaluminate, 38, 444, 449,
451e454

CaO content, 33
Capillary pores, 17e18
desaturation, 80
network, 8, 11
size, 11

Capillary porosity effect of seeding,
137e138

Capillary pressure
calculation of, 310
limits of application, 307
shrinkage reduction, 307

Capillary suction, 323, 457
Capillary system, 46e47
Capillary water, 17e20, 22, 76, 83
Carbon footprint, 3, 6e7, 43, 47e48
Carbonates, 57e58
Carbonation, 471
effect on corrosion of reinforcing

rebars, 471
shrinkage, 22

Carbonation front, 324e325
influence of pH, 324

Carboxylate functions
impact on
C-S-H nucleation, 282
complexation, 282
dissolution, 282

Casein, 153e154
structure, 153f

Cathodic protection influence on steel
corrosion, 474

Cellobiose, 292f
Cement
minimum interparticle distance, 263e264
phase composition, 129, 138

Cement fineness, 3, 6, 10
impact on hydration, 279

Cement hydration, 138e139
alite hydration, 131e138
impact of aluminum ions, 139
C3A hydration, 130e131
effect of fineness, 279
influence on plastic viscosity, 110
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Cement hydration (Continued)
main stages, 130
mechanism affecting, 279, 284
modification by admixtures, 129
products of hydration, 138e139
retardation, different hypotheses, 281
role
of ettringite precipitation, 138e140
of sulfates, 131

silicate-aluminate-sulfate balance,
139e140

sulfate depletion point, 139
Cement kiln, 46
Cement particles, 4, 6e7, 9, 11e12

average distance, 4
minimum distance, 4e6

Cement paste, chloride ion attack, 472e473
Centrifugation, experimental issues, 244
CH. See Portlandite
Charge density

impact on adsorption, 228
of PCEs
impact on adsorption, 282
impact on yield stress, 288e289

Chelation. See complexation
Chemical composition

Bogue composition, 36
natural pozzolan, 66e67
of Portland cement, 33e36
slag, 58
of supplementary cementitious

materials, 53
Chemical contraction, 16e19, 22, 79,

81e82
Chloride ions, 471

attack on cement paste, 472e473
bound, 323
corrosion of steel, 322
effect on corrosion, 472f, 473
free, 323
influence
of cement type, 323
of pore size distribution, 323
of porosity, 323

penetration, 472e473
pore, 323

Chloride pitting corrosion, 324
Citrates, competitive adsorption, 233
Class F fly ash, 61, 66f

Clay
fabrication of Portland cement, 27
influence on plastic viscosity, 116

Clay minerals
impact on specific surface, 238
kaolinite, 238
mica, 238
montmorillonite, 238
muscovite, 238
PCEs adsorption, 238

Clinker, 27e28, 48, 53, 68
addition of calcium sulphate, 38
alite, 30
beige, 28
belite, 30
colour, 33
commercial, 46
interstitial phase, 31
types, 48
Type I/II, 48
Type V, 48

white, 28
Closed system, 17e21,

44e45
CMC. See Critical micellation

concentration; Critical Micelle
Concentration

Co-surfactants, 239
Coal, 60e62
Coalescence of air bubbles,

93, 380
Coarse aggregate
properties, 497
in SCC, 492e493

Coarse sand, 89
Coded values, 552e554, 552f, 554f,

560t
Coefficient of variation, 568, 573,

575te576t, 579f
Cohesion, 415
Cohesiveness of SCC, 492e493
Coke, 57e58
Colloidal forces, 104
influence on rheology, 104

Columns, 486
Commercial admixtures, 279
formulations, 343

Compactness of UHSC, 503
Compatibility, SRA-AEA, 463e465
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Competitive adsorption, 219, 224, 233, 241,
363, 370

citrates, 233
hydroxides, 233e234
impact on adsorption isotherm, 233
nitrates, 233
polymeric admixtures, 233
sulfate ions, 233

Complexation, 281
during C-S-H nucleation, 282
during C3S hydration, 282
with calcium ions, 281e282
impact

on calcium concentration, 282
on supersaturation, 281

by PCEs, 281e282
crown ethers, 281e282
mono-/bidentate ligand, 281e282

by phosphonates, 282
role

of carboxylate functions, 281e282
of side chains, 283e284

stability, 282, 293e296
by sugars, 282, 292e293

raffinose, 295e296
sucrose, 295e296

Compressive strength, 3, 8e9, 11e12
control, 3
influence of lightweight aggregate, 82
of UHSC, 503e504

Concentration dependence, 335
Concrete
commercial admixtures for

precast, 343e344
ready-mix, 343e344
shotcrete, 346

consistency influence of entrained air,
384e386

cover, 23, 322e323, 471
how to protect it, 484
preventive measures against corrosion,

326
curing, 77, 80
dimensional variation, 75e76
durability, 76e77
fresh properties, 75
hardened properties, 75
as multi scale material, 97
overlay, 454

production quality control, 569e573
repair, 441, 444, 453
rheology, 76e77
skin, 77
sustainability, 76e77, 82

Concrete rheology
casting, 97
of cement type, 113
change with time, 110
of chemical admixture, 113
of chemical composition, 113
of crushed aggregates, 113
effect
of aggregates, 110
of air content, 116
of fly ash, 114
of mortar/aggregates ratio, 112e113
of paste/aggregates ratio, 112e113
of processing energy, 110
of shear rate, 116
of solid concentration, 110e111

of excess paste/mortar, 112f
influence of rheology
on finishing, 97
on handling, 97
on hardening, 97

of mixing, 97
intensity, 110

of paste composition, 113e116
on pumping, 97
relation between slump and yield stress,

108f
of rolled aggregates, 113
of supplementary cementitious material,

113
of temperature, 113
on transportation, 97
of water, 113

Concreting season, lengthening, 438
Confidence interval, 560
Confined UHSC, 506
Conformation
adsorption, surfactants, 230
change impact on entropy, 222, 226
of PCEs
in solution, 227e228
when adsorbed, 227e228

of superplasticizers onto surfaces,
266, 268
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Consumption
by hydrates precipitation, 219e220, 234
ineffective adsorption, 234
by intercalation, 219e220
organo-mineral phases, 234
role of specific surface, 237

Contact angle, 503e504
Corrosion

effect
of carbonation, 471
of chloride ion penetration, 472e473
of microstructure, 472

mechanism, 322e326
preventive measures, 472
propagation, 322f
rate, 325e326
influence of concrete resistivity, 325
influence of humidity, 325
influence of temperature, 325

Corrosion inhibitor, 321, 326, 434, 471,
474

addition, 474
application, 474
calcium nitrite, 475
critical evaluation, 334e335
diethanolamine, 329
dimethylethanolamine, 333
dimethylpropanolamine, 329
laboratory studies, 327e333
mechanism of action, 322e326
monoethanolamine, 329
in oil and gas industry, 326
testing, 334e335

Coverage degree, 220, 226
impact on
adsorption equilibrium, 233
loss of fluidity, 221

effect of surface changes, 237
Crack density, 467, 467f
Crack propagation, 90
Cracking of prefab slabs, 400

initial setting
chemical approach, 395
delay it, 395
physical approach, 395

Creep of SCC, 497
Cristobalite, 64, 66e67
Critical aggregation concentration, 231, 317
Critical chloride content, 324

Critical dosage, 221
determination by rheological tests, 358e359

Critical micellation concentration, 231,
239e241

Critical Micelle Concentration, 313
Critical ratio inhibitor/cement, 335
Critical shear rate, 106
Crushed aggregates, influence on rheology,

113
Crystal lattice, 54
Crystalline state, 54e55
Crystallization pressure, 441, 451e452
Crystallized particles, 61e62
in fly ash, 61e62

CSA 231 Standard, 92
Cube strength, 10, 46
Curing, 483
columns, 486
concrete, 77, 80
according to w/c, 77, 483e484

importance, 471
practice specifying, 483e484

Curing conditions, influence on expansion,
449e450

Curing membrane, 23, 80e81, 483
acrylic resins, 484e485
paraffin emulsions, 484e485
pigmented, 484
transparent, 484

D
Dead burn lime, 444
appropriate dosage, 446
dosage, 448e449, 450f, 452e453
formation of portlandite, 445e446
increase in concrete strength, 445e446
influence on concrete rheology,

445e446
Debye length, 259, 270
of cement pore solution, 266
effect of electrolyte concentration, 259

Deceleration period
in alite hydration, 138
in cement hydration, 138e139
coverage of particles, 138
impingement degree, 138

Defoamers, 279
in formulation, 345
use in PCE formulation, 385
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Deformation energy, 309
calculation of, 309
dependence on

disjoining pressure, 309
relative humidity, 310
shrinkage reduction, 309

Degree of thixotropy, 117
Degree of vitrification, 59
Deicing salts
attack on concrete, 472e473
drainage, 472
effect on bridge decks, 472, 472f

Delayed ettringite formation (DEF), 47
Delayed fluidification
effect of mixing protocol, 362
effect of sulfates concentration, 362

Delayed polymer addition
fluidity retention, 360e362
mixing protocol, 360

Depassivated steel, 322, 324
Depassivation, 323e325
Depletion flocculation, 416, 416f, 420
Desorption, 219, 232e233
effect of

admixture concentration,
219, 233

ionic composition, 219
isotherms modelling, 311e312
rate, 229

Diameter, silica fume, 62e64
Diatomaceous earth, 67, 68f, 71f
Dicalcium silicate. See C2S
Diethanolamine as corrosion inhibitor, 329
Different types of shrinkage, 22
autogenous shrinkage, 17e18, 20e23
drying shrinkage, 22e23
plastic shrinkage, 22e23

Diffuse layer. See Go€uy-Chapman double
layer model

Diffusion of chloride ions, 323
Dilution
of expansive agents, 444
of Portland cement, 8

Dimethylethanolamine, 329
Dimethylpropanolamine as corrosion

inhibitor, 329
Disjoining pressure
deformation energy, 309
dependence on relative humidity, 306

liquid film, 308
surface forces, 308

Dispersion
forces. See Van der Waals forces
importance of adsorption, 219
surface coverage, 241

Dissolution
in alite hydration, 132e135
in C3A hydration, 130
effect
of adsorbed admixtures, 282
of latexes, 282
of PCEs, 282
of retarders, 279e280, 290

influence of
crystal orientation, 134e135
density of defects, 134e135
fracture surface, 134e135
particle size distribution, 134e135
specific surface area, 134e135

process, 78
Dissolution-precipitation process, 42, 129
Distance between cement particles, 4, 4f
average, 4
minimum, 4e6

Diutan gum, 418e420
Divalent ions, 270
effect on
interparticle forces, 266
stability of AEAs, 182e183

ion correlation forces, 259
DLVO theory
definition, 262e266
effect of electrolyte concentration, 260f

Dormant period, 39, 49
Dosage of admixture, impact on fluidity, 219
Dosage of superplasticizer
active solids, 536
l/m3, 540
solids, 537e538

Drying shrinkage, 22e23, 79e80,
197e198, 442, 483

elimination, 83
influence
of concrete composition, 442
of environmental conditions, 442
of geometry, 442

in mortar, 461
use of SRA, 458
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Ductibility of UHSC, 506
Durability, 3e4, 10e12, 87

influence of compressive strength, 88e89
influence of w/c, 88e89
factor, 465e466

E
Effect of entrained air

on deicing salt, 379
on freeze-thaw resistance, 389
properties
of fresh concrete, 380, 388e389
of hardened concrete, 388e389

Effect of shear paddles on air content, 379
Effect of vibration on air content, 380
Effective water, 75
Elastic behavior, 103
Elastic modulus

influence of lightweight aggregate, 82
of SCC, 497

Electric arc furnace, 62, 63f
Electrical conductivity, 78, 78f
Electrochemical impedance spectroscopy

(EIS), 333
Electrolyte concentration, 260f

effect on
Debye length, 259, 270
Hamaker constant, 258
interparticle forces, 257

Electrostatic force, 258e262
effect of adsorbed layer thickness,

262, 268
in DLVO theory, 262
electrostatic potential, 261e262
definition, 260f
effect of Debye length, 259
surface potential, 259, 261

Go€uy-Chapman double layer model, 258
Eliminating steel corrosion, 476e477
Entrained air, 87e88

in blended cement, 93e94
concrete, 465e466
dissipation of energy, 88, 90
effect
on bubbles, 380
of carbon content, 94
of fibers, 387
of mixer type, 387e388
of mixing procedure, 387e388

of placing, 389
of soot, 93e94
of temperature, 388
of unburned carbon, 93e94
of vibration, 384, 388e389
on workability, 382e383

fluidification of cement paste, 88
free volume, 88
freezing and thawing, 88
influence
on absorptivity, 90
on bleeding, 89
of fly ash, 93e94
of formulation parameter, 383e387
on internal bleeding, 89
on permeability, 90
on segregation, 89
on transition zone, 89e91

rheology, 87e88
size of air bubbles, 381
volume of paste, 88
of wear of paddles, 384

Entrapped air, 87e88, 379
in UHSC, 504e505, 511

Entropy
conformation changes, 222, 226
role in adsorption effect of molecular

structure, 222, 226
Epoxy coated rebar, 475, 476f
Etch pits, 133
Ettringite, 38, 40, 41f, 46e49
dehydration, BET measurement, 247
delayed, 47
expansive, 45
formation, 129e130, 138e139
change of saturation degree, 287
effect of admixtures, 287
effect of superplasticizers, 286e287

influence of supersaturation degree,
130

morphology, 130e131
effect of superplasticizers, 237e238
modified by PCEs, 287
role on specific surface, 237e238

secondary, 46e47
in shotcrete, 411
stability, 130
trapped in air bubble, 90
unit cell, 49, 50f
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Evaporation of water, 22
drying shrinkage, 22
plastic shrinkage, 22

Evaporation retarder, 23, 80e81, 485
Excess paste/mortar approach, 112f
impact of granular classes, 112e113
influence on rheology, 112
thickness, 112e113

Excluded volume interaction effect of
dosage, 222

Expansion
factors affecting expansion, 448e453
influence

of cold temperature, 451e452
of curing conditions, 449e450
of temperature, 451e452

mechanism, 444e446
Expansion agent, 457e458
Type G, 462

Expansive agents, 441
different types, 441
dosage influence on expansion,

448e449
ettringite formation, 444e445
field applications, 453e454
formulation, 444

type G, 444e445
type K, 444, 453

Expansive chemicals, 45
Experimental domain, 554
2D experimental domain, 554f
3D experimental domain, 555f
definition, 554e555
selection, 555

Experimental error, 556, 559e560
Experimental issues
adsorption measurement, 241
aluminates reactivity, 243
BET, 247
centrifugation, 244
filters, 244
GPC, 245e246
HPLC, 245e246
ionic composition, 242
light scattering, 246
mixing energy, 243
pore solution extraction, 244
pore solution stabilization, 244
pressure filtration, 244

solid content, 242
specific surface, 243, 247
suspensions preparation, 242
time of addition, 243
TOC, 244
ultracentrifugation, 244e245
UV/Vis spectrometry, 245
zeta potential, 247

Exterior factors causing corrosion, 471
External curing, 81, 485e486
External source of water, 81e82
influence on shrinkage, 81e82

External temperature, 444
influence on expansion reaction, 444

External water, 19e20, 23,
483e484, 486

curing, 457

F
False set, 38
Ferrosilicon, 62
Fibers effect on entrained air, 387
Fibrillar morphology in C-S-H formation,

137
Filler, 3e4, 6e7, 11, 67e68
in blended cement, 9e11
ground glass, 69e70
limestone, 68
silica, 68
use in SCC, 492e493

Filling ability, 492
Filters, experimental issues, 244
Fineness, 31, 36e37, 46, 48, 53
clinker, 68
slag, 60

Flash set, 38, 130
Flocculation, 11e12
Flow behaviour types, 97e98, 102e103
Flow curve, 100e101, 102f, 121e122
Flow retention, 289e290
Fluidity, 353
effect of admixture dosage, 219e220
effect of aluminates content, 360
in presence of polycarboxylate ethers,

360
loss effect of polymer in solution, 221
effect of sulfates content, 362, 365
in presence of polycarboxylate ethers,

371
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Fluidity (Continued)
in presence of polymelamine sulfonate,

354, 367e368
in presence of polynapthalene

sulfonate, 354, 367e368
effect of surface mineralogy, 367

Fluxing agent, 58
Fly ash, 60e62, 230

Class C, 61, 66f
Class F, 61, 66f
crystallized, 62
effect on entrained air, 93e94
freezing and thawing, 88
sulfocalcic, 61
effect of unburned carbon, 386
effect on AEA dosage, 386

use in SCC, 492e493
Fogging, 81f
Formulated product, 279

composition, 279
impact on hydration, 279

Fractured surface of UHSC, 507f
Free energy

adsorbate-surface-solvent
interactions, 222

surfactants adsorption, 239
Free lime, 33, 441e442
Free shrinkage, 441e442

measurement, 446e447
Freezing

temperature of water, 433
sea water, 433

and thawing, 47, 47f
Friction forces, 99

influence on rheology, 103
Friedel’s salt formation, 129
Fuel influence on production cost, 27
Full hydration, 16e20, 23

G
Galvamic elements, short-circuited, 325e326
Galvanized reinforcing rebars, 476
Gehlenite, 59
Gel water, 16, 19e21
Geotextile, 466

saturated, 466
use to cure concrete, 466

GFRP. See Glass fiber reinforcing polymer
rebars

Gibbs-Duhem equation
surfactants adsorption, 240

Glass fiber reinforcing polymer rebars,
476e477

Glucose, 279e280, 295
impact on hydration, 279e280, 281f
as retarder, 398

Go€uy-Chapman double layer model
definition, 258

GPC, experimental issues, 245e246
Grafting density of PCEs
impact on adsorption, 227, 288e289

Grain size distribution
fly ash, 61e62
optimization in SCC, 492e493
of powders in UHSC, 503e504, 507

Gravity forces, 103
influence on rheology, 103

Grinding, 36e38
of Portland cement influence on

sulfates, 129
Ground glass, 69e70
use in UHSC, 69
high voltage power line anchors, 435

Gypsum, 30e31, 38, 48e49
content, 3, 68
dehydration, BET measurement, 247

H
Hamaker constant, 105
of cement, 264
definition, 257e258
effect of electrolyte concentration,

258
Haneda airport extension, 515e518,

516f
Hard inclusions, 69
strengthening effect, 20e21

Hardening, 129, 136
Heat of hydration, 15
Heat recovery system, 63f, 64
Heat release, 39f, 44
of Portland cement, effect of retarders,

286e287
Heat treatment of UHSC, 504
Heated shelters, 433
Heating
of aggregates, 433
concrete to accelerate hardening, 406e407
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Helmholtz free energy
components

deformation energy,
309e310

total, 310
dependence on relative humidity, 310

Hemicarboaluminate formation, 129
Hemihydrate, 30e31, 38, 48e49, 131
Herschel-Bulkley model, 103e104
Hidden water, 75, 531
High furnace, 57f
High range water reducer adsorption, 219
High rise buildings use of SCC, 497
High strength cement to accelerate

hardening, 405e406
High voltage power line, 434
High volume fly ash concrete, 9
High volume slag concrete, 9
Histogram, 569, 569f
skewed distribution, 570f

HLB. See Surfactants
Homogenization hall, 28
Honeycomb, 491
HPLC, experimental issues,

245e246
Hump, 55, 64
Hydrated lime, 39, 43
influence on mechanical properties, 43

Hydrated lime, 53
Hydration
autogenous shrinkage, 44e45
C3A, 46
C3S, 38
of cement, 424

C-S-H, 425, 427f
C3S, 425, 426fe427f
microsilica, 426, 427f
nanosilica, 426, 427f

heat release, 39f, 44
of four principal phases, 39
Portland cement, 39e42

influence on concrete rheology, 110
physical consequence, 75e76
of Portland cement

under water, 18e19
w/b ¼ 0,36, 19
w/c ¼ 0,30, 20e22
w/c ¼ 0,42, 17e19
w/c ¼ 0,60, 19e20

side effects, 44e45
thermodynamic consequence, 76
volumetric consequence, 76
volumetric contraction, 44

Hydrocalumite
composite with PCEs, 236e237
formation, 129, 131

Hydrodynamic forces, 104
influence on rheology, 106

Hydrogarnet formation, 130
Hydrolysis of side chains in PCEs, 289
Hydrophilic surface
adsorption of surfactants, 230
effect of counter ions, 231
effect of hydrophobic tail, 231
effect of surfacial charges, 231

Hydrophilic termination,
379e380

Hydrophobic surface, adsorption of
surfactants, 230

Hydrophobic termination, 379e380
Hydrotropes, 239
Hydroxides, competitive adsorption with

PCEs, 234
Hypothetical cement particles, 37

I
Ice
ice-making machine, 396
setting delay, 395e396

Illites, 66
Impingement degree, 138
Impurities, 57e58, 60
Incompatibility
admixture/admixture, 353
cement/admixture, 364

Increase of slump, influence on air
entrainment, 384

Individual inclusion, 504
Induction period, 279e280
in alite hydration, 133, 135e136
in cement hydration, 138e139
effect of retarders, 279e280

Inertial forces, 104
influence on rheology, 104

Influence of commercial
admixtures, 344

Influence of supplementary cementitious
material on corrosion, 329
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Influence of w/c
autogenous shrinkage, 22
on superplasticizer dosage,

559e560
Influence on compressive strength

basalt, 12
calcined bauxite, 12
granite, 12
porphyry, 12
trap rock, 12

Inhibitor action
control, 335
measurement, 335

Initial expansion, 444, 446
Initial rheology, 38, 46
Initial strength, 7e8, 11
Initial swelling, 442
Initiation phase, 322e325

duration, 322e323
Inner product, 137e138
Insulated form to accelerate hardening, 407
Insulating blankets, 433
Interaction, 556e559
Intercalation, consumption of admixtures,

219e220
Interfaces

air-water, 379e380
cement-water, 379e380

Internal bleeding, 89
Internal curing, 22e23, 83e84, 457

saturated lightweight aggregates,
485e486

Internal expansion, 441
influence
of chemical nature of expansive agent,

441
of dosage of expansive agent, 441
of duration of water curing, 441
of type of expansive agent, 442

intensity, 441
Internal source of water, 82e83

influence on shrinkage, 82
Internal water, 484
Interparticle forces, 257, 264

atomic force microscopy, 271f
calculation with Hamaker software,

264, 273
effect of
charge plane position, 265e266

divalent ions, 270
electrolyte concentration,

258, 260f
Zeta potential, 269, 269f

Interstitial phase, 28, 30f, 31, 37, 40, 46
Interstitial solution, pH, 471e472
Intrinsic strength of coarse aggregate,

503e504
Ion migration, 323
Ionic plans, 54
Ionic species solubility, 76
Ionic strength. See Electrolyte concentration
Iron oxide, pellets, 57e58
Iron powder, 12
Iso-responses, 562, 563f

J
J-ring test, 494e495, 495f
Jennite-like structure, C-S-H formation, 136
Jensen and Hansen model, 16e17, 19

K
KA, adsorption equilibrium constant

derivation, 230
Kaolinite, 65e66
impact on adsorption, 238

Krieger-Dougherty model, 110e111

L
L box test, 495
Laboratory studies on inhibitors, 327e333
Lactose, 292f
Lactose as retarder, 398
Langmuir adsorption isotherm, 222, 227, 242
Laplace law, 80
Laplace-Gauss law, 565
Latex impact on C3S dissolution, 282
LCPC box testing SCC, 495
Le Chatelier experiment, 15e16, 16f
Leaching, 43, 76
SRA, 317

Light scattering
experimental issues, 246

Lignite, 60e61
Lignosulfonate(s), 150e153, 287
adsorption
effect of molecular mass, 227
effect of polydispersity, 224

characterization, 152
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effect on cement hydration, 152, 154
in formulation, 346
production, 153
structure, 152f

Lignosulphonates. See Lignosulfonate(s)
Limestone
fabrication of Portland cement, 27
filler use in SCC, 492e493

Liquefied natural gas (LNG), 497e498
Liquid crystals self-association of

surfactants, 219
Liquid nitrogen to delay setting, 395e396
Liquid saturation. See Pore saturation
Liquid-vapor interface
creation of interfacial area, 315e317
estimation of interfacial area, 311e313
impact of SRA, 313
SRA concentration, 315e317

Liquid-vapor interface, 219
Liquid-vapor interfacial area. See Liquid-

vapor interface
Liquid-vapor/air interface, surfactants

adsorption, 219, 239
LOI, 33
Long term compressive strength,

8e9, 11, 68
Loss of fluidity, 221
effect of competitive adsorption, 233
effect of coverage degree, 221
effect of polymer in solution, 221
effect of specific surface, 221

Loss of workability, 38
Loss on ignition. See LOI
Louis Vuitton’s Foundation in Paris,

520e521, 521f
Low alkali cement, 36
Low w/c concrete, 457e458
influence on protection of reinforcing steel,

471, 473

M
Macro-cell, 325e326
testing method, 334

Magnesia, 33
Maltodextrin impact on hydration, 295
Maltose, 292f
as retarder, 398

Manufactured sand, 89
Match casting, 511

Matrix of effects, 558e559
Maximum attractive force, 258, 265,

272e273
effect of
adsorbed layer thickness, 274
superplasticizer adsorption, 268, 270
surface coverage, 273, 274f

yield stress, 257e258, 261e262
Measurement of air content
lightweight concrete, 380
normal density concrete, 380

Mechanical bonds creation, 15
Mechanical properties
influence of air content, 87
influence of portlandite, 39e40

Mechanism of action, 415e418
bridging flocculation, 416, 420
cellulose ether, 421e422
depletion flocculation, 416
entanglement, 416
hydroxypropylguar derivatives,

421e422, 423f
polymer-polymer association, 416

Melilite, 59
Menisci, 17e18, 20, 22, 76,

80e82, 457
formation, 483e484

Metakaolin, 65e66, 65f, 71f
Method of placing
conveyer, 389
influence on entrained air, 389
use of constriction, 389

Mica impact on adsorption, 238
Micelles
Critical Micelle Concentration, 317
formation, 239
self-association of surfactants, 219
surface tension, 313

Micro cracks in UHSC, 504
reduction of size, 504

Microstructure
effect of C-S-H seeding, 137e138
of cement paste, 3
effect on corrosion, 472e473

Migrating agent, 475
Mineral composition of cement impact on

hydration, 279
Minicone test, 549
Minor oxides, 33

Index 599



Mitigating steel corrosion
epoxy coated rebar, 475
galvanized reinforcing, 476
GFRP, 476e477
stainless steel, 475e476

Mixer type effect on entrained air, 387e388
Mixing

energy, experimental issues, 243
procedure effect on entrained air, 387e388
protocol
direct polymer addition, 360
impact on delayed fluidification, 362

water, 534
modification of dosage, 534

Mixture design, influence of bubble
network, 382

Model(s)
for adsorption isotherm, 222
Langmuir, 222

validation, 557
Modified starch, 418e420
Moisture content, 533e535
Molecular architecture of admixtures

impact on hydration, 279
PCE, 279, 281e282
sugars impact on hydration, 290

Monocarboaluminate formation, 129
Monodentate complexes

PCEs, 281
sugars, 296

Monoethanolamine, 329
Monofluorophosphate(s), 327

corrosion inhibitor, 475
Monomers size role in conformation

when adsorbed, 227e228
Monosulfoaluminate formation, 38, 40,

46e47, 129e131
Montmorillonite, 66

impact on adsorption, 238
Morphology of cement particles, 37
MUCEM in Marseille, 519e520
Multicomponent blends of inhibitor, 321
Muscovite impact on adsorption, 238

N
N, structural parameter, 227e228
Na2O equiv, 33, 36
Nanisivik experiment, 434e438

monitoring, 435

Nano-particles
experimental issues, 244
impact on rheology, 244

Natural pozzolan, 66e67
Newtonian materials, 101e102, 121e122
NF P18-424 Standard, 91
NF P18-425 Standard, 91
Nitrates competitive adsorption, 233
Non porous material, 19
Non-newtonian materials, 121e122
Normal frequency curve, 565e568
area under, 567
reduced centre value, 566

Normal law, 565
Nuclear power plant, 473
banning of sodium salt of PNS, 473

Nucleation and growth process, 136
Nucleation/growth process
effect of retarders, 279e281
on dispersive effect, 283
on favored crystal growth direction,

283
on nuclei, 283

Nuclei
C-S-H effect of carboxylates, 283e284
poisoned by retarders, 283

O
Open porosity, 20
Optimization process, 549
Organic corrosion inhibitors mechanism of

action, 330e331
Organo-mineral phases
aluminates phases, 235
stability, 237

formation, 234
effect of addition time, 235

hydrocalumite, 236e237
impact on
adsorption isotherm, 235
dispersion, 235
hydration rate, 235
specific surface, 237

Organomineral phases, 285
Origin of shrinkage, 22
autogenous shrinkage, 17e18, 20e23
drying shrinkage, 22e23
plastic shrinkage, 22e23

Oscillation rheometry, 119
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Outer product, 42, 137e138
Overlays, 453e454

P
P, structural parameter, 227e228
Packing density
improving, 507

of UHSC, 504
in SCC, 492e493

Paraffin emulsions as curing compounds,
484e485

Parking garage
effect of deicing salt, 472
exterior multilevel, 472

Particle interaction, 105e106
Passive film, 322, 328, 471
destruction, 472e473

PCEs. See Polycarboxylate ethers
Peclet number, 106
PEG
monomer size, 229
side chains, 164f, 167e168

Percolation threshold, 104e105
Perlite, 67, 69f
Permeability, 322e323
influence of entrained air, 88, 90

pH
of interstitial solution, 43
of pore solution, 322

Phosphonate(s)
complexation, 281e282
terminated PEG brushes, 159e160

Pig iron, 56, 58
Pitting potential, 324
Placing, 89, 92
parameters influence on bubble network,

382
Plastic shrinkage, 22e23, 79e81, 483e485
Plastic viscosity, 549
definition, 121e122
influence

of clays, 116
of fly ash, 114
of silica fume, 114

relation
to rheological tests, 360
to surface coverage, 360

shear thickening, 359
shear thinning, 359

PMS, 49
PNS. See Polynaphtalene sulfonates
Polyacrylates influence on air content, 93
Polycarboxylate ethers, 161, 268,

270, 279, 281e282
adsorbed layer thickness, 262, 267e268,

270
adsorption
on clay minerals loss of dispersion, 238
impact on saturation degree, 287
effect of molecular mass, 227
effect of polydispersity, 224
role of molecular structure,

288e289
in alkaline activated system, 234
anionic charge density, 162
backbone impact on adsorption, 227
characterization, 168
competitive adsorption
hydroxides, 234
sulfate ions, 233

complexation, 281
crown ethers, 281e282
mono-/bidentate ligand, 281e282

conformation
in solution, 169e171, 227e228
when adsorbed, 227e228
surface occupied, 227e228

dosage effect on dispersion, 268
effect of
adsorbed conformation, 267
adsorbed layer thickness, 270
superplasticizer molecular structure,

267e275
grafting degree effect on interparticle

forces, 272
grafting density impact on adsorption, 227
hydrolysis, 164
impact on
air entrainment, 354, 368, 371
CaCO3 precipitation, 283e284
dissolution, 282
ettringite morphology, 287
ettringite nucleation, 287
hydration, 279, 281e282
nucleation/growth, 282
sulfate consumption, 287
sulfate depletion peak, 286

influence on air entrainment, 385
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Polycarboxylate ethers (Continued)
molecular design, 279
molecular structure
effect on interparticle forces, 272e275
impact on adsorption, 227

radius of gyration, 169e171, 227e228
retardation role of molecular structure,

288e289
secondary effect, 385
side chain
length effect on interparticle forces, 272
impact on adsorption, 227

steric forces, 266e268, 271
structural parameters, 227e228
synthesis, 167e168

Polydispersity
impact on adsorption, 224
lignosulfonates, 224
PCEs, 225
superplasticizers, 227

Polymelamine, 49, 157e159, 158f, 354,
367e368

Polymethacrylate monomer size, 229
Polynaphtalene sulfonates, 49, 154e157, 473

banning of sodium salt, 473
calcium salt, 473
characterization, 156
impact on air entrainment, 354, 367e368
sodium salt, 473
synthesis, 155f

Polynaphthalene, 49
Polyoxyethylene di-phosphonates. See

Phosphonate terminated PEG
brushes

Polyoxyethylene phosphonates. See
Phosphonate terminated PEG
brushes

Pore saturation
relative humidity, 312f
SRA dosage, 312f
surface tension, 312f

Pore solution
extraction, 241
experimental issues, 244

stabilization, experimental issues, 245
Porosity, 322e323
Portland cement, 3, 6e9, 11e12

chemical composition, 8, 11, 33e36
colour, 33

dilution, 8
fabrication, 48
free lime, 33
hydration, 15, 17e18
insolubles, 33
magnesia, 33
production cost, 27
sulphates, 33

Portlandite, 8, 39e40, 41f, 43
expansive agent, 445e446
formation, 129, 132e134
impact on C-S-H precipitation, 283
effect of raffinose, 296
saturation degree, 297
effect of sucrose, 283, 296
effect of sugars, 291

Power’s model, 16
Power’s work on hydration, 16e22
Pozzolan, 43, 53
artificial, 61, 66
natural, 66e67

Pozzolanic
material, 43
reaction, 53
in UHSC, 506

Pre-cast plants use of SCC, 491, 501
Precalcinator, 31, 32f
Precast elements banning of calcium

chloride, 473
Precipitation of hydrates, consumption of

admixtures, 219e220
Preheater, 31
Pressure filtration, experimental issues,

244
Prestressed beams effect of chloride ion,

472f
Preventive measure against corrosion, 323,

472e473
Propagation phase, 321, 325e326
Protection of steel reinforcing, 473
cathodic protection, 474
corrosion inhibitor, 474e475
low w/c concrete, 473

Protective impervious membrane,
472e473

Protective membrane
in alite hydration, 133
in C3A hydration, 130

Pseudoplastic behaviour, 121e122
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Pumping, 89
influence

of air entraining agent, 93
of constriction, 389
of half end loop, 389
of spacing factor, 93
of mixing water, 93
of other admixture, 93
of pump, 93

of SCC, 497
total air content, 93

Q
Quadratic effects, 557
Qualitative factors, 552
Quality control of SCC, 493e497
Quality of water, 75e76
Quantitative factors, 552
Quartz, 54
Quenching, 55, 64
of clinker, 28, 31e33

R
Radius of gyration, PCEs, 227e228
Raffinose, 293f
adsorption, 295e296
complexation

deprotonation at high pH, 295e296
monodentate complexes, 296

impact on portlandite formation, 296
Range, 574t
variation of range, 581f

Rate
of adsorption, 229
of desorption, 229
of penetration of aggressive agent,

322e323
Raw meal, 27e28, 31e33, 36
Reaction wall use of SCC, 499e500
Reactive powder concrete, 12. See also Ultra

high strength concrete (UHSC)
Recycling, 53
Reduced centre value, 566
Reinforcing bars corrosion, 471e472
Relative humidity (RH)
capillary pressure, 310
deformation energy, 310
disjoining pressure, 306, 310
Helmoltz free energy, 310

influence on cabonation rate, 324e325
pore saturation, 312f
shrinkage reduction, 306, 314

Repair work, 443, 453e454, 457e458
use of SRA, 459

Residual viscosity, 105e106, 359
Residual yield stress, 107e108
Resistance to freezing and thawing,

465e466
of SCC, 497

Restrained expansion, 446
demolding, 447
measurement, 447

Restrained shrinkage, 441e443, 453
Retardation
effect of admixtures
chemical nature, 279
dosage, 279
molecular architecture, 279
time of addition, 279

effect of cement
composition, 279
fineness, 279

by complexation. See Complexation
complexation of calcium ions
limitations, 281e282

disruption of nucleation, 281
effect
of ambient temperature, 395e396,

399
of temperature of ingredients, 395

field problems, 400e403
effect of formulated product, 279
importance of C3A content, 287
inhibition of dissolution, 281e282
inhibition of nucleation/growth, 282
mechanism, 398
effect of PCEs, 279, 281e282,

288e289
backbone, 289
molecular architecture, 288e289

perturbation of silicate-aluminate-sulfate
balance, 281, 285e287

role of PCEs molecular architecture,
288e289

saturation degree, 287
effect of sugars, 279e280, 290
glucose, 279e280
saccharides, 290
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Retardation (Continued)
sucrose, 31, 291, 295e297

effect of sulfate availability, 279
by superplasticizers, 287e290

Retarder(s), 77, 171e174, 219. See also
Sugars

addition time, 400
chemistry, 171
combination
with superplasticizer, 395
water-reducer, 395

different chemicals, 397e398
dosage, 399e400
ambient temperature, 399
concrete initial temperature, 399
duration of concrete delivery,

399
duration of retardation, 399
as function of cement, 399

effect of
chemical nature, 279
dosage, 279
molecular architecture, 279
time of addition, 279

in formulation, 343e344
impact on
dissolution, 279e280
growth, 279e280
heat release, 279e280
induction period, 279e280
nucleation, 279e280
silicate-aluminate-sulfate balance,

285e287
slope of acceleration period, 279e280
sulfate depletion peak, 279e280

inorganic salts, 171, 397e398
overdosage, 402e403
sugar, 398e399
use in field, 397e400

Retempering, 77
Reynolds number, 106
Rheological

behavior of paste, 104
properties of SCC, 491e492

Rheology, 415e417
bridging flocculation, 416
definition, 97e101
diutan gum, 418e420
improvement, 88

influence
of dead burn lime, 444e445
of sulphoaluminate, 444e445, 449

modified starch, 418e420
shear thinning behavior, 417f, 418e420
superplasticizer, 418e420
of UHSC, 508e509
welan gum, 418e421

Rheometer, 101, 121e122
Rigid inclusion, 6
Risk
to consumer, 583
of cracking, 443e444
to producer, 583

Robustness, 364e365
Role in suspension stability, 263e264
Rolled aggregates influence on concrete

rheology, 113
Rusting, 478

S
Saccharides
impact on C3S hydration effect of dosage,

291e292
molecular structures, 291e292

Sacrificial anode, 474
Saturated lightweight aggregates, 22, 82,

484, 486
coarse, 82
fine, 82

Saturated surface dry state. See SSD state
Saturation degree
effect of
complexation, 281
PCEs adsorption, 287
retarders, 283, 297
sugars, 291

impact
on alite hydration, 133
on ettringite precipitation, 130

Saturation dosage
determination by rheological tests, 356f,

358e359
impact on adsorption, 220
plastic viscosity, 359
shear thickening, 359e360

Scaling resistance, 465e466
SCC. See Self-consolidating concrete
Sea water, 75e76, 83e84
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Sealant, 23
Secondary C-S-H, 43
Secondary ettringite, 46e47
Secondary ion mass spectroscopy, time of

flight, 333
Segregation, 76e77, 109
influence of entrained air, 89
influence on aggregate mix, 109
influence on maximum packing, 109
influence on permeability, 109
influence on strength, 109
influence on yield stress of paste, 109

Self-compacting concrete. See Self-
consolidating concrete (SCC)

Self-consolidating concrete (SCC), 44, 89,
460, 491

associated costs, 491
cohesiveness, 492e493
creep, 497
elastic modulus, 497
field advantages, 497e499
formulation, 492e493
hardening properties, 497
high powder content, 493
in high rise building, 497
low powder content, 493
materials used, 493
moderate powder content, 493
noise nuisance, 491, 499
packing density, 492e493
passing ability, 491e492, 495

noise nuisance, 491, 499
noise restrictions, 501

plastic shrinkage, 497
post tensioned, 498, 498fe499f
proportion of coarse aggregate, 492
proportioning, 493
pumping, 497
quality control, 493e497
reaction walls, 499e500
reduction of size of coarse

aggregate, 492
resistance to freezing and thawing,

465e466, 497
rheological properties, 491e492
selling SCC, 500
spacing factor, 497
static stability, 496f
statistical model, 491e492

surface quality, 491
testing, 493e495, 499
typical SCC mixtures, 493te494t
use in LNG tank, 497e499
use in precast industry, 491
use in ready mix industry, 491
use of SRA, 460
use of VMA, 492
viscosity, 492
yield stress, 492, 495

Self-levelling. See Self-consolidating
concrete (SCC)

Self-placing. See Self-consolidating
concrete (SCC)

Selling SCC, 500
Semi-dilute regime effect of dosage, 222
Service life of concrete structure, 321
Set retarders. See Retarders
Setting, 129e130
Shale fabrication of Portland cement, 27
Shear laminar flow, 98e99
stress field, 98e99

Shear rate, 98e100
critical, 106
definition, 106
dimension, 100

Shear stress, 99e100, 121e122
Shear thickening, 103e104
definition, 121e122
effect
on extrusion, 105e106
on mixing, 105e106
on pumping, 105e106

influence of superplasticizer, 105
Shear thinning, 103e104
definition, 121e122
plastic viscosity, 359

Sherbrooke pedestrian bikeway, 505
assembling, 512
completed passerelle, 514f
confinement, 511
construction, 511e513
curing, 511
day view, 511
design, 509
diagonals, 510f, 511
long term behavior, 515
match cast, 511
natural frequency resonance, 515
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Sherbrooke pedestrian bikeway (Continued)
night view, 516f
post tensioning, 511
pressing of diagonals, 511
static loading, 515
testing, 515
transportation, 512

Short term compressive strength, 68
Shotcrete acceleration, 410e412
Shotcrete repair, 475

use of calcium nitrate, 475
Shrinkage

apparent volume contraction, 78e79
compensated concrete, 441
different types, 78e79
influence of curing conditions, 78e79

Shrinkage reducing admixture, 219, 457
adsorption
liquid-vapor interface, 239
onto solid surfaces, 317
solid-liquid interface, 230

amino alcohols, 205
classification, 205
compatibility, 196e197, 200
concentration
liquid phase, 317
liquid-vapor interface, 315e317

dosage
effect on surface tension, 313
pore saturation, 312

effect on entrained air, 465e466
and expansion agent, 462
expansive agent, 462
field use, 466e468
glycols, 201e202
alkylene glycols, 201
monoalcohols, 201
polyoxyalkylene glycols, 201
solubility, 201

impact
on interfacial area, 313
on surface tension, 313

laboratory studies, 459e466
leaching, 317
multi-component SRAs, 201, 203
in overlays, 466e467
polymeric surfactants, 203e205
polyoxyalkylene glycol alkyl ethers,

202e203

principal molecules, 458
repairs, 465e467
resistance to freezing and thawing,

465e466
typical dosages, 458e459
use in self-compacting concrete, 460
working mechanism, 197e198

Shrinkage reduction, 197e198, 202e203
impact of relative humidity, 306, 314
theory of
capillary pressure, 307
disjoining pressure, 311
energy balance, 307

Side chains of PCEs, impact on adsorption,
227, 288e289

Significant factor, 551e552
Signification
of w/b, 11
of w/c, 11

Silane, 83
Silica content, 33
Silica fume, 62e64
diameter, 64
effect on entrained air, 386
gray, 64
influence on plastic viscosity, 114
in UHSC, 504
use in SCC, 492e493
white, 59f

Silicate content, 36
Silicate phase, 28, 31
Silicate salts
as accelerator, 407, 411
w/c or w/b decrease to accelerate hardening,

406
Silicate-aluminate-sulfate balance,

139e140, 298
effect of
retarders, 281, 285
superplasticizers, 285

importance of
C3A content, 287
cement model, 285
sulfate depletion point, 286

Silicates, 57e58, 65e66
Silicon, 62
Size of air bubbles, effect on spacing factor,

381
Skewed distribution, 570f
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Slabs on ground, 441, 454
cracking, 447
friction on soil, 453

Slag, 43, 58, 60
cold slag, 59, 59f
degree of disorganization, 59
effect on AEA dosage, 386
hot slag, 59, 59f
reactivity, 59
use in SCC, 492e493

Slow dissolution step hypothesis, 133e134
limitation, 133e134

Slump
loss, 49, 77, 533
relation with yield stress, 108f
retention, 344
test, 108

SNFC, adsorption effect of molecular mass,
227

Solid-liquid interface, 219
adsorption of surfactants, 219

Solid(s)
active, 536
content

adsorption measurement, 242
of superplasticizer, 537e538

gel, 16e21
in superplasticizer, 537e538

Solubility rate of calcium sulphates, 49
Soluble alkalis, 242
Solution depletion method, 219e220, 241
Solvo-surfactants, 239
Soot, 61e62
Spacing factor, 88, 91e92, 381e383,

472e473, 497
Canadian regulation, 91e92
definition, 381
signification, 91
effect of size of air bubbles, 381

Spalling due to corrosion, 471
Specific gravity
coarse aggregate, 533, 533f
of Portland cement, 3e5
Portland cement, 535
SSD, 535

Specific surface, 5, 43
area, 36e37, 226
changes impact on coverage degree,

237

effect of
admixtures, 237
aluminates reactivity, 243

experimental issues, 243, 247
impact on loss of fluidity, 221
role of organo-mineral phases, 237

Specifying curing conditions according to
w/c, 484e485

Sprayers, 80
SRA. See Shrinkage reducing admixture
SRA-AEA interaction, 463
effect on stability of bubbles, 463e464

SSD state, 75, 531e532
coarse aggregate, 531e532
fine aggregate, 532
schematic representation, 532f

Stability, 415e416, 421f
Stabilization of air bubbles, 87, 92
Stainless steel reinforcement, 475e476
Standard deviation, 556, 559, 566
overall, 570e571
variation, 573, 579f

Static stability of SCC, 496f
Statistical analysis, 569, 578e579
limitation, 579e583
lucky bad producer, 582
risk of consumer, 583
risk of producer, 583
unlucky good producer, 582

Statistical design, 551e552
absolute values, 552, 552f, 554f, 560, 560t
coded value, 552e554, 554f, 560, 560t
confidence interval, 560
criteria of optimality, 559
definition of factor, 551e552, 556e557
experimental
approach, 551
domain, 554e555
error, 556

first order interaction, 557e559
high level, 556
interaction, 556e557
of second order, 557, 559e560

level, 551e553
lower level, 552e553, 556
mathematical treatment,

556e564
matrix of effects, 558e559
non-linear model, 557
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Statistical design (Continued)
quadratic effects, 557, 560e562
qualitative factor, 552
quantitative factor, 552
range, 551, 553
response, 551e552, 556e557
column, 558e559

vector of coefficient, 558e559
Statistical model, 491e492
Steam curing of UHSC, 506
Steel

fiber in UHSC, 503, 506, 507f
forms life time, 491

Steric hindrance. See Steric forces
Stern layer. See Go€uy-Chapman double

layer model
Stickiness, 359
Strength

development role of C-S-H,
137e138

initial, 7e8
long term, 8e9, 11
Rupture of concrete, 12

Strengthening effect
hard inclusions, 20e21
rigid inclusions, 6

Stress
concentration, 503e504
at contact angle, 503e504
transfer, 504

Structural breakdown curves, 117e119,
118f

Structural build up, 119e120
Structural parameters of PCEs

P, N, n, 227e228
role in conformation, 227e228

Substitution rate, 7, 10e11
of Portland cement, 8e9

Sucrose, 283, 292t
adsorption, 295e296
on aluminates, 298
on C3S, 297e298
on mica, 297
effect of pH, 297e298
on portlandite, 296

complexations
deprotonation at high pH, 295e296
effective retarder, 290

impact on dissolution kinetics, C3S, 297

impact on dissolution effect of solid to
liquid ratio, 297

impact on hydration, 295
with addition of portlandite, 296

impact on portlandite
formation, 296
morphology, 296
nucleation, 283

impact on saturation degree, 297
monodentate complexes, 296

Sugars, 279, 282, 290e291, 293e295
a-methyl glucoside, 292t
aliphatic sugar, 290, 292e293
binding capacity, 295
cellobiose, 292t
chemistry, 171
classification of retarding effect, 291
complexation, 282, 293e295
complexing ability, 173
degradation in alkaline conditions, 298
as delayed accelerators, 290
disaccharides, 173e174
glucose, 279e280, 292t
impact on hydration, 295
stereoisomers, 172

glycosidic bond, 173
impact on hydration, 279
role of molecular structure, 290e291

impact on ions concentration, 291
calcium, 291

impact
on durability, 290
on long-term strength, 290
on pH, 291
on portlandite formation, 296
on saturation degree, 291

lactose, 292t
linear saccharides, 291e292
maltodextrin impact on hydration, 295
maltose, 292t
mono-/bidentate complexes, 296
monosaccharides, 172e173
non-reducing, 291
non-retarding, 291
oligosaccharides, 174
polysaccharides, 174. See also Viscosity

modifying admixtures
raffinose, 174, 174f, 292t, 295e296
reducing, 291
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saccharides, 291e292
seeding effect, 290
stereochemistry, 172e173
sucrose, 173
thehalose, 292t

Sulfate
availability impact on hydration, 279
consumption

effect of PCEs, 286e287
role of surface area, 287

depletion peak, 286
effect of PCEs, 286
effect of retarders, 279e280

depletion point, 130, 138e139
dissolution effect of PCEs adsorption, 286
sensitivity parameter, 233

Sulfate ions
competitive adsorption, 233

with PCEs, 233
Sulfocalcic fly ash, 61
Sulphates in cement, 38
Sulphoaluminate, 40, 444e445
appropriate dosage, 450f
influence on AEA, 444e445
influence on workability,

444e445
interaction with admixture,

444e445
Superabsorbent polymers (SAP), 22, 82
Superficial tension, 379e380, 457
Superplasticizers (SPs), 9, 12, 38, 46, 49,

267, 417e421
adsorption, 267e275

adsorbed layer thickness, 267e268,
270

affinity role of aluminates, 226
conformation, 267, 270
effect on maximum attractive force, 258,

265, 272e273
effect on minimum interparticle distance,

263e264
effect on surface charge, 258
effect on zeta potential, 269, 269f
electrostatic stabilization, 269
electrosteric stabilization, 266, 270
influence on separation distance, 105
effect of molecular mass, 227
reducing attractive forces, 106
reducing degree of flocculation, 105

reducing yield stress, 105
steric forces, 266e268, 271
steric stabilization, 266e268

dosage, 536e540
effect
on spacing factor, 385
on yield stress, 257e258

impact
on aluminate-sulfate interaction,

285
on hydration, 287
on silicate-aluminate-sulfate balance,

285
influence
of fluidity of paste, 549
on entrained air, 385

interaction with AEA, 385
mass
of solids, 539e540
of water, 538e539

perturbing
AFm formation, 285
ettringite formation, 285

polydispersity, 227
reduction of inter particles forces, 111
saturation dosage, 109
schematic representation, 537f
in UHSC, 509
use in SCC, 492
volume needed, 539e540

Supplementary cementitious material,
3e4, 6e9, 7fe8f, 11, 53,
70, 140

content, 535e536
diatomaceous earth, 67, 68f, 71f
hydrothermal vitreous silica, 67
perlite, 67, 69f
rice husk ash, 67, 70fe71f

Surface charge, 258
effect of electrolyte concentration, 260f
effect of superplasticizer adsorption,

268e275
Surface coverage, 241
relation to yield stress, 357
saturation of surface, 220
zeta potential, 247

Surface forces
disjoining pressure, 308
liquid film, 308
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Surface tension
interfacial area, 313
micelles, 313

role of surfactants adsorption, 240e241
impact of SRA dosage, 313

Surfactants
amphoteric, 193e195
amine oxides, 193
betaines, 193

anionic, 188e192
adsorption, 189
carboxylic acid salts, 189e190
classification, 189
synthesis, 189

precipitation, 189
sulfonic acid salts, 190e191
alkylbenzenesulphonate, 190
a-Olefin Sulphonates, 190
sodium dodecylbenzenesulphonate,
190

sulfuric acid salts, 191e192
alcohol ether sulphates, 191
sodium alkyl sulphates, 191

taurates, 192
structure, 191f

applications, 185t
cationic
compatibility, 192
quaternary ammonium salts, 192

classification, 172, 175t
hydrophilic-lipophilic balance, 182e185
hydrophobic chain, 184, 192f
non-ionic, 195e197, 200
compatibility, 195e197
solubility, 195e196, 198

structure, 183e184
Surfactants, 219, 458

adsorption
conformation, 230
driving force, 239
effect of dissolved salts, 230
effect of molecular structure, 230
effect of temperature, 230
4 regimes, 231
ionic, 230
liquid-vapor interface, 219
surface tension, 240e241

non-ionic, 230, 232
isotherm, 232

on cement, 232
solid-liquid interface, 219

formation of
hemi-micelles, 231
liquid crystals, 219
micelles, 219, 239

on liquid-vapour interface, 239
non-ionic, 239

Suspension
agglomeration, 263e264
effect of
Brownian motion, 263e264
shear forces, 263e264
superplasticizers, 257, 267e275

flocculation, 268
stability, 257, 263e264

Sustainability, 3, 10e11, 53
Swelling, 16, 22
Swelling clay minerals. See Clay minerals
Synthesis, 159f
Synthetic calcium sulphate, 49

T
Temperature
effect on air entrainment, 388
influence on expansion, 451e452
influence on setting time, 395

Tensile forces, 17e18, 20, 76, 80
Ternary diagram, 58
Testing corrosion inhibitor, 334e335
macro-cell, 334

Tetracalciumferro-aluminate. See C4AF
Tetrahalose as retarder, 398
Thehalose, 292t
Thermal conductivity, 76
Thermal contraction, 22
Thermal shrinkage, 22
Thermal treatment of UHSC, 506
Thixotropy, 106e108
comparison, 119
consequence on processing,

116e117
definition, 121e122
degree of thixotropy, 117
equilibrium approach, 117
experimental method to measure it,

117e120
function of shear rate, 117
function of time, 117
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hysteresis curves, 117
hysteresis loop, 117
oscillation rheometry, 119
steady state approach, 120
structural breakdown, 107
time dependence, 107
ultrasound spectroscopy, 119

Threo-dihydroxy function,
292e293

Time of addition impact on hydration, 279
Time of depassivation influence of calcium

nitrite, 321
Tobermorite-like structure, C-S-H

formation, 136
TOC experimental issues, 244
Total shrinkage, 442e443
Total volume of air, 379e380, 383
Toughness of UHSC, 503
Transition zone, 89
in UHSC, 504

Transport properties, 321
Transportation of concrete
stability of bubble network, 388e389

Trapping expansive products, 90e91
Trial and error method, 549
Trial batch to determine AEA optimum

dosage, 382e383
Tricalcium aluminate. See C3A
Tricalcium silicate. See C3S
Trisulfoaluminoferrite. See Ettringite
2D model, 4, 4fe5f, 6e7, 7fe8f, 10f

U
Ultra high strength concrete (UHSC), 12, 69,

71f, 503
autogenous shrinkage, 504
cement characteristics, 508e509
compactness, 503
compressive strength, 503e504
confined, 511
ductility, 506
entrapped air, 504e505
formulation, 503
grain size distribution, 503
heat treatment, 504
homogeneity, 504
limitation of sand volume, 504
micro cracks, 504
packing density, 505

rheology, 508
steam curing, 506
superplasticizer, 509
toughness, 503
transition zone, 504

Ultracentrifugation experimental issues,
244e245

Ultrafiltration for adjusting molecular mass,
227

Ultrasound spectroscopy, 119
Unburned carbon effect on AEA dosage, 386
Unburned coal in fly ash, 61e62
Unit cell, 4e7, 5f, 8f, 9, 54
Unreacted Portland cement, 20e21
cores, 20e21

UV/Vis spectrometry experimental issues,
245

V
Valence, 54
Van der Waals forces
continuum theory, 259
in DLVO theory, 262
microscopic theory, 257e258

Variation of initial flow, 550f
Vibrating wire, 459
gages, 447, 447f
measurement of free shrinkage, 448f

use for SRA, 461
Vibration influence on entrained air, 389
Vinyl copolymers, 160e161
adsorption effect of molecular mass, 227

Viscosity, 101, 105e106
modifiers, 279
of SCC, 492

Viscosity modifying admixtures,
149, 175

cellulose-ether derivatives, 177, 179f
synthesis, 177

classification, 175t
degree of substitution, 177
diutan gum, 176e177
structure, 176f

guar gum
derivatives, 177e180
structure, 180f

influence
on bleeding, 109
on segregation, 109

Index 611



Viscosity modifying admixtures (Continued)
modified-starch
structure, 181f
synthesis, 180e181

polyethylene oxide
structure, 182f
synthesis, 181e182

stability, 175e177
use in SCC, 492
welan gum, 176e177, 176f
synthesis, 176e177

Vitreous material, 55
Vitreous silica, 53
VMAs. See Viscosity modifying admixtures
Volatile corrosion inhibitor (VCI),

329
Volume of entrained air influence of various

parameters, 382e383, 389
Volumetric contraction, 22, 44, 81e82,

441e442, 483
Volumetric substitution, 7
Volumic surface, 381, 382f
Vortex effect on air entrainment,

379, 384

W
w/b

how to lower it, 11e12
importance, 11
influence
on compressive strength, 11e12
on size of capillaries, 11

signification, 11
w/c

hidden meaning, 4e6
how to lower it, 11e12
importance, 11
influence
of curing, 483e484
on compressive strength, 12
on freeze thaw resistance, 91

signification, 11
Waste concrete, 89
Waste waters, 84
Water

absorption, 533e534
beneficial action, 76
chemical role, 75
content control, 533e535

curing, 8
according to w/c, 23
low w/c concretes, 23

effect on hydration, 76e77
effective, 75
evaporation influence on

shrinkage, 80
external source, 81e82
hidden, 75
influence
on plastic viscosity, 113
on rheology, 77
on shrinkage, 78e83
on workability, 77
on yield stress, 113

insoluble compounds
air entrainers, 219
shrinkage reducing admixtures, 219
surfactants, 219

physical role, 75
quality, 75e76
reducer, 46
adsorption, 219

retention agent, 421
adsorption, 424
interstitial solution, 422
overlapping concentration, 423f
polymer aggregates, 422e423

sea water, 83e84
wetting of cement particles, 77

Water-soluble compounds
high range water reducers, 219
retarders, 219
water reducers, 219

Weakness of HPC, 503e504
Wear of paddles, effect on air entrainment,

384
Welan gum, 418e421
Wet aggregate schematic representation, 534f
Wetting hysteresis, 324e325
White cement, 28, 33, 46
White rust, 400
Winter concreting
in China, 433e434
in Finland, 433e434
lengthening season, 434
in North America, 433
in Poland, 433
in Russia, 433

612 Index



Within test variation, 570e571, 576te577t
standard deviation, 571t, 580t, 581f
variation, 576te577t, 580t

Workability, 97
different types, 97
influence

of chemical admixtures, 108
of entrained air, 89
of water, 77

loss, 77
Wtot definition, 531, 533e534

X
X-Ray diffractogram, 56fe57f, 64f
diatomaceous earth, 67, 68f, 71f
metakaolin, 66
natural pozzolan, 66e67
Portland cement, 66e67
rice husk ash, 66e67, 71f
silica fume, 62e64
slag, 70

Y
Yield stress, 101. See also Maximum

attractive force
a-methyl glucoside, 292t
of cement suspension, 257e258
definition, 121e122
effect

of charge density of PCEs, 288e289
of superplasticizers, 257e258, 261e262

influence
of aggregate content, 111
of distribution, 105
of fineness of cement, 111
of particle size, 105
of slump, 105
of time, 108
of volume fraction, 108f
of w/c, 111
of water, 110e111

model, 105
origin, 104e105
plastic viscosity, 110
relation
to rheological tests, 357e358
to surface coverage, 357

of SCC, 491e492

Z
Zeta potential
definition, 269, 269f
effect on interparticle forces, 270e272
experimental issues, 247
measurement techniques, 270
acoustophoresis, 261
of cement suspension, 264, 269
microelectrophoresis, 261

effect of superplasticizer adsorption,
268, 270

Zinc oxide effect on retardation, 400e401
Zirconium, 62
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